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12.1 Introduction

The TME regulates tumor growth and response
to therapy in many ways. Recently, it has been
shown that tumors recruit both sympathetic and
parasympathetic nerves which produce norepi-
nephrine and acetylcholine in the TME, promot-
ing tumorigeneses, invasion and metastasis [2,
3]. In addition to acting directly on tumor cells,
norepinephrine (NE) can regulate the activity of
immune cells. The regulation of immune cells is
complex; in addition to the cytokines/chemo-
kines released from other cells, they are also
responsive to signals from the nervous system. In
fact, both primary and secondary immune organs
are densely innervated by fibers of the sympa-
thetic nervous system [4] so that the major path-
way by which the nervous system controls the
immune system is by local release of the neu-
rotransmitter NE from post-ganglionic sympa-
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thetic neurons in various immune organs [4, 5].
This pathway is activated during the sympathetic
stress response and although in response to an
acute stress, sympathetic activation of immune
cells is beneficial, when this stress is chronic,
there is much evidence that the sympathetic ner-
vous system suppresses immune responses. How
is this relevant to pre-clinical mouse models used
for research? Lately, concern has been raised that
experimental mice in standard housing condi-
tions are “metabolically morbid” [6] and under
constant cold stress [7-16]. Our group has
observed different biological outcomes in pre-
clinical mouse models of cancer and tumor
immunity between mice that are cold-stressed
and those in which cold stress is reduced, even
though the core body temperature in both groups
is the same. An incomplete recognition of these
potential differences in experimental outcome
could significantly limit the full potential of pre-
clinical models of cancer and other diseases.
Here, we will present an overview of this prob-
lem with specialfocus on how housing conditions
subject laboratory mice to chronic cold stress,
resulting in elevated norepinephrine levels, and
the suppressive effects of this increased adrener-
gic signaling on the anti-tumor immune response
and tumor response to therapy.
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12.2 Metabolic Effects of “Shoe-
Box” Caging
on Experimental Mice

Mice have become the most widely used models
for studying human/patient biological processes
including development, metabolism, normal
physiology and disease. “The Guide for the Care
and Use of Laboratory Animals” [1] provides
detailed guidelines for all aspects of laboratory
mouse housing and is followed by research insti-
tutions internationally. Comprehensive parame-
ters are provided for all environmental factors
including temperature, humidity, ventilation,
food, lighting, noise and cage size/ housing den-
sity as well as recommendations for enrichment
strategies that can reduce stress. It is stated sev-
eral times in different places that variations in
these microenvironmental factors could affect
behavior, physiology (reproduction), phenotype
and, possibly, experimental outcomes. These rec-
ommendations are based on data from publica-
tions and experts, being a synthesis of all
empirical aspects of operating the animal facili-
ties and are revised periodically (the last edition
was in 2011). In practice, animal care personnel
handle implementation of these regulations and
therefore, the majority of scientists do not take
these environmental variables into consideration
when designing experiments and analyzing
experimental outcomes. They assume the mice
are healthy and the outcomes of experiments rou-
tinely conducted under these mandated condi-
tions will provide accurate and reproducible
baseline data. However, recently, a growing
number of investigators have raised significant
concerns that this may not be the case.

The first contemporary warning was published
by Martin et al., a group at the National Institute
of Aging [6]. These investigators raised the alarm
by pointing out that, contrary to these presump-
tions of health, “mice under standard conditions
are sedentary, overfed, obese, glucose intolerant”
and hypertensive. More importantly, they warned
that the biological status of these mice likely
“confounds data interpretation on outcomes of
human studies”. These standard control animals
are also at higher risk for developing cancer, dia-

betes, renal failure and premature death than mice
which have reduced food intake, exercise more
and have a stimulating environment. In fact,
reducing caloric intake can increase life span up
to 40% and this is largely due to reduction in these
diseases. In a genomic study, this group found
significant differences in gene expression when
rats on different diets were compared with stan-
dard vs lean controls, again emphasizing that the
metabolic condition of the control animals has the
capability of skewing the results of experiments.
Furthermore, they discuss studies suggesting that
the efficacy of drugs for treating metabolic, neu-
rological and malignant disease may be more effi-
cacious in mice housed under standard conditions
than in more healthy mice, thus contributing to
the failure of several drugs to recapitulate the suc-
cess seen in preclinical models when these drugs
are used with patients. They conclude that “The
beneficial effects of some drugs in animal models
might result from their effects on processes asso-
ciated with an unhealthy lifestyle (increased oxi-
dative stress, inflammation, insulin resistance,
etc.) rather than a specific effect of the drug on the
disease process” and propose that experiments
should be designed to include both sets of condi-
tions rather than just the one standard one. Other
biological concerns about laboratory mice are
also being raised. For instance, the immune sys-
tem which develops in laboratory mice housed
under extremely clean conditions is significantly
different than that of feral mice which more
closely resembles the immune system of humans
and this can be altered by exposure to feral mice
indicating another environmental variable that
can significantly affect experimental outcomes
[17].

