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INVESTIGATING THE EFFECTS OF IMMUNE CHECKPOINT INHIBITION AND
COMBINED TREATMENT WITH EVOFOSFAMIDE ON THE TUMOR
MICROENVIRONMENT THROUGH HYPOXIA IMAGING

KAYTLYN CARTER MCNEAL

MULTIDISCIPLINARY BIOMEDICAL SCIENCE

ABSTRACT

Colorectal cancer (CRC) is a prevalent and deadly cancer worldwide. While
immunotherapy, particularly immune checkpoint inhibition, shows promise in various
cancers, its efficacy in CRC and other tumor types is limited. Hypoxia, characterized by
inadequate tissue oxygenation, critically drives cancer progression, promoting tumor
growth, metastasis, chemotherapy resistance, and poor prognosis. Evofosfamide, a
hypoxia-activating prodrug, is being evaluated in clinical trials for combined use with
checkpoint blockade as a potential therapeutic strategy. This study investigates the impact
of hypoxia on immune checkpoint inhibition, evofosfamide, and combination therapy,
while utilizing non-invasive molecular imaging to develop analytical methods for

quantifying and characterizing tumor hypoxia severity and distribution.

Hypoxia hampers the effectiveness of immunotherapy by facilitating immune
escape and resistance to checkpoint inhibitors, emphasizing the importance of
overcoming the immunosuppressive tumor microenvironment. Non-invasive
measurement of tumor hypoxia is crucial for understanding its role and developing
personalized treatment strategies. Traditional invasive methods have limitations in
providing comprehensive spatial and temporal information, necessitating the

development of non-invasive techniques. Molecular imaging, particularly positron



emission tomography (PET), revolutionizes oncology by enabling longitudinal cancer
detection, monitoring, and prognosis. PET imaging with hypoxia-specific tracers like
[*8F]-fluoromisonidazole (FMISO) provides quantitative and spatially resolved
information on tumor hypoxia. FMISO selectively accumulates in hypoxic regions,
identifying poorly oxygenated areas associated with aggressive tumor behavior and
therapy resistance.

This study non-invasively quantifies tumor hypoxia in murine CRC models using
molecular imaging techniques, specifically PET with FMISO, across diverse treatment
groups to assess interventions' effects on tumor hypoxia. Various PET metrics, including
tumor maximum FMISO uptake (tMax) and tumor average FMISO uptake (tAvg),
characterize and quantify tumor hypoxia. Muscle metrics, such as muscle average
FMISO uptake (mAvg) and muscle standard deviation (mSD), serve as reference values
for normalization. PET histograms provide insights into the spatial distribution and
heterogeneity of hypoxia within the tumor. This research enhances our understanding of
the interplay between hypoxia and immune checkpoint inhibition in the tumor
microenvironment, facilitating personalized treatment strategies targeting tumor hypoxia.
Non-invasive quantification of tumor hypoxia using molecular imaging provides valuable
information for treatment planning, predicting treatment response, and improving patient

outcomes in various cancers and tumor microenvironments.

Keywords: colorectal cancer (CRC), immune checkpoint inhibition (CPI), hypoxia,
positron emission tomography (PET), [*®F]-fluoromisonidazole (FMISO), evofosfamide

(TH-302)
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CHAPTER 1
INTRODUCTION
Oncology

Oncology, the field of medicine dedicated to the prevention, diagnosis, and
treatment of cancer, plays a pivotal role in addressing one of the most pressing global
health challenges. In 2020, cancer's devastating global impact manifested through an
estimated loss of 10 million lives, accounting for approximately one in six deaths, and an
additional 19.3 million individuals receiving a cancer diagnosis [1]. Among the diverse
array of cancers, several types stand out as major contributors to the global burden.
Notably, lung, colorectal, stomach, breast, and liver cancers collectively account for
nearly half of all cancer-related fatalities [2]. Given the alarming statistics, there is an
urgent need to advance oncology therapeutics and explore avenues for improved
interventions. Herein we will focus on and broadly discuss colon and rectal cancer which

are collectively referred to as colorectal cancer.

Colorectal Cancer

Colorectal cancer (CRC) ranks as the third most prevalent cancer worldwide and
stands as the second leading cause of cancer-related deaths [3]. Despite advancements in
research, the incidence and mortality rates of CRC continue to rise [4]. This alarming
trend can be attributed, in part, to the dysregulation of critical signaling pathways

involved in CRC pathogenesis [5]. Moreover, mounting evidence suggests that hypoxia



plays a pivotal role in CRC progression by stabilizing hypoxia-inducible factor 1-alpha
(HIF1a), which subsequently promotes the expression of genes involved in tumor
vascularization, metastasis acceleration, chemotherapy resistance, and unfavorable
prognosis [6-9]. Given the significant implications of hypoxia in CRC, there is an urgent
need for effective treatments and monitoring strategies to better understand and combat

this disease.

Immunotherapy

Immunotherapy, a cancer treatment approach that activates the adaptive immune
system's anti-tumor response, has sustained substantial growth in its utilization in clinical
trials and integration into standard-of-care treatment for malignant tumors [10, 11].
Recent advancements in the field have demonstrated the potential of immunotherapy in
targeting and treating various types of cancers, leading to improved patient outcomes and
long-term survival [12-14]. However, challenges such as resistance mechanisms and
limited effectiveness in certain tumor types highlight the need for ongoing research to
expand our understanding of immunotherapy's mechanisms, identify predictive
biomarkers, and optimize treatment strategies, with the goal of improving outcomes and
expanding its application to a wider range of cancer [15-18]. In this introduction, we will
provide a broad overview of immune checkpoint inhibition, which is among the various

forms of immunotherapy.



Immune Checkpoint Inhibition

The immune system of the human body is a sophisticated defense mechanism that
protects against foreign invaders, including pathogens and abnormal cells such as cancer
cells [19]. It involves the activation and coordination of various immune cells, such as T
cells, B cells, and natural killer (NK) cells, which work together to recognize and
eliminate these threats [20, 21]. Checkpoint inhibition (CPI) represents a paramount
achievement in cancer immunotherapy over the past decade for unlocking the immune
system to effectively target and combat cancer cells [22, 23]. Within the tumor
microenvironment, there are immune checkpoints, which are regulatory pathways that
prevent excessive immune activation and maintain immune homeostasis [24]. However,
cancer cells exploit these checkpoints to evade immune surveillance and promote tumor
growth [18].

Immune checkpoint inhibitors, such as programmed cell death receptor 1 (PD-1)
and cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4), block the inhibitory signals,
thereby freeing the immune system to mount a robust and sustained attack against cancer
cells [25]. This leads to the reinvigoration of anti-tumor immune responses, including the
activation of cytotoxic T cells, enhanced tumor infiltration of immune cells, and
increased production of pro-inflammatory cytokines [26]. By removing the brakes on the
immune response, checkpoint inhibition has demonstrated remarkable clinical efficacy in
a subset of patients across various cancer types, providing long-lasting responses and
even complete remissions [27]. This therapeutic strategy has revolutionized the field of
cancer treatment and holds great promise for improving patient outcomes. Nevertheless,

while checkpoint blockade has shown durable clinical responses in a minority of patients,



the majority still do not experience any significant benefits. One of the challenges in
checkpoint inhibition is overcoming the immunosuppressive tumor microenvironment,
including factors like hypoxia, which can limit the effectiveness of immune response [28,

29].

