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Abstract

Objective: The goal of this study is to better understand the immunogenetic expression and
related cytotoxic responses of moderate but clinically relevant doses of hypofractionated radiation
(1x15 Gy and 3x8 Gy) and magnetic nanoparticle hyperthermia (mNPH, CEM43 30)

Methods: Genetic, protein, immunopathology and tumor growth delay assessments were used
to determine the immune and cytotoxic responses following radiation and mNPH alone and in
combination. Although the thermal dose used, 43 C°/30 min (CEMA43 30), typically results in
modest independent cytotoxicity, it has shown the ability to stimulate an immune response and
enhance other cancer treatments. The radiation doses studied (15 Gy and 3x8 Gy) are commonly
used in preclinical research and are effective in selected stereotactic and palliative treatment
settings, however they are not commonly used as first-line primary tumor treatment regimens.

Results: Our RNA-based genetic results suggest that while many of the cytotoxic and immune
gene and protein pathways for radiation and hyperthermia are similar, radiation, at the doses used,
results in a more consistent and expansive anti-cancer immune/cytotoxic expression profile. These
results were supported by immunohistochemistry based cytotoxic T-cell tumor infiltration and
tumor growth delay studies. When used together radiation and hyperthermia led to greater immune
and cytotoxic activity than either modality alone.

Conclusion: This study clearly shows that modest, but commonly used hypofractionated
radiation and hyperthermia doses share many important immune and cytotoxic pathways and that
combining the treatments, as compared to either treatment alone, results in genetic and biological
anti-cancer benefits.
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Introduction

Cancer patients are living longer, however cancer incidence and related deaths continue to
rise [1]. As cancer clinicians and researchers learn more about cancer treatment biology and
efficacy, it is clear that multimodality therapy remains necessary and that stimulating an anti-
cancer immune response has life-saving potential in some situations. Some longstanding
cancer treatments, such as hyperthermia, that were originally believed to be effective

only as independent tumor ablative therapies or as adjuncts to radiation therapy and/or
chemotherapy, are now showing the ability to be potent cancer immune stimulators at

doses considered safe in most settings. Although hyperthermia has been studied as a

cancer treatment for centuries, the most useful hyperthermia doses and delivery techniques,
including microwave, radiofrequency, focused ultrasound, laser and heatable nanoparticles,
are still being debated for individual disease and disease sites [2-8]. The hyperthermia
delivery technique studied here, magnetic nanoparticle hyperthermia (mNPH), works by
delivering magnetic nanoparticles to a tumor site then exposing the tumor region to an
alternating magnetic field (AMF) for a specific length of time. This combination results in
intracellular and/or extracellular heating of the targeted tissue. As with other hyperthermia
techniques, the level of thermal dose dictates the biological effect [9]. Typically, the

higher and longer the temperature rise the greater the cytotoxicity, however there may be
unexplained benefits of intracellular MNP hyperthermia. Like other cancer therapeutics, the
tumor-normal tissue therapeutic ratio for hyperthermia must always be considered. In this
study we delivered a constant thermal dose of 30 CEM 43 °C to the tumors of all subjects.
CEM 43 is defined as cumulative equivalent minutes at 43 °C and has been used extensively
to describe treatments that contain complex thermal histories [10]. The dose we used in this
study has been shown to produce significant immune responses in previous studies [11].

The immune potential of radiation and hyperthermia is the topic of many current

studies. There is, however, significant controversy regarding the effect of total dose and
fractionation, for both modalities [12,13]. While high doses, of either modality, resulting in
acute cell death, initiate a robust general inflammatory response, lower doses may, according
to many investigations, initiate a more subtle pathological response (monocyte/macrophage
based response). This response may have an even greater immune potential than the larger
ablative/necrotic doses [14].

Radiation therapy has conventionally consisted of many small doses over a one month
period (2 Gy x 30 treatments). Pathological examination of the tumor and irradiated normal
tissues typically showed a modest inflammatory or immune response, unless a significantly
toxic (necrotic) dose was delivered. In recent years, the delivery of larger fewer radiation
doses (hypofractionated radiation) has begun to be used in some tumor sites/locations [15-
18]. This treatment scheme may lose some of the inherent therapeutic ratio advantages
(tumor vs normal tissue) of small doses per fraction but affords others such as targeting,
dosimetry, treatment and potentially immune activation [13,19-21]. In addition to the
implementation of fewer, larger doses (hypofractionated radiation), there is also a significant
increase in the use of a single large dose treatment schemes (stereotactic radiation) [17,22].
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In this study, we chose to compare a 3 x 8 Gy treatment regimen and a single 15 Gy
regimen. These doses have similar BED/EQD2 values.