12.3 Effects of Housing
Temperature on Mice:
Differences Between Mice
atSTandTT

Whereas, Martin et al. [6] were concerned about
the metabolic effects of a sedentary, obesogenic
lifestyle, a housing parameter which we and
others have recently become particularly con-
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cerned about is the ambient temperature at which
mice are housed. Biologists have studied thermo-
regulation in mice for years, and are well aware
of the unique aspects of their physiology with
regard to body temperature control, but it is now
becoming clear that the variable of housing tem-
perature has a significant impact on many aspects
of mouse physiology which directly affect exper-
imental outcomes [7, 12-14, 18-39]. This is
because mice have a large surface to volume ratio
and therefore lose heat more quickly in cool tem-
peratures [12, 18]. Of particular concern is the
fact that the temperature range recommended by
the Guide [1], between 22 and 26 °C, is below the
resting metabolic thermoneutral zone of the
mouse [18]. This thermoneutral zone is defined
as the ambient temperature range at which a sta-
ble core temperature is achieved by “adjustments
in insulation, posture, and skin blood flow” and is
30-32 °C for mice [18, 40]. In other words, the
animal is able to maintain core temperature by
basal metabolism alone without activating physi-
ological, thermoregulatory processes for heat
production or heat loss which require large
amounts of energy. It has been shown that mice,
when given a choice, will choose an ambient
temperature of 30.9 °C from a range of 18 to
34 °C [41]. Gordon states that the Lower Critical
Temperature (LCT) has been extensively studied,
is approximately 30 °C and is the point at which
mice become susceptible to cold stress. Although
mice will select a temperature a few degrees
lower during their active, nocturnal period, their
core temperature is maintained by heat produced
through increased activity. “The Guide” acknowl-
edges that the recommended temperature is lower
than thermoneutrality, but it specifically recom-
mends that housing temperatures be kept below
the animal’s lower critical temperature to avoid
heat stress. To compensate, mice often huddle
together and although “The Guide” suggests that
mice can be given nesting materials and shelters,
see also [42, 43], this is often not done and, there-
fore there is great potential for laboratory mice to
be subjected to chronic cold stress. The reason
this situation has overall not worried investiga-
tors, though, is because mice are able to effec-
tively thermoregulate and the core temperatures

at standard temperatures and thermoneutral tem-
peratures are not significantly different [41].
How does this chronic cold stress affect labo-
ratory mice and the outcomes of experiments?
There are clear differences in the metabolism of
mice housed at standard temperature (ST—22—
26 °C) and those housed at thermoneutral tem-
peratures (TT - 30-32 °C) as reviewed by
Overton [12]. Although the core body tempera-
tures of mice may vary by 2° during the course of
a day, in concert with circadian rhythm and activ-
ity level, the core temperature is similar between
mice housed at ST and TT [18, 24, 41]. Therefore,
the physiological differences are related to
increased metabolism and thermogenesis at ST
which are required to defend core body tempera-
ture. Uchida et al. [34] conducted a study com-
paring glucose homeostasis in C57BL/6 mice
housed at 25 °C vs. 20 °C (instead of the 4 °C
which is commonly used to study cold stress).
Interestingly, there was no difference in blood
glucose or plasma insulin levels in mice, how-
ever fasting levels differed significantly with
lower insulin and higher glucose levels at the
lower temperature. This correlated with an
impaired response in a glucose tolerance test.
These authors found a significant impairment of
glucose-induced insulin secretion (comparable to
that seen at 4 °C), which resulted in elevated glu-
cose levels (unlike the response at 4 °C).
Additionally, when 20 °C mice were moved back
to 25 °C, they reverted to the normal phenotype.
They also found that the 20 °C mice had elevated
plasma NE but not Epi. NE is known to inhibit
insulin secretion from the pancreatic islets [44]
and is the stress hormone which drives thermo-
genesis to maintain body temperature. In measur-
ing NE turnover in various organs, Teramura and
colleagues found that the rate of NE turnover and
upregulation of UCP-1 in BAT was similar
whether the mice were at 4 °C or at 23 °C [45]
confirming that physiologically, the degree of
cold stress experienced at ST is comparable to
that experienced in classic “cold stress” experi-
ments. Comparison of skin temperatures at ST
and TT found lower skin temperature in the 20 °C
mice while confirming there was no difference
between the core temperatures in the two groups.
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Lastly, these authors found that changes in the
cool mice related to lipid metabolism and fat
storage. Clearly, differences in energy metabo-
lism occur at these two sub-thermoneutral tem-
peratures and it would be interesting to compare
these results with those from mice housed at
TT. These metabolic differences are mirrored by
differences in heart rate and blood pressure.
Swoap and colleagues have shown that as the
ambient housing temperature decreases, heart
rate and blood pressure significantly increase [30,
31]. The resting heart rate at 22 °C is 550—
600 bpm while at 30 °C, it is reduced to 350-
400 bpm [12, 30]. In fact, although it was thought
that the autonomic control of heart rate differed
between mice and men, these authors concluded
that when the autonomic control of heart rate is
studied in animals at TT, it is controlled by para-
sympathetic vagal input in a manner similar to
humans, rather than by sympathetic inputs that
prevail at ST. These discrepancies call attention
to the need to consider ambient temperature
when conducting cardiovascular experiments in
mice and relating results to humans.