Hypoxia

Hypoxia, characterized by inadequate tissue oxygenation, exerts a critical
influence on numerous physiological and pathological processes, including cancer [30]. It
serves as a key player in tumor development, stimulating angiogenesis, metabolic
reprogramming, and genetic alterations that contribute to disease progression [30-33].
Insights into hypoxia-induced molecular pathways and their interplay with crucial
cellular processes have laid the groundwork for innovative therapeutic strategies and
biomarkers. While hypoxia shows promise as a biomarker, particularly in radiation
therapy, its potential as a direct drug target has been limited in clinical trials [34, 35].
Current research endeavors aim to uncover novel perspectives on how hypoxia influences
tumor heterogeneity, immune evasion, and therapeutic resistance, providing opportunities
for the development of personalized treatment approaches that effectively target specific

tumor subpopulations and enhance the efficacy of immunotherapy.

Immune Checkpoint Inhibition Hypoxia Resistance
The role of hypoxia in the context of immune checkpoint inhibition has gained
significant attention as a key determinant of tumor immune responses and therapeutic

outcomes [36]. Hypoxia has been implicated in promoting immune escape and resistance



to checkpoint inhibitors such as PD-1 and CTLA-4 [29]. Emerging evidence suggests that
targeting hypoxia-driven signaling pathways or combining checkpoint inhibitors with
hypoxia-modulating interventions holds promise for enhancing the efficacy of
immunotherapy and improving patient outcomes [37]. However, despite the substantial
impact of hypoxia on the tumor microenvironment, there is limited study on the non-

invasive quantification of hypoxia in relation to immune checkpoint inhibition.

Quantifying Tumor Hypoxia

The non-invasive measurement of hypoxia in cancer has emerged as a crucial area
of research with significant clinical implications. Traditional invasive methods for
assessing tumor hypoxia, such as oxygen electrodes and biopsies, are limited in their
ability to provide spatial and temporal information and are often impractical for repeated
measurements [38]. Non-invasive techniques, including molecular imaging with hypoxia-
specific tracers, have gained prominence due to their ability to provide quantitative and
spatially resolved information on tumor hypoxia [39]. These methods enable the
identification of hypoxic regions within tumors, which have been shown to play a critical
role in tumor progression, treatment response, and patient outcomes [40].

Recent studies on hypoxia in cancer underscore its importance as a key
microenvironmental factor that influences tumor aggressiveness, angiogenesis, immune
evasion, and therapy resistance. Additionally, studies have highlighted the association
between high levels of tumor hypoxia and poor clinical outcomes, reinforcing the need
for accurate and non-invasive hypoxia measurements [41]. Moreover, advances in

imaging technologies, such as positron emission tomography (PET) and magnetic



resonance imaging (MRI), have facilitated the development of novel hypoxia imaging
agents and imaging biomarkers [42]. These tools have provided valuable insights into the
spatiotemporal heterogeneity of tumor hypoxia and its dynamic changes during disease

progression and treatment.

Molecular Imaging in Oncology

The potential of molecular imaging in oncology has revolutionized the detection,
monitoring, and prognostication of cancer, leading to advancements in therapeutic
strategies [43]. The personalized treatment landscape has been profoundly shaped by the
utilization of highly specific, sensitive imaging techniques targeting a multitude of
biological targets that are now applied in clinical practice. Notably, positron emission
tomography (PET) has emerged as an invaluable modality for visualizing specific
biomarkers that correlate with underlying phenotypes, complemented by the integration
of computerized tomography (CT) to provide precise anatomical information [44-46].
The synergistic combination of these cutting-edge techniques has ushered in a new era of

transformative breakthroughs in the field of oncology.

CT

CT has garnered widespread adoption as the imaging modality of choice for
cancer staging in patients with advanced disease, owing to its accessibility, cost
efficiency, and reproducibility [47]. A standard diagnostic CT scanner comprises an X-
ray source and detector that rotate around the patient, capturing X-ray intensities that are

processed by algorithms to generate cross-sectional images (Figure 1-1) [48, 49].



Furthermore, CT plays a pivotal role in determining tumor size, a critical metric utilized
for assessing treatment response and applying response evaluation criteria, such as the
widely used RECIST measurements in solid tumors [46, 50]. Integration of this
anatomical metric with biomarker-specific imaging techniques like PET offers a wealth

of invaluable data, enabling comprehensive assessments of tumor characteristics.

Direction of
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Figure 1-1. The figure depicts a clinical computerized tomography (CT) detector,
where a cone or fan-shaped beam and the detectors revolve around the patient.

PET

PET, a powerful imaging modality, exploits the unique properties of energetically
unstable positron-emitting radioisotopes that undergo annihilation upon interaction with
neighboring electrons [45]. This annihilation event yields the simultaneous emission of
two photons at precisely opposite directions (180 degrees), which are detected by a ring
of scintillation detectors (Figure 1-2) [49, 51]. Subsequent reconstruction of this data

generates images, with resolution heavily influenced by the characteristics of the



radioisotope employed [52]. Low-energy positrons emitted by isotopes like ‘8F travel
shorter distances before annihilation, resulting in higher-resolution images compared to
higher-energy positrons like ®3Ga [53]. This energy specificity, coupled with the
simultaneous detection of two photons, enables precise quantitative and spatially
localized detection of isotope accumulation at all tissue depths, facilitating non-invasive

measurements with exceptional precision.

PET Scan

Ring of

scintillator
detectors

511 keV Annihilation
gamma

photon I

Gamma photons

created from

annihilation

Positron-electron A 5;;1a :n I:;e;l
annihilation St

Figure 1-2. This figure represents a clinical positron emission tomography (PET)
scan. An encounter between a positron and an electron leads to an annihilation
event, generating two photons with an energy of 511 keV each, moving in opposite
directions by 180 degrees. The simultaneous detection of the two emitted photons is
accomplished through the utilization of a ring of scintillator detectors.

PET data acquisition. The acquisition and quantification of PET data are
currently the subject of intensive research, encompassing technical and clinical studies

aimed at deepening our understanding of the factors influencing PET measurements.



Guidelines have been proposed to standardize data variations resulting from technical and
physiological factors, with the goal of improving image quality and quantitative accuracy
[54]. Key data variables being investigated include region of interest (ROI) selection and
background corrections. Consequently, the studies discussed in this work implement
corrections for ROI delineation and background correction. The selection of ROIs plays a
crucial role in PET quantification, encompassing reference regions (e.g., muscle or blood,
depending on the radiotracer) as well as manually defined tumor boundaries. For tumor
ROIs, normalization is conducted by dividing them by the background ROI (tumor-to-
blood ratio - TBR or tumor-to-muscle ratio - TMR) for each mouse, ensuring
standardized signal-to-noise ratios. Thus, all data discussed in this study adhere to

accepted standards for pre-clinical studies, facilitating comparability and robust analysis.