Evidence of immune effects, following radiation and magnetic nanoparticle hyperthermia,
in our own laboratory and from other investigators, led us to hypothesize that combining
radiation with mNPH will enhance the tumor immune response and lead to improved tumor
growth delay. We used genomic and cell infiltration responses to better understand the
immune effect of hyperthermia alone and in combination with hypofractionated radiation.
The overall hypothesis and aim of this study was that analysis of post treatment genetic
effects, immune cell infiltration of the tumor, and tumor growth delay would elucidate the
anticancer immune response of CEM43 30 hyperthermia, and the further enhanced effect of
this dose of hyperthermia with hypofractionated radiation. Our survey of hundreds of genes
allows us to provide robust expression data that can be used to inform future studies with
potential additional biological targets.

Mouse tumor model

In this study we have exclusively used B16F10 murine melanoma cells (American Type
Culture Collection (ATCC), Manassas, VA). The B16F10 cells were cultured in RPMI media
with 10% fetal bovine serum, and 1% antibiotics until inoculation. Tumors were initiated

in 6-week-old C57BL6 female mice (Charles River) by injecting 2 x 106 B16F10 cells
intradermally in the right flank. Following implant, tumors were measured daily and placed
on study when they reached 110 mm?3 (+20 mm3). Based on information from our own
previous studies and the literature we determined that the five following groups, control,
3x8Gy, 15 Gy, mMNPH, mNPH + 3 x 8 Gy, and mNPH + 15 Gy, created a translationally
effective evaluation and comparison.

Magnetic nanoparticle hyperthermia

Magnetic nanoparticle hyperthermia has been commonly used over the past 20 years in
cancer treatment [23-25]. All mNPH experiments used 100 nm + 30 nm (hydrodynamic
diameter) dextran coated matrix iron oxide nanoparticles (Bionized NanoFerrite/BNF
micromod Partikeltechnologie GmbH, Rostock, Germany) suspended in H,0O, 75-80%
(w/w). The stock nanoparticle concentration in solution was 45 mg/ml (24.5 mg/ml iron).
Nanoparticles were injected intratumorally at a dose of 7.5 mg of iron per gram (cm3)
of tumor (3040 pl for the average 110 (+20) mm3 tumor). Three hours post injection,
tumors underwent alternating magnetic field (AMF) exposure. The AMF was generated
by a water cooled, whole body circular coil (Fluxtrol Inc., Auburn Hills, MI) powered
by a Huttinger TIG 10/300 generator (Freiburg, Germany) tuned to operate at 165 kHz.
Mouse rectal temperatures were monitored and recorded throughout the hyperthermia
treatment using 0.3 mm diameter FISO fiber optic probes (FISO Inc., Quebec, Canada)
at a frequency of 1 Hz. The mouse rectal temperature was maintained at 37 °C+ 1 °C
by a modulating a thermal air jacket which surrounded the mouse containment and gas
anesthesia vessel. Tumor temperatures were monitored using a triple sensor FISO probe
(3 mm sensor separation) implanted entirely within the tumor parenchyma, allowing for
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monitoring of 3 equally spaced locations along the center axis of the tumor. The assessment
of multiple simultaneous temperatures is important to diminish the effect of heterogenous
tumor heating. The magnetic field was turned off once a CEM43 30 (43 °C/30 min) was
reached. Field strength was continuously controlled to ensure the tumor temperature was
maintained between 43-44 °C.

Radiation therapy

A Varian linear accelerator was used to deliver 6 MeV electron doses of 8 Gy or 15 Gy at
a dose rate of 8 Gy/minute. A precise custom designed collimator allowed for a uniform
dose delivery to the entire tumor volume and a 2 mm peritumor region. The SSD (source
to surface distance) was 100 cm. Radiation was given three times on consecutive days

for the 8 Gy/fraction treatment. When mNPH was employed, radiation was started 4 h
after magnetic nanoparticle injection, and immediately followed by a single hyperthermia
treatment. Unpublished data from our lab indicates optimal mNP uptake between 3—4 h.

