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ABSTRACT

TARGETING TUMOR MICROENVIRONMENT TO
IMPROVE IMMUNOTHERAPY RESPONSES

The acidic microenvironment of solid tumors has suppressing effects on immune

cells, accordingly immunotherapy responses. This thesis composed of two main studies

as measuring tumor pH with non-invasive methods using MRI/MRSI and targeting

tumor acidity to improve immunotherapy responses.

Firstly, we developed two different MR imaging techniques to monitor tumor

pH. We have shown that the difference in pHs before and after L-DOS47 treatments

were statistically significantly different than control mice. To our knowledge this is the

first study demonstrates the neutralization ability of proposed drug in in-vivo models.

The second aim of this dissertation was to develop combinatorial approaches

have potential to be used in the clinic for patient benefits. This includes neutralization

of tumor acidity in order to improve immunotherapy responses with L-DOS47 currently

in clinical trials and well tolerated. We have demonstrated in-vivo that L-DOS47

treatment is effective to promote survival when combined with anti-PD1.

Overall, under the scope of this study we were able to develop two imaging

techniques with MRI to monitor tumor pH and elaborated a combinatorial treatment

model in order to boost immunotherapy responses. Isovue, L-DOS47 and anti-PD1 are

already approved by FDA to be used in the clinic which makes this study remarkable

for a new clinical trial design.

Keywords: Tumor microenvironment, Cancer, Immunotherapy, MR Imaging.



viii

ÖZET

İMMÜNOTREAPİYİ GELİŞTİRMEK İÇİN TÜMÖR
METABOLİZMASINI HEDEFLEME

Katı tümörlerin asidik mikroçevresi immün hücreleri ve buna bağlı olarak im-

münoterapi tedavisine yanıtlarda baskılayıcı etki gösterir. Bu tez, invaziv olmayan

MR/ MRS görüntüleme yöntemleriyle tümör pH’inin ölçülmesi ve immünoterapi yanıt-

larının iyileştirmek için tümör asiditesini hedefleyen iki ana çalışmadan oluşmaktadır.

Bu tez kapsaminda pH ölçümü için iki farklı MR görüntüleme tekniği geliştirdik.

L-DOS47 tedavilerinden önce ve sonra pH’lardaki farklılığın kontrol farelerinden istatis-

tiksel olarak anlamlı derecede yüksek olduğunu gösterdik. Bu, önerilen ilacın klinik

oncesi modellerde nötrleştirme yetisini gösteren ilk çalışmadır.

Bu tezin ikinci amacı, klinikte hasta yararları için kullanılma potansiyeline sahip

kombinasyon yaklaşımları geliştirmekti. Bu kapsamda, L-DOS47 tedavisi ile tümör

asitliğinin nötralizasyonunun, anti-PD1 ile birleş tirildiğinde sağkalımı arttırmada etkili

olduğunu fareler üzerinde gösterdik.

Genel olarak, bu tez çalışması kapsamında tümör pH’sinin olçümü için MR ile

iki görüntüleme tekniği geliştirdik. Ayrıca, immünoterapi yanıtlarını arttırmak için

bir kombinasyon tedavisi modeli geliştirdik. Isovue, L-DOS47 ve anti-PD1’in, klinikte

kullanılmak üzere FDA tarafından onaylanması bu çalışmayı yeni bir klinik deneme

tasarımı için dikkate değer kılmaktadır.

Anahtar Sözcükler: Tümörlerin mikroçevresi, Kanser, İmmünoterapi, MR Görün-

tüleme.
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1. MOTIVATION AND OBJECTIVES

It is well-known that tumor microenvironment is heterogeneous as it consists of

both cancer, stromal and immune cells as well as chemical signals and matrix proteins

[1]. Tumor formation is supported by the interactions between those compartments.

The acidity in tumor microenvironment is caused by inadequate blood perfusion, in-

creased glucose production, inflammation and hypoxia [2], [3], [4]. Cancer cells ferment

glucose independently of oxygen presence (the Warburg Effect), which is followed by the

production of lactic acid in extreme amounts [5], [6]. Acid-base regulators and mono-

carboxylate transporters facilitate the export of protons and lactic acid from tumor

cells into the extracellular matrix , leading to acidosis in the tumor microenvironment

[6], [7], [8].