Radiotracers. Currently, radionuclides play a crucial role in the development of
radiotracers for positron emission tomography (PET) imaging, both in pre-clinical and
clinical investigations [55, 56]. Prominent among the radionuclides currently being
explored are carbon-11 (*C), fluorine-18 (8F), gallium-68 (®3Ga), copper-64 (®*Cu), and
zirconium-89 (8%Zr). The selection of a suitable radionuclide for labeling relies on several
factors, including the biological half-life of the pharmacophore and the specificities of the
labeling chemistry, contributing to the successful clinical translation. Among the
available radionuclides, the widely used *8F (t% = 109.7 min) stands out for PET imaging
due to its combination of low positron energy (B+ avg = 0.250 MeV) and relatively short

half-life. This advantageous profile has fueled extensive research on *8F chemistry,



leading to the development of various radiolabeled compounds such as ®F-FMISO and

BE-FAZA.

[*8F]-fluoromisonidazole (FMISO)

FMISO, or [*®F]-fluoromisonidazole, is a radiotracer that has received significant
attention in the field of PET imaging [57]. FMISO works based on the principle of
hypoxia imaging, allowing researchers and clinicians to visualize and assess the extent of
tissue hypoxia in various pathological conditions, including cancer [57]. The reduction
and accumulation mechanism of FMISO in hypoxic cells is proposed to be mediated by
specific enzymes, such as nitroreductases, that are upregulated under conditions of low
oxygen tension (Figure 1-3) [49, 58]. When FMISO encounters hypoxic areas, it
undergoes a reduction process in which it donates electrons to enzymes present in these
cells due to the lack of oxygen as an electron acceptor. This reduction transforms FMISO
into a chemically altered form that becomes trapped within the hypoxic cells. As a result,
FMISO accumulates selectively in regions of inadequate oxygen supply, allowing for the
visualization and quantification of hypoxic tissues using PET imaging techniques [58,
59].

FMISO has been used in preclinical and clinical studies to investigate the
presence and distribution of hypoxia in tumors [60-63]. It has been found to be
particularly valuable in identifying regions within tumors that are poorly oxygenated,
which is associated with more aggressive tumor behavior, resistance to therapy, and
poorer patient outcomes. In clinical practice, FMISO PET imaging has been employed in

various cancer types, such as head and neck, lung, cervical, and glioblastoma, to guide

10



treatment decisions [61, 62]. It can help in identifying hypoxic regions within tumors that
may be resistant to radiation therapy and may benefit from alternative treatment
modalities, such as targeted therapies or hypoxia-modifying agents. Additionally, FMISO
PET imaging has shown promise in predicting treatment response and prognosis, aiding
in personalized treatment planning [64]. Moreover, quantitative analysis approaches,
including tumor-to-background ratio calculations and voxel-based analysis, provide
valuable information on the spatial distribution and heterogeneity of hypoxia within the

tumor [65].
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Figure 1-3. The proposed mechanism suggests that FMISO is reduced by
upregulated enzymes in hypoxic cells, leading to its accumulation and retention,
specifically within regions of inadequate oxygen supply.

FMISO PET Imaging Metrics
Utilization of various PET metrics play a pivotal role in quantifying and

characterizing tumor hypoxia by analyzing radiotracer uptake and its association with

11



tumor hypoxia. One key metric is the tumor maximum FMISO uptake (tMax), which
represents the highest FMISO signal intensity within the tumor volume. tMax serves as a
measure of hypoxia severity and can help identify hypoxic areas within the tumor that
may be associated with poor prognosis or resistance to therapy. Another important PET
metric is the tumor average FMISO uptake (tAvg), which calculates the average FMISO
signal intensity across the entire tumor volume. tAvg provides a quantitative measure of
overall tumor hypoxia and can be used to assess treatment response and predict patient

outcomes [64].

Muscle metrics, such as muscle average FMISO uptake (mAvg) and muscle
standard deviation (mSD), serve as reference values for normalization and comparison
purposes. Recent studies have emphasized the importance of mAvg in quantifying
background FMISO uptake in non-tumor tissues [66]. By establishing a baseline FMISO
uptake in the muscle, mAvg enables the differentiation between tumor-specific hypoxia
and physiological variations. Additionally, mSD provides insights into the heterogeneity
of FMISO distribution within the muscle, accounting for inter-individual differences and

potential confounding factors.

Moreover, PET histograms have gained attention as a comprehensive tool for
assessing the spatial distribution and frequency of FMISO uptake within the tumor
volume [54]. Histogram analysis allows for the characterization of voxel-wise FMISO
uptake patterns, providing valuable information on tumor hypoxia heterogeneity.
Parameters such as the mean, median, skewness, and kurtosis derived from the histogram
can provide information on hypoxia distribution and may help identify distinct

subpopulations within the tumor with different hypoxic characteristics.
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Integrating ®F-FMISO and Immune Checkpoint Inhibitors

Tumor hypoxia has been linked to an immunosuppressive microenvironment
characterized by the recruitment of regulatory T cells, myeloid-derived suppressor cells,
and M2 macrophages, as well as the upregulation of immune checkpoint molecules such
as PD-L1 [33]. These factors collectively contribute to impaired immune cell infiltration
and function within the tumor, limiting the efficacy of CPIs [37]. The integration of
FMISO PET imaging with immune checkpoint inhibition has shown promise in
predicting treatment response and guiding therapeutic strategies [64]. Patients with
hypoxic tumors, as identified by FMISO PET, often exhibit lower response rates and
shorter progression-free survival following immune checkpoint blockade [64]. This
highlights the potential of FMISO PET imaging as a non-invasive biomarker for patient
stratification and selection, allowing for the identification of individuals who may benefit
less from CPlIs alone. Such knowledge can guide clinicians in considering alternative
treatment approaches, such as combination therapies targeting both hypoxia and immune

checkpoints, to overcome resistance and improve patient outcomes in hypoxic tumors.

Evofosfamide
In recent years, the use of immunostimulatory therapeutics has shown promising
outcomes in a subset of patients, while a significant proportion of patients still lack
effective treatment options. One potential strategy to augment immunotherapy is the
incorporation of hypoxia-targeted therapeutics, which have been explored extensively,
including hypoxia-activated prodrugs [67]. Among these, evofosfamide stands out as a

notable example. Evofosfamide is a chemotherapy agent that selectively induces
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apoptosis in hypoxic cells by reducing at the nitroimidazole prodrug site through
intracellular reductases under oxygen-depleted conditions (Figure 1-4) [49, 68, 69].
Although evofosfamide has been evaluated in phase 11 clinical trials, either as a
monotherapy or in combination with other chemotherapies, it did not demonstrate a
statistically significant improvement in overall survival in solid tumors [70]. However, a
recent phase | clinical trial investigating the combination of evofosfamide with
ipilimumab, a CTLA-4 inhibitor, showed promising results, with 15 out of 18 patients
achieving partial response or stable disease [71]. Nevertheless, drug-related toxicities
were commonly observed in this study. These findings offer potential for enhanced
treatment response and provide a strong rationale for the development of an imaging-
guided personalized therapy approach to improve patient selection accuracy.
Furthermore, these results highlight the prospect of utilizing evofosfamide in future
diagnostic imaging applications and combination theranostics, which integrate diagnostic

imaging and therapeutic interventions.
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Figure 1-4. Evofosfamide (also known as TH-302) exerts its action through the
following mechanism: The structure of evofosfamide consists of a nitro group. Upon
entering the cell, the nitro group undergoes reduction by 1e” reductases, resulting in
the formation of a radical form of the drug. In normoxic conditions, this reaction is
swiftly reversed, restoring the original drug. However, in hypoxic conditions, the
reversal of this reaction does not occur, causing the unstable radical to fragment and
generate the alkylating agent bromo-isophosphoramide mustard (Br-1IPM). Br-1IPM
then acts by crosslinking DNA, leading to the induction of apoptosis or cell cycle
arrest.