Post-treatment endpoints

Two treatment endpoints were utilized. The first time endpoint cohort, 110 h (£ 6

h) post treatment, provided RNA for genetic analysis (NanoString) and tissue for
immunohistochemical sections that allowed for quantification of selected T cell populations,
i.e., cytotoxic CD8+ cells. The second cohort was entered into a 3-fold (3x) tumor growth
delay assay for determination of treatment efficacy, where the endpoint was time, in days, to
reach 3x treatment volume.

Immunohistochemistry

Following sacrifice and tumor removal, the tumors were bisected. One half was processed
for RNA and protein analysis, the other half for H&E and immunohistochemical microscopy
slide staining. The histology sections allow for segmental but reasonable representation of
the mid and lateral portions of the tumor. Although not a comprehensive global assessment
of immune cell infiltration, historical experience suggests this level of spatial assessment
provides a meaningful assessment of overall immune cell infiltration into the tumor. Two
sets of slides were prepared: conventional H&E for morphological assessment and CD8+
antibody (Cell Signaling) staining assessment of cytotoxic T cell (CD8+) infiltration. The
different staining parameters (separated spatially by 4-8 micron) allowed for effective co-
registration of morphological change and CD8+ infiltration and immune initiated tumor cell
death (ICD). Quantification of CD8+ infiltration was accomplished using 40x magnification,
and a 100 crosshair grid was placed on each field of view to aid in quantification of the
relative number of CD8+ cell per high power field. Twenty randomly determined fields per
tumor were assessed. The assessment of CD8+ cell infiltration was presented in the context
of the percentage of the CD8+ cells with respect to the total number of cells in each field of
view.

RNA collection and analysis

RNA was isolated from tumors using the Qiagen RNeasy Mini Kit, and quantified and
normalized across samples. Samples were prepared and mRNA expression quantified using
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the NanoString PanCancer Murine Immune Profiling Panel, with an additional custom panel
of cell cycle, apoptosis, and DNA damage repair genes, and the NanoString nCounter
Analysis System. Results were analyzed with nSolver Analysis (v. 4.0) and Advanced
Analysis Software (v. 2.0). V= 4-5 tumors per treatment.

Tumor growth/control

To assess hyperthermia and/or radiation treatment effect in the tumor, mice were placed on
study when tumors reached 110 mm?3 (+20mm3). This volume was typically achieved 8-12
days post inoculation. Tumors were measured daily/5 times per week, in 3 dimensions using
a length—*width*depth*pi/6 formula to calculate tumor volume. Treatments were randomly
assigned, and measurements were completed in a blinded fashion, without knowing the
treatment. Mice were removed from the study when their tumors reached 3x treatment
volume. Kaplan-Meier and tumor growth curves were used to assess this result. Rate of
tumor growth for each treatment was determined by taking the average of each animals
tumor growth rate using an exponential model of tumor growth, using the first and last tumor
measurements recorded.

Statistical analysis

Results

Genetic/RNA (nanoString) analysis utilized XQuartz and R statistical software v/igaan
nSolver Advanced Analysis software package to carry out these statistical tests in the
differential expression module. For the tumor growth delay study, MATLAB was used to
carry out ANOVA tests for comparison of all treatment groups in terms of survival days
and rate of tumor growth. An unbalanced two-way ANOVA was used with hyperthermia
(two levels) and radiation (three levels) as the factors. This allows for determining if
there was significant difference between radiation groups, between hyperthermia or no
hyperthermia, and if these two factors (hyperthermia and radiation) have an interaction
effect. The multcompare function in MATLAB was then used with the ANOVA stats
output to determine which treatments were statistically different from each other. Statistical
significance is defined as p-value < .05.

The hypothesis underlying this study was that a commonly used adjuvant hyperthermia dose
(CEMA43 30) would stimulate an antitumor immune and/or cytotoxic response that utilized
different immune and cytotoxic genetic pathways than a commonly used preclinical and
clinical hypofractionated radiation dose (15 Gy or 3 x 8 Gy). Although not a primary goal
we also studied the possibility that a combination of hyperthermia and radiation would
stimulate a greater response than either modality alone and that an efficacy study would
confirm the genetic responses. Additionally, the combinatorial effect would vary with a
hypofractionated versus large single dose treatment. These effects were investigated through
quantitative RNA expression, immunohistochemistry of cytotoxic cells, and tumor growth
delay.
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NanoString mRNA expression results