Whereas the pH of blood and tissue is 7.2 - 7.4 under normal physiological

conditions , in tumor microenvironment a local pH range from 5.5 to 7.0 is commonly

observed [2], [3], [4], [6]. There is strong evidence that acidosis is usually allied with

being immunodeficient [9], relatedly T cells could be exceedingly susceptible to acidic

pH [10], [11].

Therapeutic resistance is critical in cancer prognosis. The acidic microenviron-

ment of tumors have a remarkable affect on the efficacy of therapy outcomes including

immunotherapies. Combining approaches with targeting tumor acidosis may conduct

improved clinical trial design and overcome treatment resistance [12].

The role of targeting tumor acidosis on treatment outcomes is not recognized

widely. However, recent study demonstrated that acidification promotes stroma or

endothelium to produce inflammatory cytokines [13], [14]. Due to inflammatory signal

induced by acidic tumor microenvironment, T cells cannot initiate until the acidosis

is reversed. In tumors, neutralizing pH with buffers may provide improvement the

response by promoting T cell activation [14].
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In the scope of this work, new concepts were developed that can alter paradigms

regarding acidosis as an anti-cancer immune suppressor and its neutralization as a

combination therapy to improve therapy response. In this context, two robust and

reproducible protocols for tumor pH measurements were developed and optimized with

Magnetic Resonance Imaging.

1.1 Thesis hypotheses and objectives

The focus of the project is to target acidic microenvironment of tumors to

improve immunotherapy responses. Hypotheses and objectives were as following:

(i) Hypothesis 1 - Developing techniques to measure the pH of tumor microen-

vironment with Magnetic Resonance -Spectroscopic- Imaging (MRI & MRS): In order

to determine the pH of tumor microenvironment, several Magnetic Resonance Imaging

(MRI) methods have been developed. However; while tumor acidosis and its conse-

quences are critical, there is not an accomplished clinical instrument present to image

tumor pH [15]. In the scope of this PhD work in vivo pH measurements by using

state-of-the art techniques were established. These developments will make important

contributions for coming clinical trials where in pH can be used as a biomarker and/or

inclusion criteria for patients.

(ii) Hypothesis 2 - Targeting tumor microenvironment to improve immunother-

apy responses: Targeting metabolic pathways to neutralize tumor pH is crucial to boost

immunotherapy responses. On the basis of previous work, as a combination of buffer

therapy and immunotherapy is promising but there is still area needs to be filled to

conduct it to clinic. Considering this situation, combinatorial therapy with with a

molecule which has high potential to be translated to the clinic was tested in the scope

of this work.

In order to prove and support the hypotheses, objectives were specified. These

are breaking the resistance of suppressing effects of tumor microenvironment on im-
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mune cells (accordingly immunotherapy) and developing tools to image tumor pH and

its neutralization.

(i) Objective 1 - Composing a review article describes the effects of tumor mi-

croenvironment on immune cells and how modulation of that can improve patient

outcomes with respect to immunotherapy [16]. (Chapter 2)

(ii) Objective 2 - Developing non-invasive methods with MRI & MRS to measure

tumor pH. (Chapter 3)

(ii) Objective 3 - Combining neutralization of tumor acidity with immunother-

apy to improve therapy responses. (Chapter 4)

In the last chapter, overall conclusions and clinical relevance of the projects are

given.
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2. THE EFFECT OF TUMOR MICROENVIRONMENT ON

IMMUNE CELLS

Damgaci, Sultan, et al. "Hypoxia and acidosis: immune suppressors and thera-

peutic targets." Immunology 154.3 (2018): 354-362.

Due to imbalances between vascularity and cellular growth patterns, the tumor

microenvironment harbors multiple metabolic stressors including acidosis, which have

significant influence on remodeling both tumor and peritumoral tissues. This stres-

sor is also immunosuppressive and can contribute to escape from immune surveillance.

