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Abstract
Several lines of research show that cells of the immune response are sensitive to thermal variations
in their microenvironment, such as that which occurs during inflammation and fever; these data have
led to the hypothesis that strategic applications of heat could assist in controlling tumor growth in
animal models. The innate immune response is known to play a critical role in the development of
effective anti-tumor immunity and granulocytes such as polymorphonuclear neutrophils (PMNs), as
key mediators of inflammation, have been suggested to have the potential to initiate immune response
cascades against tumors. Thus, we hypothesized that PMNs may play a crucial role in mediating the
anti-tumor effects of a mild, fever-range whole body hyperthermia (FR-WBH) protocol, where core
body temperatures are raised to 39.5–40°C for 8 hrs. Indeed, in BALB/c mice bearing the colon tumor
CT26, the anti-tumor effects of WBH correlates with increased granulocytic infiltrate at the tumor
site as determined using immunohistochemical analysis for Gr-1+ cells. In both BALB/c mice bearing
CT26 and SCID mice bearing human colon tumors, PMN depletion in vivo using anti-Gr-1 ascites
ablated the anti-tumor effect of mild WBH. Because mild thermal stress is also found to enhance the
respiratory burst of granulocytes, these data collectively suggest that the thermal stimulation of
granulocytes may help to prevent tumor establishment. Overall, these results may have implications
for the design of thermal therapy protocols in cancer immunotherapy.
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INTRODUCTION
The increase in body temperature that occurs during the inflammatory response to infection is
an evolutionarily conserved event that has been associated with increased metabolic cost and
survival benefit [1]. Indeed, studies using ectotherms, where organisms exhibit a behavioral
fever (i.e. they exhibit movement to a warmer environment upon infection), as well as
mammalian studies have shown that increased temperatures significantly enhance survival
after potentially mortal bacterial infections [2–7]. However, despite this association with
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survival, the role of the thermal component of fever and/or inflammation is still one of the least
understood aspects of an immune response.

The highly conserved nature of the fever response to infection in nature suggests that fever-
range increases in body temperature would be most likely to have broad immunomodulatory
effects on different immune effector cells, including those of the innate immune response.
Indeed, there are various reports suggesting that mild, physiologically relevant increases in
temperature may enhance the activity of NK cells, macrophages and granulocytes (Reviewed
in [8]). Our group in particular has found that a fever-range hyperthermia of 39.5–40°C
maintained for 6 to 8hrs can enhance several endpoints of innate immunity. For example, this
mild thermal stress was found to enhance the activation associated migration of dendritic cells
in the skin [9]. Furthermore, a fever-range whole body hyperthermia (FR-WBH) was found to
enhance mouse serum levels of the inflammatory cytokines TNF-α and IL-6 in an LPS induced
acute phase reaction in vivo [10]. These in vivo results were similar to that found by Jiang et
al [11], but are in direct contrast to that seen when applying hyperthermia treatment in vitro.
In vitro hyperthermia has been consistently found by us and others to inhibit pro-inflammatory
cytokine production by peritoneal macrophages [10,12–16], thus emphasizing the importance
of studying the effects of in vivo WBH treatment. Interestingly, it was also found that FR-WBH
alone, without additional mitogenic stimuli, did not have any effect on serum levels of
inflammatory cytokines in mice [10]. This suggests that fever-range hyperthermia may not
affect immune cells that are not also in the process of responding to pathogens. Indeed, it is
encouraging to believe that increased temperatures will not induce potentially damaging
immune cell activity when there is no real danger to the host that needs to be overcome. Similar
results were seen when investigating the effects of fever-range temperatures on the oxidative
metabolism or respiratory burst that is associated with anti-microbial activity of macrophages.
Specifically, fever-range hyperthermia alone did not appear to stimulate macrophage
NO2-production, but it did appear to lower the threshold for macrophage responses to LPS
[17]. Taken together, these results suggest that mild thermal stress in the form of in vivo FR-
WBH may have the potential to enhance inflammatory immune responses against disease.

Importantly, it has been established that mild WBH can help control not only infections but
also the growth of tumors in various animal models. For example, in a rat tumor model, without
any other additional therapy, mild WBH treatment resulted in both a delay of tumor growth as
well as a reduced incidence of lymph node metastases [18]. Using various murine tumor
models, our group has established that this WBH treatment can delay the growth of murine
tumors in BALB/c mice and human tumors in SCID mice [19,20]. Furthermore, the WBH
induced delay in tumor growth appeared to be associated with an increased infiltration of the
tumors by leukocytes, including granulocytes such as PMNs [19]. This led us to hypothesize
that the anti-tumor effects of FR-WBH may be dependent on the thermal enhancement of
inflammatory activity of granulocytes. Thus, here we analyze the relationship between FR-
WBH and granulocytes in the control of colon tumor growth in mice.