The validity of these warnings about consider-
ation of ambient housing temperature in assess-
ing results from mouse models is clearly
demonstrated in experiments with the UCP-1
knock out mouse. UCP-1 is the “uncoupling pro-
tein-1" of the mitochondrial inner membrane in
brown adipose tissue (BAT) which mediates a
thermogenic proton leak, uncoupling oxidative
phosphorylation from ATP production and
thereby dissipating energy and generating heat
by non-shivering thermogenesis in BAT. In one
experiment a UCP-1 knock-out mouse developed
the expected deficits in non-shivering thermo-
genesis, but it did not become obese as was
expected [46, 47]. This cast doubt on the involve-
ment of UCP-1 in bioenergetics and the useful-
ness of targeting it to combat obesity. However,
these mice were housed at ST and more recently,
several groups have shown that these mice do
become obese if they are housed at TT [7, 47—49]
suggesting that in UCP-17~ mice, alternative
pathways must exist for thermogenesis which
burns calories to generate body heat and prevents
obesity at ST. A commentary accompanying the

Feldman paper reinforced the fact that ambient
temperature is a critical variable to consider
when assessing the effects of different genotypes
in metabolic research [9]. Interestingly, a recent
study of the anti-obesity efficacy of
2,4-dinitrophenol (DNP, a chemical uncoupler)
concluded that in experiments conducted at TT,
DNP treatment decreased body fat by 26% and
improved glucose tolerance, but no beneficial
effects were observed at ST [50]. This group also
tested the P3-adrenergic agonist, CL316243, to
determine whether pharmacological activation of
brown adipose tissue (which is the major tissue
expressing f3-AR) could result in weight loss;
again they observed beneficial effects at TT, but
not at ST [14]. Ravussin, commenting on the
Feldman paper, takes the position that “ambient
temperature clearly affects phenotypes related to
energy homeostasis in rodents” [51]. Related to
the increased metabolism seen in mice at ST vs
TT, Jun et al. found that mice at ST had increased
lipid uptake in BAT, heart, and lungs and that
hypoxia, by suppressing metabolism, caused
increased levels of triglycerides in the plasma;
however, when mice were exposed to hypoxic
conditions at TT, no differences in plasma tryg-
lycerides were detected [52]. One study found
differences in the effects of energy restriction on
the disease progression of lymphoma over the
course of the lives of C57BL/6 mice fed an
energy restricted diet at either ST or TT. At ST
these mice lived significantly longer than either
control mice at ST or mice on an energy restricted
diet at TT [53].

12.4 Effects of Housing
Temperature on Mouse
Models of Infection

There are many studies reporting the deleterious
effects of stressors such as restraint and social
isolation on the immune response in infection
models at standard room temperatures [54, 55].
However, the immune response is also pro-
foundly affected by housing temperature. One
hallmark of an effective immune response is the
“fever” response in which the set-point of the
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core temperature is elevated and the organism
recruits thermogenic mechanisms to raise the
body temperature. It was thought that mice do
not generate fevers as humans do, but it was
recently shown that although mice fail to develop
a fever following injection of LPS at ST, fevers
are generated when they are challenged at ther-
moneutrality [27]. Are other aspects of the
immune response affected by housing tempera-
ture? It is known that immune organs are heavily
innervated by sympathetic nerve fibers [4] while
immune cells express adrenergic receptors, pri-
marily B2-ARs, in a cell type/subset specific pat-
tern [56]. In terms of the overall effect of stress
on the immune response, the effect depends on
whether the stress is acute (of short duration) or
chronic. During the “fight or flight” acute stress
response, the immune response is mobilized by
sympathetic signaling. This has been hypothe-
sized to be a key evolutionary mechanism by
which animals survive stressful challenges which
likely would involve injury or exposure to patho-
gens [57]. Generally speaking, acute stress is
“beneficial”, mobilizing immune cells to the site
and promoting their protective function, while, in
contrast, chronic stress is “detrimental” and leads
to systemic immunosuppression [54, 57]. As dis-
cussed above, laboratory mice housed at ST are
chronically cold stressed and thus have elevated
NE levels associated with thermogenesis. A rela-
tionship between room temperature and the
course of pathogenic infections was reported
70 years ago when Moragues noticed that dra-
matic differences in disease progression, severity
and survival following infection with murine
typhus rickettsiae correlated with seasonal differ-
ences in room temperature, in that all the mice
died of disease when the room temperature was
approximately 18-23 °C while few deaths
occurred when the room was 29-37 °C [58].
Similarly, mice infected with Coe virus had
markedly better survival when held at 36 °C vs.
25 °C [59]. A more recent study emphasizes the
fact that normal mice housed at 22, 26 or 30 °C
all are able to maintain a normal core tempera-
ture, which as expected, cycles between 35.5 and
37.5 °C with circadian rhythm [23]. In this study,
mice were infected with influenza virus and

housed at the three temperatures; the mice at
30 °C showed less “sick behavior” (sleep distur-
bances, reduced locomotion, inflammatory cyto-
kines) than the mice at the lower temperatures
[23]. These studies serve to illustrate the detri-
mental effects of ST on immune responses to
pathogens. Interestingly, there are reports that
B-adrenergic blockade (i.e., with propranolol) is
able to improve outcomes in viral [60] and para-
sitic [61, 62] infections in mice housed at ST. This
suggests that blocking NE p-adrenergic signaling
in these models is the underlying mechanism of
the beneficial effect. A study by Grebe et al. [63]
in C57/BL6 mice infected with influenza A virus
showed that administration of a p2-AR antago-
nist enhanced the anti-viral responses of CD8+
T-cells (IFNy expression). Again, it would be
interesting to compare the benefit of p2-AR
blockade in experiments such as these done at ST
with experiments done at TT to determine
whether there would be any benefit when NE lev-
els are ameliorated by thermoneutral housing.