Compared to control, a number of important immune and apoptotic genes and pathways
were upregulated across all treatment groups. The most notable genes appear in Table 1

for clearer representation of expression changes across treatment cohorts. The common and
important pathways discussed, and their expression levels for each treatment, are depicted in
the heatmap in Figure 1 using pathway scores. NanoString pathway scores are derived from
the expression levels of all the genes in a pathway, using the first principal component; if
most genes have increased expression the pathway score will depict that. The pathways of
note are indicated, with higher positive expression levels demonstrated in yellow, and lower
expression levels in blue.

mMNPH versus control

mNPH altered the expression of a number of important immune and apoptotic genes and
pathways. Notable were: natural killer cell mediated cytotoxicity (receptors ITGAL, ITGB2,
and NKG2D) [26]; antigen processing/presentation (various MHCI and MHCII genes
leading to CD8 on T cells [27], and KIR on NK cells [26]); and T cell receptor signaling
pathways (ICOS) [28]. Additionally, pro-apoptosis genes, in the intrinsic and extrinsic
pathways, as well as the T cell mediated apoptotic pathways were upregulated (e.g., Fas,
Bim, NOXA, GZMB, and Perforin [29]). However, several anti-apoptosis/pro-survival genes
were also upregulated (such as Gadd45 [29]), as well as NK cell inhibitory receptors (CD94,
and NKG2A/B [30]), and T-cell inhibitory receptors (PD-1, and CD45 [31]). In summary,
the data demonstrates that adjuvant level mMNPH engages many important cytotoxicity

and apoptosis genetic pathways. While the majority of these genes and pathways are
pro-immune and pro-apoptotic it is noted that several, such as MCL1, Bcl6, IL-7R, and
SOCS are believed, in some situations to be immune regulatory and/or pro-tumor survival
[32].

Radiation versus control

Like mNPH, 15 Gy and 3 x 8 Gy resulted in numerous gene expression changes in the
immune and cytotoxic pathways. Notable, were increases in natural killer cell mediated
cytotoxicity pathway (including activating receptors ITGAL, ITGAB2, CD94, NKG2D);
the immune cell mediated apoptotic pathway (including perforin, granzymes, FAS, TRAIL,
Caspase 3 [33]); the toll-like receptor pathway (including T cell stimulation factors CD40,
CD80, CD84) and the chemotactic effectors MIG, RANTES, and TLR1,2,6,7,8 and 9
[34,35]. These genes are all known to stimulate an antitumor cytotoxic effect through
immune mediated and/or apoptotic cascades. Consistent with mNPH, 15 Gy and 3 x 8 Gy
also enhanced expression of important pro-survival genes (Gadd45, Bcl-XL, and Bcl-2).

mNPH * radiation versus control

In general the combination of MNPH and radiation (15 Gy or 3 x 8 Gy) led to higher
expression of most important immune and cytotoxic genes as compared to either modality
alone. Natural killer cell mediated cytotoxicity, antigen processing/presentation, and T cell
receptor were the most prominently expressed pathways. The inhibitory receptors seen with
mNPH such as PD-1, CD45, CD94, NKG2A/B were also upregulated with the combination
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treatment. In addition, the combination increased the expression of other inhibitory receptors
such as CTLA4 and Ly49G2. Similar to mNPH and radiation alone, combined therapy also
activated apoptosis pathways and several pro-survival genes, such as Gadd45 and Bcl-XL.
Gene expression levels are demonstrated in Table 1 for all treatment cohorts.

mNPH=*radiation versus mNPH

The combined mNPH + radiation treatments resulted in the increased expression of a
majority of notable immune and cytotoxic genes compared to adjuvant hyperthermia alone.
However, there were differences depending on the radiation dose. When 3 x 8 Gy was
combined with mNPH, only one gene (Ncrl) was differentially expressed with greater than
2-fold change when compared to mNPH alone. Compared to mNPH alone, 15 Gy + mNPH
differentially expressed Ncrl as well as additional genes in the natural killer cell mediated
cytotoxicity pathway. More than 80 genes were differentially expressed following 15 Gy +
mNPH as compared to mNPH alone. Many of these genes/pathways were associated with
immune stimulation and infiltration, including natural killer cell mediated cytotoxicity, TLR
based chemotactic effects, T cell stimulation, and leukocyte transendothelial migration.