Combined Immune Checkpoint Inhibition and Evofosfamide Treatment

The utility of evofosfamide in combination with other therapeutic approaches,
such as immune checkpoint inhibition, has been investigated in recent studies, showing
promising results in preclinical models and early clinical trials [70, 71]. The rationale
behind this combination is that evofosfamide can promote immunogenic cell death,

releasing tumor antigens that can be recognized by the immune system. Preclinical
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evidence suggests that evofosfamide can potentiate the antitumor immune response and
enhance the efficacy of immune checkpoint inhibitors in hypoxic tumor
microenvironments [64]. Hypoxia-induced immunosuppression, characterized by the
upregulation of immune checkpoint molecules and recruitment of immunosuppressive
cells, can limit the effectiveness of CPIs [37]. By selectively targeting hypoxic regions,
evofosfamide can alleviate the immunosuppressive effects of tumor hypoxia and create a
more favorable microenvironment for immune activation [64]. Studies have demonstrated
that evofosfamide can sensitize hypoxic tumor cells to immune-mediated killing and
enhance the infiltration and function of cytotoxic T cells within the tumor
microenvironment [64, 72]. These findings suggest that the combination of evofosfamide
with immune checkpoint inhibitors may offer a synergistic approach to overcome
hypoxia-induced immunosuppression and improve therapeutic outcomes in cancer

patients.

Project Summary
The field of clinical oncology has been revolutionized by the integration of
molecular imaging, which has enhanced cancer care across various aspects of diagnosis,
treatment planning, and therapeutic outcomes. This transformative impact is attributed to
continuous research and development efforts in novel target-specific imaging
radiotracers, enabling personalized treatment regimens and precise decision-making. In
this study, we present a comprehensive exploration of the revolutionary capabilities of

FMISO as a cutting-edge predictive tool for assessing treatment response pre- and post-
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evofosfamide treatment. We delve into the intricate relationship between treatment
response evaluations and variations in tumor hypoxia across different therapeutic
modalities. Our study demonstrates that FMISO uptake provides detailed characterization
of hypoxia intensity and distribution, enabling the quantification of hypoxia severity
levels within individual tumor microenvironments. We show that FMISO PET output
metrics can serve as predictive biomarkers for responders to immunotherapy and
evofosfamide combination treatment. Furthermore, we investigate the effects of treatment
over time on tumor hypoxia severity across response groups. Additionally, we discuss the
implications of immunotherapy only and combined immunotherapy and evofosfamide
treatment on tumor hypoxia severity. By combining diagnostic imaging with novel
oncology therapies, we can gain critical insights for the development of individualized
treatment approaches. The integration of molecular imaging techniques and the
identification of novel therapeutic and imaging tracers play a pivotal role in optimizing
patient outcomes and refining cancer management strategies. This study highlights the
transformative impact of molecular imaging in clinical oncology and emphasizes the
importance of ongoing research and development efforts in the pursuit of novel imaging
tracers and therapeutic modalities. Through these advancements, clinicians can deliver
tailored therapies, improve treatment planning, and enhance patient care in the fight

against cancer.
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Introduction

Cancer treatment has significantly changed with the advent of checkpoint
inhibition, employing antibodies that target the programmed death-1 (PD-1) or cytotoxic
T lymphocyte antigen-4 (CTLA-4) pathways [22, 25]. This approach has yielded durable
tumor responses across various tumor types [27]. However, the presence of hypoxia
within tumors has been associated with reduced efficacy of immunotherapy [18].
Hypoxia, a prevalent feature of solid tumors, arises from insufficient oxygen supply due
to uncontrolled cell proliferation, altered metabolism, and abnormal blood vessel
architecture [30]. Hypoxic tumor microenvironments impede immune cell access and
hinder antitumor responses [28, 30, 73-75]. Despite the substantial impact of hypoxia, the
non-invasive quantification of hypoxia in the context of immune checkpoint blockade has

been limited.

[*8F]-fluoromisonidazole (FMISO), a well-established positron emission
tomography (PET) tracer, provides a non-invasive method for quantifying tumor hypoxia
[57]. FMISO is irreversibly trapped in hypoxic cells, enabling accurate measurement of
tumor hypoxia levels [57, 76]. FMISO PET imaging has demonstrated its potential to
predict response to immune checkpoint inhibitors in pre-clinical models, underscoring its
role in guiding immunotherapy [64]. Recent pre-clinical findings from our group have
shown that response to checkpoint blockade leads to early decreases in tumor hypoxia as
measured by FMISO PET, preceding changes in tumor volume, consistent with previous
studies [64]. Conversely, non-responding tumors exhibit increasing hypoxia over time,

resulting in treatment failure.
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To address the limitations imposed by hypoxia in immunotherapy, evofosfamide,
a hypoxia-activated prodrug, has emerged as a promising solution [67, 68]. While
evofosfamide monotherapy has shown limited clinical efficacy, combining it with
checkpoint inhibitors has demonstrated enhanced response to immune checkpoint
inhibitors in both pre-clinical and clinical settings [70, 71]. In a Phase I trial conducted by
Hegde et al., combining evofosfamide with ipilimumab resulted in partial responses in
16.7% (3/18) and stable disease in 66.7% (12/18) of heavily pre-treated patients with
multiple cancer types, leading to an ongoing Phase Il trial [71]. Notably, all clinical
studies involving evofosfamide to date have not quantified hypoxia prior to or after

therapy.

Previously, our group utilized FMISO imaging to stratify checkpoint inhibitor-
treated tumors before the addition of evofosfamide [64]. We observed that the addition of
evofosfamide to hypoxic tumors rescued the response and increased overall survival to a
level equivalent to normoxic tumors. Intriguingly, normoxic tumors treated with
combination therapy also exhibited an increased response to immunotherapy. While a
significant decrease in mean tumor PET signal was observed following evofosfamide
treatment in the hypoxic group, no changes were observed for normoxic tumors or
evofosfamide alone. These findings suggest that either the dose and timing of
evofosfamide were insufficient to reduce tumor hypoxia or that standard uptake value
mean (SUVmean), the conventional metric for measuring changes in hypoxia, may not be
suitable. Most previous studies employing FMISO PET imaging to analyze hypoxia have
primarily relied on tumor SUVmean or the ratio of tumor SUVmean to the SUVmean of

a reference tissue, often muscle [64, 66]. Although these metrics have proven useful in
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globally defining a tumor as hypoxic, averaging all tumor voxels diminishes the impact
of heterogeneity. An alternative metric, tumor maximum FMISO uptake (tMax), can
identify the maximum uptake of a tracer in a specific area and may indicate the severity
of hypoxia within a tumor. However, tMax fails to provide information on hypoxia
heterogeneity. Considering that evofosfamide has a substantial impact on tumor volume
and overall survival, our aim was to investigate whether evofosfamide may influence
regions of severe hypoxia that are not captured by the average measurement across the

entire tumor.