MATERIALS AND METHODS
Mice

Female BALB/c and SCID mice (Taconic Laboratories, Germantown, PA) ranging from 8–10
weeks of age were used in these experiments, all of which were approved by the Institute
Animal Care and Use Committee at Roswell Park.

Tumor Growth
Prior to administration into BALB/c or SCID mice, murine colon tumor line CT26 or human
colon tumor line HT29 was maintained in RPMI media with 10% FCS, 2mM glutamine, 100

Ostberg et al. Page 2

Immunol Invest. Author manuscript; available in PMC 2006 January 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



U/mL penicillin, 100 μg/mL streptomycin, 55mM β-mercaptoethanol. Tumor cells were then
washed, resuspended in sterile 0.9% saline at a final concentration of 2x107 per mL, and
50μL aliquots (106 cells) were injected subcutaneously (s.c.) into the lower abdomen of each
mouse. Tumor volumes were determined using the equation (x2y)/2, where x was the shortest
diameter and y was the longest diameter of each s.c. tumor.

Fever-range Whole Body Heating (WBH)
To prevent dehydration, mice were injected i.p. with 1ml sterile 0.9% saline, and then placed
in pre-heated cages (5 mice/cage). Cages were placed in an environmental chamber (Memmert
model BE500), and within 30 min the average core body temperatures of the mice were raised
to 39 – 39.5ºC, which was then maintained for 8 hrs. Core temps were monitored using
microchip transponders implanted s.c. into the dorsal thoracic area. Control mice were kept at
RT and subjected to manipulations similar to that of the heated mice. WBH treatments were
initiated one day after tumor cell injection and repeated once a week.

Immunohistochemistry
Zn2+ fixed, paraffin-embedded sections of tumor, lung, liver or normal colon tissue were
deparaffinized and rehydrated. After the endogenous peroxidase activity was quenched for 30
min in 3% hydrogen peroxide in PBS, nonspecific binding was blocked by treatment with
0.03% casein in PBS. The primary antibodies of rat anti-Gr-1 and rat IgG2a isotype control
(BD Pharmingen, Los Angeles, CA) were diluted 1:1000 and applied for 1hr at room
temperature in a humidified chamber. After the sections had been washed with PBS + 0.5%
Tween, a biotinylated goat anti-rat antibody (BD Pharmingen) at 1:250 dilution was applied
for 30 min at room temperature in a humidified chamber. This was followed by washing in
PBS three times, incubation with streptavadin, three more washes, and then DAB peroxidase
substrate (Vector Laboratories, Inc., Bulingame, CA) was applied. After using hematoxylin as
a counterstain, the slides were dehydrated and coverslips were mounted with Permount (Fisher
Scientific, Pittsburgh, PA).

Granulocyte Depletion
Ascites, generated using the ant-Gr-1 producing RB6-8C5 hybridoma in SCID mice, or purified
NA/LE anti-Gr-1 antibody (clone RB6-8C5, BD Pharmingen) was injected i.p. to systemically
deplete granulocytes in mice. Treatments involved 75 μL injections of anti-Gr-1 ascites every
12 days in SCID mice or 100μL injections of pure anti-Gr-1 every 7 days in BALB/c mice,
and were initiated one day prior to tumor cell injection.

Respiratory Burst Measurements
Using PerC wash (1 x PBS, 0.1% BSA, 10 U/mL heparin, 0.54 mM EDTA) as previously
described [21], peritoneal cells were collected from heated or control BALB/c mice, pelleted
and resuspended in 200μL of PBS before incubating with 25μL of a 30μg/mL solution of
dihydrorhodamine (DHR) at 37ºC for 5 min. Cells were washed with PBS before being fixed
in 2% paraformaldehyde. Flow cytometric analysis was used to determine the percent of
granulocyte gated cells that expressed oxidised DHR (i.e., rhodamine+).

Statistical Analysis
Mean control values were compared to mean experimental values at each time point using
unpaired Student’s t-tests. P-values less than or equal to 0.05 were considered to represent
statistically significant differences.
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RESULTS
Anti-Tumor Effect of FR-WBH Correlates with Increased Tumor Infiltrating Granulocytes

Previous studies have revealed that mild thermal stress applied in vivo can delay the growth of
established CT26 tumors in BALB/c mice [19]. Here we have extended these studies by
examining the ability of fever-range whole body hyperthermia (FR-WBH) to prevent the
establishment and growth of CT26 cells inoculated subcutaneously into BALB/c mice. As
expected, weekly administration of FR-WBH significantly delayed the outgrowth of CT26
(Figure 1), and the third application of FR-WBH on day 15 in particular was able to significantly
inhibit the growth of established tumors in mice for 3 more days. This is consistent with what
has been previously observed when FR-WBH has been administered to mice bearing
established murine colon tumors [19,20].