Understanding these effects and characterizing the pathways involved can identify new

targets for therapy and may redefine our understanding of traditional anti-tumor ther-

apies.

Tumors commonly exhibit large amounts of intratumoral heterogeneity at ge-

nomic, physiologic, and anatomic scales. Tumors not only contain cancer cells, but are

also massively infiltrated by host stromal cells [17] angiogenic vascular cells, cancer-

associated fibroblasts, and cells of the immune system (Figure 2.1).

The immune system has roles on both cancer surveillance and tumor promotion

[18]. Tumor associated immune responses contribute to various hallmarks of cancer in-

cluding: sustaining tumor proliferative ability; resisting cell death, angiogenesis, inva-

sion; promoting metastasis; evading growth suppressors; and avoiding immune destruc-

tion [19]. In order to prevent hyper activation of the immune cells, multiple suppressive

mechanisms are employed to inhibit CD4+ and CD8+ T cell activities [20]. This inhibi-

tion is accomplished by Tregs by secretion of inhibitory cytokines such as interleukin-10

and Transforming growth factor , or by cytolysis through the secretion of granzymes by

natural killer cells (NK cells) and CD4+ T cells, or by metabolic disruption of the ef-

fector T cells , and targeting T cell functions via dendritic cells (DC) through cytotoxic

T lymphocyte antigen-4 (CTLA-4) and other mechanisms [21]. CTLA-4 and PD-1 are
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Figure 2.1 Illustration of the cellular components of tumour microenvironment.

the two checkpoint receptors that have critical roles in cancer immunotherapy. CTLA-4

acts as a regulator for the early activation of naive and memory T cells. It is trans-

ported to the T cell surface and reduces TCR signaling. PD-1 restricts the activity of

T cells in the periphery to control autoimmunity. It has two known ligands, PD-L1

(B7-H1) and PD-L2 (B7-DC). PD-L1, in particular, is upregulated in many cancers in

response to proinflammatory cytokines and results in inhibiting local anti tumor T cell

responses [22]. Macrophages alter their cell surface expression profile as they polarize

between anti-inflammatory (M1) and pro-inflammatory (M2) phenotypes in response

to external milieu and contribute to immunoregulation. "Classically-activated" M1

macrophages express CD80/CD86 molecules and can activate T cells. Additionally,

M1 macrophages can display cytotoxic activity against pathogenic bacteria or neo-

plastic cells. "Alternatively-activated" M2 macrophages express immunosuppressive

ligands [20]. During tumor progression, neoplastic cells evade immune surveillance by

evolving mechanisms that subvert the normal tumor-specific immune response, such

as distorting the macrophage populations to favor the M2 phenotype [23]. or over-
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expression of checkpoint ligands [22]. Upregulated expression of immunosuppressive

ligands, such as B7H4, on both tumor associated macrophages (TAMs) and tumor

cells are also found in the tumormicroenvironment [24]. Myeloid-derived suppressor

cells (MDSCs) are another type of immune suppressors in tumor microenvironment

have known negative effects on T cell and NK cell functions [25]. This inhibition of

immune surveillance via alternative activation of immune cells is mediated by ligand

expression and cytokines, as well as soluble and physico-chemical factors of the tumor

microenvironment [23] (Figure 2.2).

Figure 2.2 Tumor physical microenvironment (hypoxia and low pH) can modulate immune cells to
enhance tumor grow.
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2.1 Effect of hypoxia on immune function

Hypoxia can be simply identified as lack of oxygen, which is a consequence

of increasing oxygen requirement by proliferating cancer cells and dysfunctional and

insufficient blood supply resulting from tumour angiogenesis [12]. As normal oxygen

pressure varies between different tissues, there is not a fixed level to define hypoxia or

degree of hypoxia. For instance, normoxia is a partial pressure of 21% in the lungs,

13% in arterial blood and 5% in the human liver [26], [27]. However, when the vessels

are not developed and/or are blocked, e.g. in an ischaemic episode, the oxygen partial

pressure decreases, leading to oxygen deficits with po2 < 1.5% (c.10 mmHg), known as

hypoxia. Although many tumours promote vessel formation through signalling via the

vascular endothelial growth factor (VEGF), unregulated VEGF can actually lead to

hyperâproliferation of blood vessels, which leads to reduced perfusion due to imbalanced

capillary networks [28], [29]. As described below, hypoxia has dramatic effects on all

cells involved in immune reactivity.