Therefore, in this study, we conducted a comprehensive analysis employing
multiple metrics, including tumor average FMISO uptake (tAvg), tMax, and histograms,
to characterize and longitudinally track changes in hypoxia before and after combination
therapy with evofosfamide and checkpoint blockade. Given the critical role of hypoxia in
antitumor immunity and the potential of evofosfamide to rescue checkpoint blockade
response, understanding the optimal metrics for assessing the effects of hypoxia on the
tumor immune microenvironment will enhance the pursuit of personalized cancer
treatment. In this context, FMISO PET imaging holds significant promise as a valuable
tool for non-invasive quantification of tumor hypoxia. By imaging the distribution of
FMISO uptake, it becomes possible to assess the spatial heterogeneity of hypoxia across

the tumor.

The current study aims to leverage FMISO PET imaging to evaluate the effects of
checkpoint blockade and evofosfamide therapy on tumor hypoxia severity. By employing
spatial analysis techniques, such as tAvg, tMax, and histograms, we seek to characterize

the heterogeneity of hypoxia within tumors and track its changes over time. This
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approach will provide insights into the dynamic nature of hypoxia and its potential
modulation by combination therapy, offering valuable information for predicting
response to immunotherapy and gaining a deeper understanding of the mechanism of
action of evofosfamide. The findings from this study have important implications for the
field of cancer treatment. By elucidating the relationship between hypoxia,
immunotherapy response, and the impact of evofosfamide, we can identify novel
strategies to overcome the limitations imposed by hypoxia and enhance the efficacy of
immunotherapeutic interventions. Moreover, the optimized use of FMISO PET imaging
metrics will enable more accurate assessment and monitoring of hypoxia, facilitating the
development of personalized treatment approaches tailored to the specific hypoxic

characteristics of individual tumors.

Methods

Cell Culture

MC38 murine colorectal cancer cells, an immunogenic, grade 111 adenocarcinoma
with microsatellite instability, were obtained from Kerafast. The cells were cultured in
Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 2 mmol/L L-glutamine, and 1 mmol/L sodium pyruvate. Culturing was
performed in a humidified incubator at 37°C with 5% CO>. The cells were maintained at
passage numbers below 20, and experiments were conducted using cells acquired and

frozen within 1 month to preserve their phenotype. Pathogen testing, including
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Mycoplasma detection via real-time polymerase chain reaction (real-time PCR) by
Charles River Research Animal Diagnostic Services, confirmed the absence of

contaminants. All cell lines were used within 6 months of testing.

Tumor Model

Animal procedures and housing were carried out in compliance with the
guidelines of the Institutional Animal Care and Use Committee of The University of
Alabama at Birmingham. C57BL/6 mice (6- to 12-week-old) from Charles River
Laboratories were subcutaneously injected in the upper right shoulder with approximately
5 x 10° MC38 cells suspended in 40% Matrigel and 60% serum-free DMEM. Tumors
were allowed to grow until reaching a volume of 100 mm? (7—10 days post-inoculation),
at which point individual tumor measurements were recorded. The tumors were then
allocated to groups to ensure equal distribution of tumor volumes. Treatment consisted of
intraperitoneal injections of either saline or a combination therapy of 200 ug anti-PD-1
(clone RPM1-14, Bio X Cell) and 100 ug anti-CTLA-4 (clone 9H10, Bio X Cell) on
days 0, 3, and 6 post-tumor inoculation. In addition, mice were treated with
intraperitoneal injections of either saline or 50 mg/kg evofosfamide (TH-302
Selleckchem Catalog No. S2757) on days 6 to 10 following tumor inoculation. Tumor

volume was assessed every other day to monitor changes in longitudinal tumor viability.
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Radiotracer Synthesis

1BE-FMISO was synthesized by The University of Alabama at Birmingham's
Cyclotron Facility using GE FastLab2 or Synthra RNplus synthesizers, following
previously described methods [77-79]. The chemical and radiochemical purity of the final
product was confirmed using high-performance liquid chromatography, and the
radionuclidic purity was verified using a high-purity germanium detector. The overall
non-decay-corrected yields were approximately 26%. ®F-FMISO was obtained with an

average radiochemical purity of >95% and a specific activity of >2,000 Ci/mmol.

BE_-FMISO PET Imaging

MC38 mice (N = 34) were imaged with 8F-FMISO-PET on pre-evofosfamide
treatment day 0 and post-evofosfamide treatment day 5. Approximately 150 pCi of 8F-
FMISO was injected via retro-orbital injection, and after 80 minutes, the mice were
transferred for preclinical small animal PET/CT imaging using Sofie Biosciences
equipment. Anesthesia was maintained with 2% isoflurane in air, and body temperature
was maintained at 37°C. Static PET images were acquired for 20 minutes, and CT images
were acquired for 5 minutes. The uptake of *®F-FMISO in the tumor and muscle was
quantified by drawing regions of interest (ROI) with CT anatomic guidance. Tumor
volume, tMax, tAvg, average muscle FMISO uptake (mAvg) and muscle standard
deviation (mSD) were determined from the ROl measurements in Bg/mL. Mice were
monitored for an additional 15 days after the final evofosfamide treatment to assess long-

term changes in tumor viability.
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Histograms and Hypoxia Severity Fractions

Histogram data for each tumor ROI was calculated as a percentage of voxels per
PET signal bin and plotted as group averages corrected using the standard error of the
mean (SEM). The PET signal range from 0 to 475,000 Bg/mL was divided into 40 bins to
capture the distribution of PET signals. To establish background control for PET signal
analysis, the histogram data of each mouse tumor ROl was divided based on muscle ROI
measurements. The hypoxia severity fraction was determined by standardizing the
histogram data using the average (mAvg) and standard deviation (mSD) of the PET
signals in the muscle ROI. The percentage of voxels per PET signal bin below mAvg
represented normoxic tumors, while moderately and severely hypoxic tumors were
defined by the percentage of voxels per PET signal bin ranging from mAuvg to just under

mAvg+2(mSD) and at mAvg+2(mSD) and above, respectively.