While H&E staining had suggested that infiltration of polymorphonuclear neutrophils (PMNs)
might be enhanced in tumors that underwent mild thermal stress [19], immunohistochemical
staining was performed here to better define the tumor infiltrating leukocyte populations upon
FR-WBH treatment of CT26 bearing mice. Using antibodies that recognize the Gr-1 antigen,
numbers of granulocytes that migrated to the tumor site were found to be significantly enhanced
by fever-range thermal stress (Figure 2). This increased granulocytic infiltrate was observed
within 4 hrs of FR-WBH. Importantly, this effect on granulocyte homing appeared to be
specific to the tumor as increased granulocyte infiltration into the mouse lung, liver, or normal
colon tissue was not observed at any time during or after an 8hr FR-WBH treatment (data not
shown).

Granulocyte Depletion Ablates the Anti-Tumor Effect of FR-WBH
To determine whether or not the ability of FR-WBH to delay tumor growth is dependent on
granulocytes, antibody depletion studies were performed (Figure 3). Loss of granulocytes in
BALB/c mice that had been inoculated with CT26 ablated the ability of FR-WBH to inhibit
the growth of these tumors. This was also examined using SCID mice inoculated with human
colon tumor cells (Figure 3B). This SCID model, where T cells and B cells are absent, was of
particular interest due to its potential to isolate the role of innate immune cells such as
granulocytes. Not only was it found that weekly WBH administration inhibited the outgrowth
of HT29 tumors, but this effect of WBH was again lost when granulocytes were depleted in
vivo. Overall, these data suggest that granulocytes play an important role in FR-WBH induced
tumor growth control.

FR-WBH Upregulates Granulocyte Respiratory Burst
To begin to assess the ability of mild thermal stress to regulate granulocyte activity in vivo,
dihydrorhodamine staining was used for the measurement of neutrophil respiratory burst.
Because of the highly sensitive nature of these suicidal inflammatory cells, these studies were
performed using granulocytes harvested from the peritoneum, which allowed the least
manipulation of cells (i.e., lysing of red blood cells and homogenization of tissue was not
required). Importantly, a significantly higher percent of granulocytes exhibited respiratory
burst after WBH treatment compared to controls (Figure 4).

DISCUSSION
Consistent with previous studies examining established tumors, these results reveal the
potential for WBH to significantly slow the establishment and growth of colon tumor cells in
mice in a manner that correlates with enhanced tumor-specific granulocyte infiltration. This
ability of FR-WBH to enhance granulocyte homing to the tumor is consistent with other reports
showing the increased accumulation of granulocytes at the site of inoculation in various
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infectious models upon administration of mild thermal stress in vivo [5,22–24]. Furthermore,
studies examining the thermal regulation of lymphocyte migration suggest that the mechanism
by which WBH induces the homing of granulocytic leukocytes to the tumor bed may be
mediated by L-selectin dependent adhesion [25,26]. Thus, future studies investigating the role
of chemokines and adhesion molecules such as L-selectin in the WBH mediated granulocyte
homing specifically to the tumor site are currently underway.

While the increased homing of granulocytes to the tumor site may be enough to mediate the
WBH-induced tumor growth control, our data (Fig. 4) suggest that mild thermal stress might
also enhance the activity of the granulocytes once they reach the tumor. The ability of mild
thermal stress to enhance the respiratory burst of murine granulocytes is supported by various
studies performed by others. Specifically, enhanced respiratory burst of human PMNs has been
found after mild thermal stress both in vivo [27] and in vitro[28]. Indeed, in contrast to
temperatures of 41°C and higher, where PMN activity is generally inhibited (reviewed in [8]),
temperatures ranging from 38 to 40°C appear to stimulate PMNs, including their bactericidal
activity [28–31], and phagocytosis [22,32]. However, the regulation of PMN tumoricidal
activity by mild thermal stress has yet to be fully examined.

The potential importance of PMNs in cancer immunotherapy may be inferred by their ability
to both respond to and produce cytokines [33,34], thus making them involved in a complex
cross-talk with immune and endothelial cells that bridges innate and adaptive immunity.
Interestingly, circulating granulocytes in many cancer patients have been reported to be
impaired in their ability to produce superoxide anion [35], to perform antibody-dependent
tumor cell lysis [36], and to mobilize in vivo to skin chambers [37]. While PMNs are normally
a scarce reactive component of both human and animal tumors [38], it has been suggested that
these cells are active in immunosurveillance against several tumors [38–40]. During rIL-2
infusion in patients with malignant melanoma and renal cell carcinoma, there has been
phenotypic and functional evidence of potent PMN activation [38]. Furthermore, in cytokine-
transfected tumor models, it was observed that the pro-inflammatory cytokines and an influx
of granulocytes at the tumor site results in a debulking phase of tumor rejection, which is
followed by the inducement of specific anti-tumor T cell responses that complete the tumor
rejection and produce long-lived anti-tumor immunity [41,42]. Overall, studies such as these
support the importance of identifying therapeutic approaches, such as the FR-WBH described
in this report, which are capable of stimulating the recruitment and activity of PMNs or
granulocytes within the tumor microenvironment.