12.5 Thermoneutrality Vs.
Hyperthermia Treatment
(Thermal Therapy)

In another early study, the effect of ambient tem-
peratures of 20-22 °C vs. 35 °C on rabies infected
mice was investigated and it was found that the
survival rate of mice housed at 35 °C was signifi-
cantly higher [64]. However, the core tempera-
tures of mice housed at 35 °C were higher than
normal (39.5 °C) so that these mice were actually
experiencing hyperthermia resulting from the
very warm ambient temperatures in which they
were housed. Our lab, and many others, has
shown that the stress of a short mild hyperther-
mia treatment can boost immune responses,
including anti-tumor activity [65]. The distinc-
tion between the thermal/physiological effects of
housing mice at thermoneutrality (30-32 °C) vrs.
exposing mice to temperatures high enough to
raise the core temperature is an important one. At
TT, mice are able to maintain a normal body tem-
perature of ~37 °C [23, 41] via basal metabolism
and do not need to expend energy to warm or
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cool themselves. On the other hand, the goal of
many preclinical studies of*‘thermal therapy” or
“hyperthermia” is to expose mice to a tempera-
ture high enough to raise the tumor temperature,
or core body temperature several degrees, which
has been observed to alter the tumor microenvi-
ronment, reduce interstitial fluid pressure [66],
improve efficacy of radiation and chemotherapy
[67], and may trigger various molecular thermo-
stats that are similar to those activated by a fever,
helping to boost the immune system [65, 68].

In this active field of hyperthermia research,
investigators are well aware of the beneficial
effect that short exposures to a warm environ-
mental temperature can have on immune cell
activity. However, even in this research field, no
studies have examined whether these differences
result from the fact that control mice are cold
stressed compared to mice in which core tem-
peratures are elevated. It is clear that even
research designed to determine the impact of
temperature shifts locally or systemically in
terms of improving cancer treatment may be
(unbeknownst to the investigators) influenced by
cold stress in control groups. In this regard, it will
be interesting to see the degree of beneficial
effects of hyperthermia treatments in mice
housed mice at TT.

12.6 Adrenergic Signaling
and Tumor Growth at ST

How does the fact that mice at ST are chronically
cold-stressed and have elevated NE levels com-
pared to mice at TT impact tumor growth?
p-adrenergic receptors (B-ARs) are found on
immune cells and are on many tumor cells [69].
Emerging evidence from experiments conducted
at ST links catecholamines to tumor progression
and this topic has been recently reviewed [70—
72]. Evidence for the pro-tumorigenic role of
adrenergic signaling comes from both epidemio-
logical studies and experiments with preclinical
mouse models. Retrospective analyses by several
groups in different tumor types support the idea
that patients who were taking -adrenergic antag-
onists (p-blockers) for non-cancer indications

had reduced disease progression and/or better
survival in breast [73-75], ovarian [76, 77], mela-
noma [78], lung [79], prostate [80], pancreatic
[81], cancers. However a few studies have not
found benefit [82-85] Interestingly, Lutgendorf
et al. found, in ovarian cancer patients, that higher
NE levels in the tumors correlated with more
advanced disease and the degree of social stress
experienced by the patients [86]. Experimental
evidence showed that adrenergic signaling
induced migratory behavior in tumor cells in vitro
(e.g., SW480 human colon carcinoma cells)
which could be inhibited by p2-AR blockade
[87] and that while treatment of mice with NE
increased the development of lymph node metas-
tases (PC-3 prostate cancer cells), this could also
be prevented by f2-AR blockade with proprano-
lol [88]. Le et al. [89] have more recently investi-
gated this phenomenon and found that adrenergic
signaling recruited inflammatory macrophages to
the TME and these induced VEGFC expression
by tumors, which leads to remodeling of lym-
phatics and metastatic spread of breast cancer in
a mouse model. In a retrospective patient study,
this group found evidence that 3-blockers signifi-
cantly reduced lymph node metastases in patients
[89]. In a model of social stress, Hasegawa
showed that stress enhanced fibrosarcoma growth
promotion could be inhibited with propranolol
[90]. B-adrenergic signaling induces tumor cell
proliferation [91, 92], invasion [93, 94], protec-
tion from anoikis [95], metastasis [94, 96, 97]
and changes in the tumor microenvironment such
as angiogenesis [98—100]. Thaker et al. used
restraint stress or social isolation to show that
chronic stress increases catecholamine (NE and
epinephrine) levels, increases VEGF and vascu-
larization and increases tumor growth [101].
These effects could be mimicked by treatments
with specific f2-AR agonists and reversed by
B-AR blockers. Epinephrine also protects pros-
tate cancer cells from apoptosis [102] through
phosphorylation of BAD. A role for this anti-
apoptotic pathway was demonstrated in prostate
cancer models in which restraint stress protected
xenografts from apoptosis induced by a PI3K
inhibitor by induction of BAD phosphorylation
and again, this effect could be blocked by a
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2-AR specific antagonist [103]. There are many
other examples of stress induced tumor growth
(e.g., [104]). The anatomical basis for adrenergic
signaling in the tumor microenvironment was
clarified by the work of Magnon and Frenette
who were able to visualize both sympathetic and
parasympathetic fibers in prostate tumors in mice
and show that sympathectomy (preventing the
release of NE in the TME) prevented early
aspects of cancer development while parasympa-
thetic signaling promoted invasion and metasta-
sis [2]. These authors thus demonstrated that
tumors actively recruit autonomic innervation by
neurogenesis to support growth in a process akin
to angiogenesis (see also [105]). A recent study
investigated the possible benefits of combining
propranolol and chemotherapy. In a mouse breast
cancer model (MDA-MB-231 human cell line in
nude mice), Pasquier et al. found that at the very
effective doses of chemotherapy used, proprano-
lol did not significantly improve the anti-tumor
efficacy, however the median survival was sig-
nificantly enhanced [106]. These authors also
demonstrated that propranolol did, however,
enhance the anti-angiogenic effects of chemo-
therapy in vitro. Together, the epidemiological
studies suggesting clinical benefit of p-blockers
to cancer patients and the compelling pre-clinical
data defining the tumor promoting effects of
adrenergic signaling provide enthusiasm and a
strong rationale for testing the anti-cancer effi-
cacy of p-blockers in clinical trials in combina-
tion with other therapies.