2.1.1 Effect of hypoxia on lymphocytes

The three major types of lymphocytes are T cells, B cells and NK cells. T

cells and B cells are major cellular components of the adaptive immune response to

neoâantigens, whereas NK cells are considered part of innate immunity. The effect of

the hypoxia inducible factor ( HIF1 - α ) pathway on T lymphocytes was reviewed by

Palazon et al [30]. In vitro experiments have demonstrated that the concentration of

oxygen in the culture media can modify the proliferation and function of T lympho-

cytes. Low oxygen levels significantly reduce lymphocyte proliferation, compared with

normoxic conditions [31], [32]. This may have a physiological role, as lymph nodes

and spleen contain large regions of hypoxia in vivo [33], and this is thought to prevent

CD8+ T-cell activation by stabilization of HIF1 - α and suppression of TCR - mediated

Ca2+ signalling [34].

Hypoxia increases the FOXP3 transcription factor levels, which is a potent reg-
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ulator of Treg cells [35]. Hypoxia also promotes the production of TGF -β and CCL28,

both of which have a role in the up-regulation of Treg cells, contributing to the in-

hibition of Teff cell responses, and also promoting angiogenesis and tumour tolerance

[36], [37]. Further, hypoxia appears to skew CD4+ cells towards a T helper type 2

(Th2) phenotype [38], and the resultant IL -4 can induce alternative macrophage po-

larization. HIF1 - α regulates the balance between Treg cells and Th17 differentiation

[39]. Additionally, it has been shown that the accumulation of extracellular adenosine

linked to increased elevation of cyclic adenosine monophosphate (cAMP), promoted

by the cAMP adenosine receptor A2AR, causes inhibition of antitumour activity of

T cells [40]. Hypoxia negatively affects the production of interferon -γ (IFN-γ) and

IL-2 by both CD4+ and CD8+ T cells [41]. It was also observed that the performance

and presence of T cells are decreased in hypoxic regions in vivo [42]. Hypoxia gen-

erates reactive nitrogen species by MDSC and TAMs. Nitration of TCR and CD8

cells decreases their ability for recognizing cognate MHC antigen. Besides, nitration

of the chemokine CCL2 inactivates its capacity to attract effector lymphocytes while

it can still attract MDSCs. HIF1 - α prompts PD - L1 expression on tumour cells and

MDSCs, which results in the suppression of Teff cells [43].

In NK cells, the relation between HIF1-α up-regulation of metalloproteinase

ADAM10 and down-regulation of MHC class I chain-related molecule A (MICA), has

an effect on resistance to lysis. Accordingly the interaction between natural group 2D

(NK2D) and MICA plays a critical role in the direction of NK cell responses against

tumour cells [44]. Up-regulation of TGF-β by hypoxia can also decrease NKG2D

receptors on NK cells, which may be due to hypoxia-induced release of microvesicles

[45], [46], [47]. Further, hypoxia-induced autophagy leads to granzyme B degradation

and allows tumour cells to escape from NK-mediated killing [48], [49]. The effects

of hypoxia on reduced NK activity can also be indirect. For example, in melanoma

cells, hypoxic stress increases the gap junctional Connexin43 expression in a HIF1-

α dependent manner [50] and Connexin43 renders cells less susceptible to NK-cell-

mediated lysis [51]. The cytotoxicity of NK cells in metastatic niches has been shown to

be decreased by hypoxia, which was demonstrated by injecting mice with cells derived

from hypoxic mammary tumour cells, resulting in increased MDSC infiltration and NK
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inhibition [52].