Statistical Analysis

All statistical analyses were conducted using GraphPad Prism Version 9 software
(GraphPad Prism, RRID:SCR_002798). For assessing correlations between imaging and
tissue-based analyses, paired t-tests, unpaired t-test, multiple unpaired t-tests, ANOVA,
or Receiver Operator Characteristics (ROC) curves were performed. Specific
comparisons were determined based on the therapeutic modality or combination of
therapies, with an underlying hypothesis guiding the analyses, and therefore no
adjustments for multiple comparisons were made. Correlations were considered

statistically significant if the p-value for rejecting the null hypothesis of a zero slope was
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less than 0.05. Assumptions underlying the tests were evaluated, and when necessary,
transformations or non-parametric tests were applied. The results were reported as mean
values + standard deviation (SD) or appropriate statistical measures, ensuring the

accuracy and reliability of the study.

Results

Severe Hypoxia is a Predictive Biomarker of Response to Evofosfamide Combination

Treatment

The potential of [*®F]-fluoromisonidazole (FMISO) PET imaging to predict
treatment outcomes for evofosfamide in combination with immunotherapy (10+Evo) was
investigated in mice implanted with MC38 murine colorectal cancer cells. FMISO PET
imaging was utilized to monitor changes in tumor hypoxia longitudinally, with a focus on
pre-evofosfamide treatment imaging day 0 (IDO0), which is five days after beginning
immunotherapy treatment. Tumors were stratified into responders and non-responders
based on subsequent therapeutic response to evofosfamide by using the final post-
evofosfamide treatment tumor volumes from day 26 of this study. The qualitative images
in Figure 1A show visual distinctions between FMISO signal intensity in non-responders

(left) and responders (right), indicating tumor hypoxia and normoxia, respectively.

Quantitative analysis of tumors demonstrated that low tMax and tAvg were
predictive biomarkers for responders to immunotherapy and evofosfamide combination
treatment. Specifically, the tAvg of IO+Evo responders was significantly lower than non-

26



responders (P=0.0127). Likewise, the tMax of 10+Evo responders was also significantly
diminished (P=0.0019) when compared to non-responders (Figure 1B, 1C). Receiver
operating characteristic (ROC) curves were calculated to determine the predictive
capabilities of these binary predictive metrics. A tMax threshold of less than 196373
Bg/mL was 100% sensitive and specific for response prediction (ROC P=0.0167,
AUC=1.00). The tAvg PET signal threshold of 97926 Bg/mL trended toward being a
significant predictor of response but was inferior to tMax (ROC P=0.0527, AUC=0.9048)
(Figure 1D). These data indicated that the presence of an area with severe hypoxia rather
than the mean tumor hypoxia of an entire tumor was the most predictive of resistance to

checkpoint blockade plus evofosfamide therapy.

Given the importance of individual regions of hypoxia, the role of PET signal
intensity and tumor heterogeneity in response to evofosfamide combination therapy was
next explored by extracting tumor histogram data for the combination therapy response
group mice on imaging day 0. Histograms were used to assess the distribution of hypoxia
intensity across all tumor voxels. Qualitatively, responding tumors had a higher
percentage of voxels skewed toward low PET signal compared to non-responders
(Figure 1E). To quantify the distribution of hypoxia within a tumor, thresholds were
determined based on the PET signal in reference muscle tissue. Three hypoxia severity
thresholds were developed based on mean muscle uptake, with tumors below the
threshold classified as normoxic, and those within one or nearly two muscle standard
deviations above the mean indicating moderate hypoxia, while tumors at or beyond two
standard deviations were categorized as severely hypoxic. Based on these criteria,

IO+Evo responders had similar voxels that were normoxic, but significantly more
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moderately hypoxic voxels and significantly lower severe (P=0.0010) hypoxic voxels
compared to non-responders (Figure 1F). This data supported diminished tMax as a

threshold for response prediction prior to evofosfamide therapy.
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Figure 2-1. Severe Hypoxia is a Predictive Biomarker of Response to Evofosfamide
Combination Treatment. (A) Representative PET/CT images of MC38 tumor-bearing
mice categorized as non-responders (left) and responders (right). Tumors are
highlighted by red circles and labeled as 'T." (B,C) Comparative analysis of the tAvg
and tMax demonstrated significant differences between 10+Evo responders and non-
responders. Vertical lines indicate tumor means, and error bars represent SD. (D) IDO
ROC curve characteristics showing the predictive capability of tMax and tAvg for
IO+Evo treatment response. (E) Histograms presenting the distribution and frequency
of hypoxia intensity across all tumor voxels in the IO+Evo response groups. The x-
axes of both histograms represent 40 PET signal bins ranging from 0 to 475,000
Bag/mL. Shaded areas indicate the mean percentage of voxels per PET signal bin, and
error bars represent the standard error of the mean (SEM). (F) Comparison of tumor
hypoxia severity thresholds. Bars represent tumor means, and error bars indicate SD.
* P <0.05; ** P <0.01; *** P <0.001.
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Minimal Variation in Tumor FMISO PET Uptake Observed with Evofosfamide and

Immunotherapy Treatments

We next sought to measure the changes that evofosfamide induced when
combined with immunotherapy versus immunotherapy and evofosfamide alone. On post-
evofosfamide treatment imaging day 5 (ID5), PET/CT scans of mice in the control,
evofosfamide only (evo only), and immunotherapy only (10O only) treatment groups
demonstrated similar levels of tumor FMISO PET signal (Figure 2A). There were no
differences in average tumor uptake or tMax for evofosfamide only treatment versus the
control treatment group (Figure 2B). Similarly, tumor histograms for both groups
showed almost complete overlap of FMISO signal distribution (Figure 2C).
Additionally, there were no significant differences in either tAvg or tMax when
comparing the control group to the immunotherapy group (Figure 2D). Despite similar
average tumor FMISO uptake, immunotherapy did result in a pronounced shift towards
individual voxels with lower PET signal (Figure 2E). A significant decrease in tMax
(P=0.0283) of the immunotherapy group was observed when compared to the
evofosfamide only group (Figure 2F), suggesting distinctly opposing effects of each
therapy on FMISO uptake in tumors. Likewise, histogram comparisons between the evo
only and 10 only groups exhibited a marked shift, with 10 exhibiting a larger number of

voxels with diminished FMISO uptake (Figure 2G).
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Figure 2-2. Minimal Variation in Tumor FMISO PET Uptake Observed with
Evofosfamide and Immunotherapy Treatments. (A) ID5 PET/CT scans of mice in
the control, evo only, and 10 only treatment groups. Red circles are drawn around
tumors and labeled as ‘T.” (B) Comparison of group tMax and histograms values
across treatment control and evo only groups (B,C), control and 10 only (D,E) and
evo only versus 10 only groups (F,G). For tMax comparisons, the center horizontal
lines represent the mean of tumors and error bars measure SD. The x-axes of both
histograms represent 40 PET signal bins divided over a range of 0 to 475,000 Bg/mL.
Shaded areas represent the mean percentage of voxels per PET signal bin and the

Immunotherapy but Not Evofosfamide Reduces Tumor Hypoxia

To evaluate the addition of evofosfamide to immunotherapy, the tumor FMISO

PET signal uptake intensity was qualitatively analyzed on imaging day 5. FMISO uptake

exhibited a progressive decrease in signal intensity across treatment groups with the

highest uptake in the control group and the lowest in the combination therapy group

(Figure 3A). A comparison of tMax across all treatment groups revealed a significant
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decrease in tumor FMISO signal in the IO+Evo group when compared to the
evofosfamide only group (P=0.0058), while no significant difference was observed
between the 10+Evo and immunotherapy only groups (Figure 3B, 3C). These data
indicated that the addition of evofosfamide to checkpoint blockade did not have an effect
on the tMax. This was despite an increased effectiveness of combination treatment in
comparison to immunotherapy alone (P=0.0295) and the control group (P=0.0139),

suggesting the effects of evofosfamide were not due to changes in hypoxia (Figure 3D).