12.7 The Anti-Tumor Immune
Response and Response
to Therapeutics Are
Significantly Improved
by Housing
at Thermoneutrality or
p-Adrenergic Receptor
Blockade at Standard
Housing Temperatures

In investigating the effects of cold-stress,
researchers have taken mice acclimated to stan-
dard housing temperatures and subjected them to

much lower temperatures (4 °C). However, it is
clear from the studies discussed above, that mice
at ST are already living with chronic cold stress
and the turnover of NE in mice at 4 °C and 22 °C
is not significantly different [45]. Therefore,
compared to TT, all studies of tumor growth have
been conducted under some degree of cold stress
and studies of the effect of any stress on tumor
growth are actually studies of exacerbated stress.

How is tumor growth affected if adrenergic
cold stress in mice is alleviated by housing mice
at thermoneutrality? We have previously reported
that tumor growth in several syngeneic murine
tumor models is significantly reduced when
tumor bearing mice are housed at 30 °C instead
of 22 °C [24]. In these experiments, mice were
acclimated to ST or TT for 1-3 weeks prior to
tumor implantation; we also used moderate num-
bers of tumor cells to allow for development of
an effective anti-tumor immune response rather
than the higher numbers that are often used to
insure rapid tumor growth. These models
included 4T1 mammary tumors and CT26 colon
adenocarcinomas in BALB/c mice and B16.F10
melanoma and Pan02 in C57BL/6 mice, as well
as MCA carcinogen induced tumors in BALB/c
mice. Additionally, we observed that spontane-
ous lung metastases of 4T1 to the lungs were also
significantly reduced at TT. When these same
tumor models were grown in immunodeficient
SCID or nude mice, no difference in growth
occurred. This points to a critical role for the
adaptive immune response in this improved
tumor control at TT and this is confirmed by
experiments in which depletion of CD8+ T-cells
resulted in loss of the improved tumor control at
TT. Additional analysis of several immune cell
populations involved in the anti-tumor immune
response revealed dramatic differences in mice at
ST and TT. At TT, significantly greater numbers
of CD8+ T-cells were present in 4T1 and Ct26
tumors (as assessed by both IHC and flow
cytometry) and staining with pentamers recog-
nizing the H-2LYgp70 peptide antigen of ct26
tumors, showed that increased numbers of anti-
gen specific T-cells were found in both the tumor
and tumor draining lymph node of mice housed
at TT compared to ST. Correlating with their
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increased presence, T-cell activation was signifi-
cantly higher at TT as judged by CD69, IFNy and
Glut-1 expression. Conversely, there were fewer
immunosuppressive cells at TT; the numbers of
Tregs (FoxP3+ cells) and myeloid derived sup-
pressor cells (MDSC: CD11b+GR-1+) were sig-
nificantly decreased in the tumor (T-regs) and
spleen (MDSC) at TT. It is interesting that others
have reported a trend to higher numbers of T-regs
in tumors of mice (at ST) subjected to restraint/
noise stress [104] . These differences in the anti-
tumor immune response at TT vs ST are not the
result of differences in body temperature since
the core temperatures of these tumor-bearing
mice maintained at 22 °C or 30 °C were normo-
thermic for several weeks (~28 days). Only as
tumor burden became significantly higher at ST
than at TT did the core temperature fall in mice at
ST, while mice at TT continued to maintain a nor-
mal temperature, reflecting the smaller tumor
burden. In addition to CD8*T-cells and immune
suppressor cells, in a separate study we also
examined how housing temperature might impact
antigen presenting cells; we investigated the
function of dendritic cells (DCs), which are
involved in T-cell activation. Results of these
experiments suggest that DC’s from mice at TT
(with 4T1 tumors) are better able to induce T-cell
proliferation than are DC’s from mice at ST [107]
suggesting another aspect of the anti-tumor
immune response which is at least partially sup-
pressed by housing mice at ST. Altogether, these
findings point out that at ST, DC’s are less able to
stimulate T-cells, and that the balance of anti-
tumor (CD8*T-cells) and pro-tumor cells (T-regs,
MDSC) is shifted to significantly suppress the
anti-tumor immune response. Therefore, these
data demonstrate that results from experiments
conducted at ST are giving us a biased view of
the activity and capabilities of the anti-tumor
immune response. Thus, we strongly believe that
temperature should always be considered and
reported in experiments with an immune compo-
nent and that investigators could gain important
information by repeating selected experiments at
TT rather than relying solely on the data from
experiments conducted at ST only.