2.1.2 Effect of hypoxia on myeloid cells

Macrophages are one of the most abundant types of myeloid cells in the tumour

microenvironment. Their main function is to engulf and digest debris and foreign

substances, including microbes, extracellular matrix remnants and tumour cells [53].

However, attracted by the hypoxic environment of tumour [54], TAMs can promote

malignant progression in part by inducing angiogenesis [55], and matrix remodelling

that supports progressively growing neoplasms [56]. Hypoxia promotes the expression

of VEGF, fibroblast growth factor, and matrix metallopeptidases 7 and 9 genes by

macrophages, which leads to an increase of macrophage infiltration into hypoxic re-

gions, where they reduce inflammation to promote tumour progression [57]. It has

been demonstrated in vivo that HIF1-α is required in the regulation of myeloid cell

glycolytic capacity, survival and function in the inflammatory microenvironment [58].

Both TAMs and MDSCs often express Semaphorin 3A via Neuropilin binding,

which helps both types of cells to enter hypoxic zones. As they enter, HIF1-α down-

regulates Semaphorin 3A, resulting in the accumulation of these cells in hypoxic zones

[45]. Studies in adenocarcinoma models support the idea that the M1 phenotype of

TAMs dominates in the normoxic niches, whereas the M2 phenotype of TAMs domi-

nated in hypoxic niches [59]. Different types of HIF activity of TAMs have also been

observed. HIF1-α is stabilized during M1 polarization, which involves nuclear factor -

κβ [60], [61], [62], [63], whereas HIF2-α is stabilized during M2 polarization [64], [65].

The consequences of this differential expression of HIFs are not known, although it

has been shown that HIF2-α is an important regulator of arginase1 gene expression,

a molecular marker of M2 polarization [66]. During oxygen deficiency, HIF1-α is sta-

bilized in TAMs, which is associated with the increase of transcription and secretion

in VEGF, crucial for pro-tumoral angiogenesis. TAMs that express angiopoietin 2

(Tie2+), induced by hypoxia in monocytes, are profoundly pro-angiogenic [67]. HIF1-

α expression by TAMs is also known to be responsible for the suppression of T-cell
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responses [68] and promotes PD-L1 expression on MDSCs [43].

2.1.3 Effect of hypoxia on neutrophils

Neutrophils are phagocytic granulocytes that are mediators of innate immunity.

Despite their short lifespans, they are the most abundant class of white blood cells in

humans. There is a link between the high rate of tumour invasiveness and elevated

neutrophils and those neutrophils are stabilized by hypoxia [69]. Hypoxia promotes

neutrophil survival in a HIF1-α mediated manner [63], which promotes a loss of host

defence function of neutrophils. Degradation of HIF1-α is promoted by activation of

prolyl hydroxylase enzymes, PHD-2 and PHD-3. A direct and specific role for PHD-3

in promoting neutrophil survival in hypoxia has been observed using PHD3-deficient

neutrophils [70]. It is possible that the effect of hypoxia on neutrophil longevity is

mediated by a significant inhibition of neutrophil apoptosis, which is the major mech-

anism involved in the resolution of inflammation. This effect of hypoxia on neutrophil

apoptosis has been shown in vitro to be a bcl-2-independent process [71]. The mech-

anisms by which hypoxia regulates neutrophil survival have been studied, and it was

shown that induced survival is mediated by HIF1-αdependent activity [63]. Hypoxia

also appears to impair neutrophil chemotactic migration in vitro [72].

2.1.4 Effect of hypoxia on dendritic cells

Dendritic cells are antigen-presenting cells that play an important role in con-

necting innate and adaptive immunity. There are few studies investigating the effect

of hypoxia on DCs. In contrast to other immune system cells, hypoxia appears to

improve the activity of DCs, which may have a physiological role, as lymph nodes are

known to be hypoxic [33]. Hypoxia and HIF1-α regulate DC maturation, activation

and antigen-presenting functions [73]. Hypoxia regulates expression of co-stimulatory

molecules CD80 and CD86 by DCs. Dendritic cells stabilized HIF1-α and this resulted

in a stronger T-cell activation and proliferation with PHD inhibition. HIF1-α also
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hinders differentiation of bone marrow precursors into plasmacytoid DCs [46].