mNPH * radiation versus radiation alone

The combination of mMNPH + radiation treatments resulted in minimal expression differences
for most pathways compared to radiation alone. Pathways with minimal differential
expression included antigen presentation, immune cell cytotoxicity, and apoptosis. However,
when comparing to 15 Gy to 15 Gy + mNPH, the combined therapy demonstrated increased
expression in the cell adhesion molecules pathway, including CD31, CD34, Cdh5, Tiel, and
I11b [36]. These differences, except for I11b, were only seen with the combined mNPH +15
Gy dose. Interestingly 11b was increased with 3 x 8 Gy + mNPH to 3 x 8 Gy alone. Finally,
there were modest increases following 3 x 8 Gy + mNPH vs 3 x 8 Gy in the T cell receptor
signaling pathway, and cytokine-cytokine receptor pathways.

Immunohistochemistry assessment of CD81 infiltration of tumors

CD8+ cells are most often cytotoxic T cells, or a small subset of natural killer cells,
indicative of an antitumor cytotoxic immune response. Using CD8+ immunohistochemistry
and a morphometric point count technique [37] we determined the relative level of CD8+
infiltration into control or treated tumors (Figure 2). Control tumors had a CD8+ population
of 1.23% (SEM = 0.3). Hyperthermia alone resulted in a CD8+ population of 5.22% (SEM
= 1.8). Radiation treatment of 3 x 8 Gy alone led to a CD8+ population of 13.22% (SEM

= 1.5), while 15 Gy alone led to a population of 20.78% (SEM = 3.3). 3 x 8 Gy + mNPH
led to a wide range of CD8+ infiltration depending on the tumor, ranging from 3% up to
29%, with an average of 12.4% (SEM = 4.0). 15 Gy + mNPH also led to a wide range

of CD8+ infiltration (3.4% to 36%), with an average of 18.94% (SEM= 7.0). Statistical
analysis revealed only the 15 Gy radiation cohorts were significantly different than control,
with no other groups having significant differences.
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Tumor growth delay

Although we do not consider tumor control to be a major endpoint of this study, we
performed a tumor growth delay study, to if the gene expression changes and CD8+ counts
are associated with differences in tumor growth delay. Tumors were measured using calipers
at least five times a week, with volumes calculated using the previously described technique.
Each study arm contained /7= 8-10 animals. Animals were removed from the study when
tumors reached 3x the starting volume. Untreated control mice remained on study an
average of 4.4 days. Mice treated with mNPH, 15 Gy, 3 x 8 Gy, or a combination (15

Gy or 3 x 8 Gy) remained an average of 8.9, 16.1, 17.2, 21.5, and 20 days post-treatment
respectively (Figure 3). There was a statistical difference (p <.05) between control and all
radiation groups, and between mNPH and all radiation groups except 15 Gy alone (=.08 for
mNPH versus 15 Gy). The ANOVA assessment showed the tumor growth delay significance
of hyperthermia and radiation alone and in combination vs control and for radiation and the
combination vs hyperthermia but not for the combined treatment vs radiation.

In addition to time on study, tumor growth was looked at as shown in Figure 4. The growth
rate for each animal was calculated using a mixed effect model [38,39]. The average rates of
growth (% volume change per day) for the cohorts were: control = 29.4%, mNPH = 12.8%,
15 Gy= 3.8%, 3 x 8 Gy = 2.3%, 15 Gy + mNPH = 1.6%, and 3 x 8 Gy mNPH = 1.8%. The
rate of growths for all treatment cohorts were statistically significantly lower than control,
with the combination of radiation and hyperthermia leading to the lowest rates of growth.
All of the radiation cohort’s growth rates were significantly different than mNPH, and 3

x 8 Gy was significantly lower than 15 Gy. The rate of growth in tumors treated with the
combination treatment with 15 Gy was significantly lower than 15 Gy alone, however the
same was not true for 3 x 8 Gy + mNPH compared to 3 x 8 Gy. Finally, there was not a
significant difference bet ween 15 Gy + mNPH and 3 x 8Gy + mNPH.

Discussion

Magnetic nanoparticle hyperthermia (CEM43 30) and hypofractionated radiation (15 Gy
or 3 x 8 Gy) have been shown to be immunogenic and when appropriately combined the
two treatments can enhance tumor control and the tumornormal tissue therapeutic ratio
[11,12]. It is the goal of this study to test the hypothesis that immune activation is partially
responsible for the improved tumor growth delay created by combining hypofractionated
radiation and modest tumor heating. Although there are many genetic, cell, and growth
response assessments of heated and/or irradiated tumors, very few studies have focused

on the immune and cytotoxic genetic pathways. Because this information is sparse in the
literature, we had limited data on which to build or compare.