With regard to the direct tumor growth-
promoting effects of adrenergic signaling on
tumor cells, we have found that at ST (compared
to TT) the level of NE is significantly higher in
the plasma of non-tumor-bearing and in the
plasma and tumors of pancreatic tumor-bearing
mice [21]. It has previously been reported that
the catecholamine levels are higher in the tissues
of tumor-bearing mice subjected to restraint
stress in experiments conducted at ST [101].
Interestingly, given the roles of epinephrine and
corticosterone in certain types of stress, we found
that the levels of these stress hormones are not
significantly different at ST and TT. Because it
has been reported that adrenergic signaling
increases levels of anti-apoptotic molecules
(phosphorylated BAD, [102]) and protects tumor
cells from apoptosis [95, 102], we investigated
the effect of ST vs TT on apoptotic signaling and
response to therapy [21]. We found that treatment
of murine and human pancreatic adenocarcinoma
cell lines in vitro with a f-AR agonist (isoproter-
enol) increased expression of anti-apoptotic mol-
ecules including Bcl-X1, Bxl-2, Mcl-1 and
phosphorylated BAD. The same differences in
these anti-apoptotic molecules were seen in vivo
in tumors when these cell lines were grown in
SCID mice housed at ST vs TT. In SCID mice, as
expected in the absence of the adaptive immune
response, tumor growth at ST and TT was not
significantly different. However, as suggested by
the differences in expression of anti-apoptotic
molecules, we found that tumors in mice housed
at TT were significantly more sensitive to Apo2L/
TRAIL, cisplatin and nab-paclitaxel (Abraxane)
than tumors in mice at ST. Furthermore, tumors
in mice at ST could be sensitized to these thera-
pies by treating the mice with a p-adrenergic
receptor  antagonist  (propranolol)  which
decreased the expression of these anti-apoptotic
molecules [21]. These results show, for the first
time, that the degree of stress experienced by
mice housed at ST is sufficient to directly impact
the outcome of experiments testing the efficacy
of therapeutics and, for that reason, it is critical to
also conduct these experiments at TT so that the
results can be compared.
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As these therapeutic studies indicated that giv-
ing B-blockers to mice housed at ST can over-
come resistance to cytotoxic therapies and
achieve responses comparable to those achieved
at TT, we wondered whether propranolol could
reverse immunosuppression at ST and similarly
improve responses to immunotherapy. We
recently have found that this is true [38]. Given to
mice at ST, propranolol reverses immunosup-
pression increasing the frequency of CD8*T cells
with an effector phenotype and increasing the
CD8* effector/ CD4* T-reg ratio in the TME. The
ability of propranolol to reduce suppressive cells
in the TME and increase numbers of cytotoxic
T-cells was also recently reported to occur in a
spontaneous mouse melanoma model [108]. We
have found that these changes in the immune
contexture in the tumor (with either housing at
TT or propranolol administration at ST) lead to
significantly improved response to anti-PD-1
checkpoint inhibition [38]. These results support
the development of clinical trials to explore using
this combination strategy to benefit those patients
who are not currently responding to checkpoint
inhibitor therapies.

12.8 Mechanisms by Which
Chronic Adrenergic
Signaling Suppresses
the Cellular Immune
Response at ST

Immune cells express adrenergic receptors- pri-
marily f2-AR, although they may express other
receptors and the pattern is cell specific [56].
Anti-tumor immunity is primarily dependent on
tumor cell killing by cytotoxic CD8+ lympho-
cytes (CTL), therefore boosting the efficacy of
these cells against cancer is the focus of a spec-
trum of immunotherapies, for example, Chimeric
Antigen Receptor T-cells are CD8+ T-cells taken
from a cancer patient, engineered to express spe-
cific T-cell receptors (CAR-T-cells) which are
chimeric in that they have intracellular domains
that initiate T-cell activation. These cells are then
expanded in vitro, and given back to the patient
as adoptive T-cell therapy. Another exciting