On the other hand, there have been immune inhibitory effects ascribed to various inflammatory
mediators, including granulocytes (reviewed in [43]). Furthermore, with colon cancer in
particular, progression of this disease has been associated with chronic inflammation [44–
46]. That is, in contrast to acute inflammatory responses, where infection is resolved within a
matter of days, chronic inflammation appears to generate a ‘potentially vicious self-sustaining
loop’ which results in a microenvironment that is favorable for the survival and growth of
tumors [46]. However, the FR-WBH protocol utilized in this study, where the animal
experiences mild thermal stress for a total of 8hrs, might be thought of as more similar to an
acute (i.e., not chronic) inflammatory episode. Thus we suggest that the roles of chronic and
acute inflammatory processes should be separately investigated in the laboratory with regards
to their clinical potential in the treatment of cancer. The studies presented here suggest that the
inflammatory events supported by a FR-WBH treatment have the potential to help control the
growth of tumors.

It is still not clear how granulocytes are able to sense changes in their thermal
microenvironment. One might speculate that temperature regulates overall cellular metabolism
in such a way that it affects the respiratory burst activity of all cells. Alternatively, immune

Ostberg et al. Page 5

Immunol Invest. Author manuscript; available in PMC 2006 January 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cells such as granulocytes may be particularly sensitive to temperatures in a manner that has
evolved in concert with the fever response to help enhance their response to infections. For
example, membrane associated events such as those involving the regulation of lipid fluidity
or Ca2+ channels may be involved in the ability of immune cells to sense changes in their
thermal microenvironment. The expression of several genes that respond to changes in
temperature appear to be influenced or controlled by the membrane’s physical state [47]. Heat-
induced changes in intracellular free Ca2+, which correlated with the activation of
phosphoinositide turnover, has led to the speculation that this class of lipids as well as Ca2+

homeostatis may be involved in cellular responses to heat [48]. In addition, our laboratory has
most recently become interested in investigating the expression of TRPV receptors, which are
Ca2+-permeant ion channels that have been identified as heat receptors on sensory neurons
[49], on various immune cells types including granulocytes. Overall, further analysis of the
mechanisms by which mild thermal stress regulates granulocyte mediated tumor-growth
control will help clarify when thermal therapy might best be clinically administered.
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Figure 1.
FR-WBH delays CT26 growth in BALB/c mice. Weekly WBH treatments (arrows) were
initiated one day after 106 CT26 cells were injected s.c. and tumor growth was monitored in
both heated (white circles) and unheated (black circles) mice. Average tumor volumes ± S.E.
are depicted with an n= 5 mice per group. *, p < 0.05 when comparing values from heated and
non-heated mice at each time point using the unpaired Student’s t-test.
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Figure 2.
Increased numbers of Gr-1+ cells are observed in CT26 tumors of heated mice. After CT26
tumors were established s.c., BALB/c mice were heated (B, and white bars of C) or left as
controls (A and black bar of C). At different times during and after and 8hr WBH, tumors were
harvested, fixed, embedded in paraffin and then sectioned and stained for the granulocyte
marker Gr-1. Average numbers of positively staining cells were determined per 40X field in
three fields of sections made with three different tumors at each time point. *, p < 0.05 when
compared to non-heated controls.
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Figure 3.
Granulocyte depletion ablates the effect of FR-WBH on colon tumor cell lines grown in mice.
BALB/c mice were injected s.c. with 106 CT26 cells (A) or SCID mice were injected s.c. with
106 HT29 cells (B) one day after granulocyte depletion was initiated (anti-Gr-1). FR-WBH
commenced on day 1, and was repeated every 7 days (arrows). Average tumor volumes ± S.E.
are depicted with an n= 5 mice per group. **, p < 0.05 when comparing values from heated
(WBH) and non-heated (Control) groups; *, p < 0.05 when comparing values from granulocyte
depleted and non-depleted WBH treated groups using the unpaired Student’s t-test.
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Figure 4.
FR-WBH enhances respiratory burst of granulocytes. Directly after an 8hr FR-WBH treatment,
peritoneal cells were collected from heated (white bar) or control (black bar) BALB/c mice
and stained with DHR. Flow cytometric analysis was used to determine the percent of
granulocyte gated cells that expressed oxidised DHR (i.e., rhodamine+). N = 3 mice per group.
*, p < 0.05 when using the unpaired Student’s t-test.
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