We demonstrated that mNPH induces meaningful immune stimulatory signals, most
significantly in the natural killer cell [40], T-cell activation [26—28] and apoptotic pathways
[29,33]. Similarly, hypofractionated radiation and the combination with hyperthermia
demonstrated increased immune signaling largely in the same pathways, as summarized

in Figure 5. It should be noted, that although the tumor growth curves for radiation

alone and the combination of radiation and hyperthermia had similar patterns, there were
several animals in the combination therapy groups with a greatly enhanced tumor growth
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delay. Interestingly, our results demonstrate that 15 Gy appears superior to 3 x 8 Gy in
combination with hyperthermia, at all levels of assessment, from molecular, through pre-
clinical tumor growth delay, regarding the overall immune mediated anti-tumor response.
These results lay the groundwork for further mechanistic studies and models to build upon.

As mentioned, our results show that the tested hypofractionated radiation and hyperthermia
doses stimulate many of the same important immune and cytotoxic pathways. However, the
level of gene enhancement and tumor response for the combination therapy, while increased
over either therapy alone, was not as great as anticipated. This finding raises a critical
question regarding the basic ability of heat and radiation to create an enhanced anti-cancer
effect. If the answer is, based on huge clinical data base, that heat and radiation can

work effectively together why is the genetic evidence not clearer in this study. We believe
there are two plausible explanations: (1) mNPH and radiation, to great extent, stimulate
similar immunogenetic pathways, and this overlapping stimulation obscures any additive or
synergistic enhancement we would expect to see. (2) We have studied specific radiation and
hyperthermia doses, timing, delivery, and combination parameters. Even slight alterations
in these parameters could make significant differences in the genetic and biological effects
determined.

From a clinical translation standpoint, the most important finding of this study is that the
combination therapy was most effective at stimulating immunogenetic cytotoxic and tumor
growth delay effects. Importantly, each aspect we analyzed, from mRNA through tumor
growth delay, indicated that 15 Gy rather than 3 x 8 Gy is slightly more effective in
combination with mNPH. This report demonstrates the importance of understanding the
genetic aspects of immune and cytotoxic anti-cancer treatment for optimization of radiation
and hyperthermia combinatorial therapies. Additionally, we feel foundational data, such as
that presented here, is necessary to inform future hyperthermia and radiation studies that
address a systemic immune response.
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Figure 1.

This heatmap demonstrates genetic pathway scores for the various treatment groups. This
graph depicts the information for many pathways, but highlighted here are important
immune and cytotoxic signaling pathways. There are clear differences in pathway scores
(determined by cumulative expression for all genes in the pathway) in treatments involving
radiation, with 15 Gy mNPH having more changes as compared to 3x8 Gy mNPH. The
heatmap colors represent different pathway scores ranging from lower (blue) to higher
(yellow).
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Figure 2.

This box and whisker graph illustrates the CD8 population percentages for each treatment.
The combinatorial treatments have a greater spread than the radiation alone groups, and 15
Gy alone and in combination leads to greater CD8 populations within the tumor. The red x

demonstrates the mean, and the * means *p<.05.
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Figure 3.

This graph demonstrates post-treatment tumor response, for the following groups: control,
mNPH, 15 Gy, 3x8Gy, 15 Gy + mNPH, and 3x8 Gy + mNPH. All treatments resulted

in statistically significant improvements as compared to control. The mNPH treatment,
which is generally considered minimally cytotoxic was expectedly less effective than either
radiation dose or the combination.
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Figure 4.

This graph demonstrates the tumor growth curves for all animals in each treatment cohort,
with tumor volume on a log scale. The average growth rate is reported for each treatment.
Each treatment led to a decreased rate of growth as compared to control.
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Figure 5.
This diagram demonstrates the specific gene expression changes identified in this study.

The genes are separated by effect/pathway and treatment type, with green indicating pro-
immunogenic or pro-apoptotic genes, and red indicating genes that are anti-immunogenic
or anti-apoptotic. The plus signs (+) corresponds to the level of increased gene expression,
as compared to control. It is important to note that the combination of hypofractionated
radiation therapy with magnetic nanoparticle hyperthermia led to greater changes in both
Natural Killer cell and T cell activation/cytotoxicity, as well as apoptosis.
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