approach designed to improve T-cell anti-tumor
activity is checkpoint inhibition. Checkpoint
inhibitors work by modulating the activity of
ligands/receptors (e.g., CTLA-4, PD-1/PD-L1)
whose natural function is to keep the activity of
these cells in check. Given the central, critical
role of CTL (cytotoxic T lymphocytes, CD8*T
cells) in the anti-tumor response and the growing
efforts to maximize their efficacy, how does
chronic adrenergic stress contribute to the sup-
pression of these cells? As mentioned above,
lymphoid organs are profusely innervated by
sympathetic neurons, especially in T-cell areas
[5], and Elenkov et al. reported that stress hor-
mones act on antigen presenting cells to promote
a'Th2 response (favoring B cells/plasma cell mat-
uration and antibody production) to protect
against extracellular pathogens [109, 110]. At the
same time, in response to 2-AR stimulation, DC
production of IL-12 is inhibited and this sup-
presses Thl development which would support
CTL development [111] while production of anti-
inflammatory cytokines I1-10 and I1-6 is upregu-
lated [110]. Another aspect of this skewing to a
Th2 response is the fact that 2-AR receptors are
expressed on Thl CD4+ helper cells, but not on
Th2 cells. Therefore, adrenergic signaling
directly impacts cytokine production by Thl
cells (i.e., IL-12) but not by Th2 cells [112]. In
experiments using a novel procedure for induc-
ing stress in mice (exposure to stressful sound)
bearing Ct26 tumors, there was a Th1 to Th2 shift
as evidenced by decreased levels of IFNy and
increased I1-4 and this correlated with increased
tumor growth [113]. In addition to NE production
and release by sympathetic post-ganglionic neu-
rons, immune cells also can produce catechol-
amines; T-cells, macrophage and neutrophils can
synthesize and secrete catecholamines that act in
an autocrine and paracrine way to modulate an
immune response [56]. Nguyen et al. compared
the production of catecholamines by adipose tis-
sue associated macrophages at 4 °C, 22 °C and
30 °C and found that macrophage underwent
alternative activation at the sub-thermoneutral
temperatures. This was IL-4 (a Th2 cytokine)
dependent and resulted in the increased produc-
tion of both Epi and NE [114]. More recently, this
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idea has been challenged by Fischer et al. who
reported that alternatively activated macrophages
do not produce NE [115]. It will be interesting
however to determine whether tumor associated
macrophages can produce NE and whether this
contributes to higher intratumoral levels of NE at
ST than at TT as this could be a second source of
local NE production suppressing CTL in the
tumor microenvironment. As discussed above,
our group found that tumor-bearing mice had
higher numbers of suppressor cells (Tregs and
MDSC) at ST than at TT [24]. CD4+ T-regs
express functional f2-ARs and adrenergic signal-
ing increases cAMP and PKA dependent phos-
phorylation of the transcription factor CREB
(cAMP response element binding protein) lead-
ing to increased suppressive function, including
increased CTLA expression [116]. Jinetal. [117]
looked at the effects of restraint stress on MDSC
accumulation in bone marrow and found that
chronic stress significantly increased the number
of MDSC (CD11B+Gr1+; predominantly Ly6C-
Ly6G+) and that these were immature neutro-
phils. This skewing of myelopoiesis by chronic
restraint stress could be reversed with proprano-
lol (but not by inhibition of glucocorticoids).
Altogether, these data underscore the detrimental
effects of chronic adrenergic stress which overall
suppresses effector T-cell responses while pro-
moting the development and activities of immune
suppressor cells. This potential for mild, housing
induced cold stress to inhibit immune responses
has been recently reviewed by our group [11].

12.9 How Does Adrenergic
Signaling Affect Patient
Outcomes?

Going forward, it is important to understand how
these observations on the effect(s) of adrenergic
stress induced in pre-clinical mouse models can
be related to the clinic in terms of treating patients
and improving therapeutic outcomes. Patients
can be highly stressed by a wide range of stress-
ors (e.g., physical such as pain and psychological
such as fear and isolation). One highly relevant
study found that ovarian cancer patients who

lacked social support had higher levels of NE and
epinephrine than patients and that overall this
was associated with advanced stage and higher
grade tumors [86]. How does this stress affect
patient outcome? There are now a number of ret-
rospective, epidemiological reports strongly sup-
porting the idea that patients who are taking
B-blockers for hypertension or another indication
have better outcomes overall (see Sect. 12.6
above). There are also retrospective reports that
B-blockers can reduce the incidence of HCV-
associated hepatocellular carcinoma [118] and
improve responses to chemotherapy [119]). Thus
the potential for these commonly prescribed and
comparatively safe B-blockers to be repurposed
to treat cancer patients is exciting, but the ratio-
nale must be validated in prospective, well-
planned clinical trials.

Another way in which the pre-clinical data on
cold-stress may have an impact relates to pre-
clinical testing of therapies. It is possible, that
under a range of conditions, some agents that
appear ineffective in models may become effec-
tive (or show greater efficacy) when stress is
reduced or blocked. These results could pave the
way for combination therapies in clinical trials
and/or allow lower doses to achieve efficacy thus
reducing toxicity. It is also possible that toxicities
that did not occur in pre-clinical studies and were
therefore not predicted (e.g., autoimmunity with
immunotherapies such as checkpoint inhibitors
[120], could become apparent if experimental
designs included stress reduction which reversed
immunosuppression.

12.10 Other Forms of Stress
Impacting Mice in Research
Facilities

In light of the examples described above, it is a
clear that we need to take the effect of stress into
account when designing experiments in pre-
clinical mouse models and interpreting the
results. Our lab has focused on how housing tem-
perature induced cold-stress skews experimental
outcomes, but there are many other environmen-
tal variables that could also act as stress rheostats,
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Fig.12.1 Housing guidelines for experimental mice reg-
ulate many environmental factors which affect the physi-
ology of mice used in pre-clinical experiments; variations
in these parameters can create differing degrees of stress.
In the case of temperature, mice housed at standard sub-
thermoneutral housing temperatures (22 °C) are subjected
to chronic cold-stress compared to mice housed at ther-