Figure 3E depicts each imaging day 5 histogram side-by-side based on treatment
group. Histogram analysis of FMISO uptake intensity exhibited a higher concentration of
voxels at low PET signals in the I0+Evo group compared to the evo only group, which
shows a more even distribution across a large range of PET signals (Figure 3F). In
contrast, the 10 only and 10+Evo groups exhibited a similar distribution of FMISO
uptake intensity and show considerable overlap (Figure 3G). Hypoxia severity analysis
revealed increases in normoxia and decreases in severe hypoxia in the immunotherapy
treated groups, but no significant differences in moderate hypoxia between treatment
groups (Figure 3H). Despite significant differences in means between the groups, the
bifurcation of individual tumors limited significance. Given that within each treatment
group there was a mix of responders and non-responders, we next sought to analyze

treatment groups by response status.
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Figure 2-3. Immunotherapy but Not Evofosfamide Reduces Tumor Hypoxia. (A)
Qualitative analysis of PET/CT images on ID5 reveals a progressive decrease in
signal intensity across treatment groups. Red circles are drawn around tumors and
labeled as “T.” Comparison of group tMax values for (B) 10+Evo versus evo only
treatment groups and (C) 10 only versus I0+Evo treatment. Center horizontal lines
represent tumor means, and error bars indicate SD. (D) Comparison of end tumor
volume (mm?®) on day 26 of the study for all treatment groups. Center horizontal lines
represent tumor means, and error bars indicate SD. (E) Side-by-side depiction of ID5
histograms based on treatment group. The x-axes of all histograms represent 40 PET
signal bins ranging from 0 to 475,000 Bg/mL (modified for clarity). Shaded areas
represent the mean percentage of voxels per PET signal bin, and error bars represent
the SEM. Comparison of histograms from (F) 10+Evo versus Evo only and (G)
I0+Evo versus 10 only. The x-axes of both histograms represent 40 PET signal bins
ranging from 0 to 475,000 Bg/mL. Shaded areas represent the mean percentage of
voxels per PET signal bin, and error bars represent the SEM. (H) Hypoxia severity
analysis between all treatment groups. Bars represent tumor means, and error bars
indicate SD.
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Comparing Tumor Hypoxia Severity and Distribution Between Responders and Non-

responders

As only the immunotherapy and evofosfamide plus immunotherapy groups
elicited responding tumors, these groups were stratified based on response for
comparison. Similar to the pre-treatment predictive metric, the tMax of 10 only
responders were significantly lower than non-responders (Figure 4A). The histogram
analysis showed that the 10 only responder group had a higher concentration of voxels at
low PET signals, while the non-responders had a more even distribution of signal across
a wider range of PET signals (Figure 4B). Similar changes were seen in the combination
therapy response groups, with a significant decrease in tMax for responders compared to
non-responders (Figure 4C). The histogram analysis was marked by a large
concentration of tumor voxels with low PET signal (Figure 4D). In fact, there was
significant overlap and little variation in FMISO signal intensity distribution when
analyzing the histograms for immunotherapy and combination therapy responders
(Figure 4E). Quantitatively, responders demonstrated significant decreases in severe
hypoxia for both immunotherapy only (P=0.0030) and combination therapy responders
(P=0.0181) when compared to their respective non-responders (Figure 4F). Interestingly,
reduction in severe hypoxia was accompanied by an increase in hormoxia, with moderate

hypoxia remaining unchanged.

33



>
=
*

600000 x 400000
20
2 — 10 OnlyRID5 _8_
2] n .
= E 10 Only NR ID5 = 2 300000
E E’ 400000 2 E E .
EQ X £ % 200000
=L ¥ R > © X
= g 200000 A B 4 = .g -
13 = ~
§ 5 '_—% § 5 100000 ole
[~ (=
i f [ e a—
10 Only 10 Only 0 475000 10+Evo 10+Evo
R NR R NR
D E. F
20 20
— |O+Evo R ID5 — 10 Only R ID5
150
— — *%k
o 10+Evo NR ID5 I0+Evo RIDS b . . o 10+EvoNR
K] 2 + l0+EvoR
[} [ 100 . a
X 10 kS § s |_'|' I_| |+ oonynr
2 = P s i v 100nly R
S = . . v

0 475000 0 475000 Normoxic Moderate Severe

Figure 2-4. Comparing Tumor Hypoxia Severity and Distribution Between
Responders and Non-responders. (A) Comparison of tMax between 10 only
responders and non-responders. Center horizontal lines represent tumor means, and
error bars indicate SD. (B) Histogram of 10 only responders versus non-responders.
The x-axes of all histograms represent 40 PET signal bins ranging from 0 to 475,000
Bg/mL. Shaded areas represent the mean percentage of voxels per PET signal bin,
and error bars represent the SEM. (C) Comparison of tMax between 10+Evo
responders and non-responders. (D) Histogram analysis I0+Evo responders versus
non-responders. (E) Histogram comparison of 10 only and 10+Evo responders. (F)
Hypoxia severity comparisons for responders and non-responders of both 10 only and
IO+Evo treatment groups. Bars represent tumor means, and error bars indicate SD.

Temporal Analysis of Hypoxia Distribution in Responding and Non-Responding Tumors

Given the significant difference in hypoxia severity and distribution between
responders and non-responders from the same treatment group, we next sought to
understand how these changes occurred over time. Tumor histogram analysis for
immunotherapy responders over time showed direct overlap of FMISO uptake which was
concentrated at low PET signals (Figure 5A). In immunotherapy responders, severe

hypoxia decreased and normoxia increased over time, with little variation in moderate
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hypoxia (Figure 5B). These data further support that effective immunotherapy acts to
decrease hypoxia. In contrast, the immunotherapy only non-responders histograms
revealed a significant increase in the number of voxels with high FMISO PET signal,
indicating an increasingly hypoxic tumor (Figure 5C). In these non-responders, there
was a small decrease in normoxia and moderate hypoxia, with a slight increase in severe

hypoxia in the tumors of these mice (Figure 5D).

Analysis of the histograms for combination therapy responders over time had
considerable overlap, but the ID5 distribution peaked at lower PET signals and extended
into higher PET signals than on 1DO (Figure 5E). When investigating the changes to
hypoxia severity over time in the combination therapy responders, there was an increase
in normoxia and decrease in severe hypoxia over time, as well as a slight decrease in
moderate hypoxia (Figure 5F). In contrast to responders, the histograms for the
combination therapy non-responders showed a broad peak at low PET signals on 1D0
which extended to a low broad peak at higher PET signals on ID5 (Figure 5G).
Interestingly, the tumor hypoxia severity for the IO+Evo non-responders presented a
decrease in severe hypoxia and slight increases in normoxia and moderate hypoxia

(Figure 5H).
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Figure 2-5. Temporal Analysis of Hypoxia Distribution in Responding and Non-
Responding Tumors. Comparison of histogram analysis of hypoxia distribution and
changes in the hypoxia severity distribution for 10 only responders (A,B), 10 Only
non-responders (C,D), 10 +Evo responders (E,F) and 10+Evo non-responders (G,H).
The x-axes of both histograms represent 40 PET signal bins ranging from 0 to
475,000 Bg/mL. Shaded areas represent the mean percentage of voxels per PET
signal bin, and error bars indicate the SEM. Symbols represent grouped means per
treatment, error bars indicate the SEM, and P-values were derived from paired t-test
analyses.

Discussion

Our study demonstrates the efficacy of FMISO PET imaging as a non-invasive
and early predictive tool for combination therapy involving immune checkpoint inhibitors
and evofosfamide. By assessing tumor hypoxia using FMISO PET imaging, we identified
lower tMax and tAvg measurements as strong indicators of a positive response to
combination treatment. Notably, tMax emerged as the superior predictive biomarker

based on ROC analysis. The fact that tMax is the strongest indicator of response suggests
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that localized areas of severe hypoxia may have a global effect on tumors. This
observation raises the possibility that there is a threshold of hypoxia beyond which
immunotherapy and evofosfamide cannot be successful. Future studies should explore

this threshold and its implications for treatment outcomes.

Through our investigation of hypoxia severity, we found that checkpoint
blockade, with or without evofosfamide, effectively reduced the fraction of tumors
exhibiting severe hypoxia while not affecting moderate hypoxia. This highlights the
potential of immune therapies in mitigating severe hypoxia within the tumor
microenvironment. Building upon previous studies, our research sheds light on the
unique correlation between hypoxia and immunotherapy. Liu et al. previously
demonstrated that type | immune responses have the potential to induce vascular
normalization and improved blood oxygenation through interferon gamma (IFNg)
signaling, which can contribute to the reduction of tumor hypoxia [80]. Our findings are
consistent with their work, supporting the use of checkpoint blockade prior to additional

therapies such as radiation, in order to reduce hypoxia and improve response [81].

Additionally, we observed that evofosfamide, despite its hypoxia-selective design,
did not significantly reduce tumor hypoxia at the given dose and schedule. This may
suggest that the dose and timing of evofosfamide in our study were not optimal for
inducing hypoxia reduction. Further investigations are warranted to explore the dose-
response relationship and optimal treatment schedule of evofosfamide in combination
with immune checkpoint inhibitors to enhance its hypoxia-reducing potential.
Importantly, even though evofosfamide did not directly reduce hypoxia, it improved the

response to immunotherapy, suggesting other immune-stimulating mechanisms at play.
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Moreover, our findings highlight the impact of immune checkpoint inhibitors in reducing
severe hypoxia within the tumor microenvironment. The incorporation of evofosfamide
further enhances the efficacy of immunotherapy, despite the lack of hypoxia reduction
observed. These insights have immediate implications for translation into clinical trials,

facilitating improved prediction and efficacy of combination therapy in cancer treatment.

The integration of FMISO PET imaging into clinical practice holds promise for
personalized medicine, allowing clinicians to tailor treatment strategies based on the
individual hypoxia profile of patients. Further research is needed to unravel the precise
mechanisms underlying the potentiation of immunotherapy by evofosfamide and to
optimize the dose and schedule of evofosfamide administration. Moreover, investigations
into the threshold of hypoxia beyond which immunotherapy and evofosfamide cannot be
successful are warranted, as this information could guide treatment decisions and enhance

treatment outcomes.
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CHAPTER 3

CONCLUSIONS AND FUTURE DIRECTIONS
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In this study, we investigated the impact of tumor hypoxia on the efficacy of
immune checkpoint blockade and the potential of evofosfamide, a hypoxia-activated
prodrug, to enhance immunotherapy response. We utilized FMISO PET imaging to non-
invasively quantify tumor hypoxia and employed multiple metrics, including tAvg, tMax,
mAvg, mSD, and histograms, to assess hypoxia severity and heterogeneity. Our findings
demonstrate that severe hypoxia is a predictive biomarker of response to evofosfamide
combination treatment, with low tMax and tAvg PET signals being significantly
associated with responders. The analysis of tumor histograms further revealed that
responders exhibited a higher percentage of voxels with low PET signals, indicative of
reduced hypoxia. Moreover, our study elucidated the variation in tumor FMISO PET
uptake following evofosfamide and immunotherapy treatments, suggesting that
immunotherapy alone, and especially in combination with evofosfamide, significantly
alter tumor hypoxia levels by reducing severe hypoxia. These results emphasize the
importance of combination therapy approaches to modulate the tumor microenvironment

and overcome hypoxia-associated treatment resistance.

The implications of this research extend beyond the specific combination of
evofosfamide and immunotherapy. By utilizing FMISO PET imaging and exploring
different hypoxia metrics, we gain a better understanding of the dynamic nature of tumor
hypoxia and its impact on immunotherapy response. This knowledge can guide the
development of personalized treatment strategies that consider the hypoxic characteristics
of individual tumors. Additionally, our findings highlight the potential of FMISO PET
imaging as a valuable tool for accurately assessing and monitoring tumor hypoxia, which

can aid in patient selection, treatment monitoring, and the design of clinical trials.
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Building upon the insights gained from this study, future research directions can
explore the integration of advanced MRI techniques to measure perfusion, diffusion, and
cellularity, which may provide complementary information about tumor oxygenation
status. Such integration of multiple imaging modalities could enhance the accuracy and
comprehensive assessment of tumor hypoxia, potentially leading to improved prediction
of treatment response and patient outcomes. Additionally, conducting clinical trials to
validate the findings from preclinical models would be an important next step. By
incorporating imaging techniques like FMISO PET, the trials can stratify patients based
on their hypoxia levels, allowing for a more precise evaluation of the therapeutic
response in hypoxic tumors. Assessing the predictive value of FMISO PET imaging and
the identified hypoxia metrics in human cancer patients receiving evofosfamide and
immunotherapy could support the translation of these findings into clinical practice and
guide treatment decisions. Furthermore, investigating the optimal timing and dosing of
evofosfamide in combination with immunotherapy, as well as exploring other hypoxia-
targeting strategies, could further optimize the therapeutic outcomes. Understanding the
dynamic changes in tumor hypoxia during the course of treatment and tailoring
interventions accordingly could lead to enhanced treatment responses and improved

patient survival rates.

In conclusion, our study highlights the significance of tumor hypoxia in
immunotherapy response and the potential of evofosfamide to modulate hypoxia and
improve treatment outcomes. By leveraging FMISO PET imaging and analyzing various
hypoxia metrics, we have provided valuable insights into the heterogeneity and severity

of hypoxia within tumors. These findings contribute to the development of personalized
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cancer treatment approaches and pave the way for future research aiming to overcome the

limitations imposed by tumor hypoxia.
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