increasing or decreasing the degree of adrenergic
stress experienced by mouse disease models (see
Fig. 12.1). Because the outcomes of pre-clinical
mouse studies form the basis for understanding
tumor biology, host responses and determining
which therapies to take into clinical trials [121—
124], it is critical that researchers are aware of
these factors. One major problem that results
from variability is irreproducibility [33, 121]. In
two major studies by drug companies, Bayer
[122] and Amgen [125] investigated the repro-
ducibility of preclinical experiments and found
that less than 25% and 11%, respectively, of the
studies were able to be duplicated. Furthermore,
a landmark study by Landis and colleagues was
extremely critical of this lack of reproducibility
and pointed to the general dearth of information
on the “design, conduct and analysis of the exper-
iments” [126]. These authors asserted that “‘a
core set of research parameters must be defined
and should be addressed when reporting the
results of animal experiments” and stated that a
“concerted effort by all stakeholders, including
funding agencies and journals, will be necessary
to disseminate and implement best reporting
practices throughout the research community.”
For decades, institutions have adhered to The
Guide for the Care and Use of Laboratory
Animals (The Guide; [1]) which provides guide-

>

moneutral temperatures (30 °C) and, although the body
temperatures in both cases are normal, cold-stressed mice
have elevated levels of norepinephrine. Thus these mice
have a pre-existing level stress which is biologically sig-
nificant and the effects of this stress on different experi-
mental models is largely unknown

j unknown

lines regulating all aspects of the research mouse
environment (see Sect. 12.2 above). However, we
are beginning to recognize the impact of these
variables on the biology of mice and, recently,
studies by others on non-tumor bearing mice
(e.g., [6, 7, 127]) as well as our own research on
cancer models [21, 24, 107], have convinced us
that these housing choices have great potential to
skew the outcome of experiments (see also Toth
review [33]). This viewpoint is echoed in a recent
editorial by the editors of Nature Neurobiology
who wrote: “Factors such as animal housing,
handling, food, lighting and noise conditions, all
of which effect behavior and brain chemistry, can
be varied. The key to reproducibility is accurate
reporting of these seemingly mundane details,
which potentially have large effects” [128].
Demas and Carlton [129] have reviewed the
potential for environmental factors to act on the
nervous, immune and endocrine systems, affect-
ing the biology of the mouse. Additionally,
experimentally imposed psychosocial stresses
such as repeated restraint [101, 104, 130], scream
[113], variation in housing density [90] and social
isolation [86, 131] have been shown to directly
promote tumor cell proliferation, growth, sur-
vival and metastasis by increased adrenergic sig-
naling (see recent review by [71]). Two recent
studies have demonstrated the striking potential
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of environmentally induced stress to affect tumor
growth. Li et al. [132] and Garofalo et al. [133]
found that when mice were housed in an enriched
environment which reduced stress/anxiety, the
growth of pancreatic tumors and gliomas was
significantly inhibited. These studies are also
indicative of how stressful conditions of ST
housing are since they show that reducing the
stress experienced at ST improves tumor control.
Garofalo et al. [133] found that the improved
tumor control can involve immune (innate) and
non-immune mechanisms, however the role of
B-adrenergic signaling was not addressed in these
studies and this will be important to compare in
the future. Clearly, housing factor induced psy-
chosocial stress is a source of variability between
experiments and labs. However, the degree to
which environmental stress caused by housing
choices alters the levels of stress hormones and
how this potentially impacts preclinical studies of
cancer has received very little attention.

12.11 Conclusions

The tumor-promoting effects of chronic stress are
currently the focus of research which provides a
rationale for Clinical Trials to test whether
B-blockers can be used in combination with che-
motherapy and other therapies to improve patient
outcome. In analyzing these pre-clinical data,
what has not been appreciated is that housing con-
ditions, particularly the sub-thermoneutral ambi-
ent temperatures, are subjecting these laboratory
mice to a degree of chronic cold stress which is
sufficient to raise NE levels, suppress the anti-
tumor immune response and induce resistance to
therapies tested using these models. Thus
increased tumor growth arises from both an
increase in the expression of anti-apoptotic mole-
cules in the tumor cells themselves and suppres-
sion of the naturally occurring anti-tumor immune
response. The implications of these observations
are important in assessing how to design preclini-
cal experiments that will maximize our under-
standing of diseases processes and how the
immune response can be regulated to treat dis-
eases, as well as obtaining a broad view of thera-

peutic responses. We predict that any therapy
whose immediate or long-term outcome is even
partially dependent on the anti-tumor immune
response will be compromised in experiments
conducted at ST. In fact, there are now several
reports describing experiments whose outcomes
are different when they are conducted at ST vs TT
[7, 12-14, 19-37]. We believe these studies serve
as a caution against accepting the results from
experiments conducted under one set of condi-
tions as the “baseline” when in fact, the results
may be significanlty different if parameters such
as temperature are changed, as in our tumor
growth experiments conducted as ST and TT. How
can this housing cold-stress be overcome in tradi-
tional animal facilities? We have used incubators
maintained at 22 °C or 30 °C [21, 24, 25, 107]
while others suggest using nesting materials in
cages at ST [42, 43]. In any case, going forward,
we believe that the housing temperatures and
other environmental variables which can impact
results, and are a likely source of experimental
variability, should be reported in publications.
Lastly, we encourage investigators conducting
metabolic experiments, immunological investiga-
tions and therapeutic efficacy testing to consider
comparing outcomes at both ST and TT.
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