2.2 Effect of acidosis on immune function

In contrast with hypoxia, studies on the effect of low pH on the immune system

are less well developed, despite its near-universal presence in solid tumors. Tumor

acidosis is a phenomenon of tumor progression, and results from elevated fermentative

carbohydrate metabolism combined with poor perfusion. During carcinogenesis, cancer

cells are selected by stressful conditions to ferment glucose, even in the presence of

adequate oxygen [4]. Even though aerobic glycolysis (fermentation) is less efficient than

respiration for energy production, it is one of the most commonly observed phenotypes

in cancers. A significant consequence of increased glycolysis is acidification of the

extracellular milieu and some have proposed that cancer cells that produce acid are

more competitive and hence, acidity itself, rather than glycolytic ATP production or

access to anabolic substrates, is the selected phenotype [74].

Releasing lactate at high rates is also a strategy to overcome immune surveil-

lance. Some studies investigate lactate without changing pH, and others focus on

acidosis without changing lactate [14], whereas both are changing simultaneously in

vivo. Those studies that have investigated both in concert have observed that low pH

exacerbates lactate effects and vice-versa. Lactate is a promoter of tumor acidity, local

invasion and matrix remodeling [75]. This acidity has direct effects on the immune

system.

The acidic tumor microenvironment has multiple consequences relevant to car-

cinogenesis, including somatic selection of cancer cells during initial phase of tumori-

genesis for augmented cell survival, escape from apoptosis, and drug resistance [76].

More recent studies also demonstrated that acidosis can alter the functions of cells of

the immune system, including T cells, neutrophils, macrophages and DCs [23], [77].
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2.2.1 Effect of acidosis on lymphocytes

Both cancer and immune cells are highly dependent on the glycolytic pathway

for proliferation, survival, and activity. Cancer cells rely on glycolysis even under

aerobic conditions and may be due to rapid temporal changes in energy demands for cell

membrane activities needed for division, growth and migration [78]. This allows cancer

cells to rapidly adapt to changing conditions more effectively than non-glycolytic cells.

Furthermore, elevated glycolysis significantly reduces glucose availability and, while

cancer cells can enter in quiescence in the absence of glucose, activated T cells do not

survive without glucose. Thus, reduced glucose alone puts T cells at a disadvantage

when attempting to expand into an acidic environment [79].

An acidic tumor microenvironment does not appear to affect CD4+ Tregs, possi-

bly because they primarily rely on fatty acid oxidation [80]. In contrast to CD4+ cells,

acidification profoundly induces an anergic state in both human and mouse tumor-

specific CD8+ T lymphocytes. This results in severe reductions in cytolytic activity,

cytokine secretion, downregulation of IL-2Ra (CD25) and TCR followed by diminished

activation of STAT5/ERK signaling [81]. It is also reported that low pH affects plasma

membrane and microtubule mobility, leading to decreased association of different TCR

components with CD8 or other co- receptors, thus contributing to T cell anergy [82]. It

has been shown in vitro that raising the culture pH can reverse T cell anergy and that

long-term exposure to low pH can cause permanent damage or induce T cell apoptosis.

In the short term, however, acidosis leads to increased persistence, presumably because

of the aforementioned anergy.

Lymphocyte motility under low pH microenvironments has also been investi-

gated. Stimulation of murine splenic lymphocytes with IL-2 in three-dimensional gels

showed that acidic pH increases the migration of lymphocytes through the extracellu-

lar matrix. Excitation and performance of T-cells are blocked by acidity in vitro by

separation of interferon-gamma mRNA and that this is related with metabolic changes

that are not mediated by acidification of cytoplasmic pH. It was demonstrated with this

study that neutralization of tumor pH with oral buffer was resulted with enhanced out-
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comes for checkpoint inhibitors and adoptive T cell transfer [14]. Furthermore, tumor

acidity promotes tumor progression by negatively affecting maturation and function of

TH1 lymphocytes while stimulating the progression of tumor-promoting TH2 lympho-

cytes by inactivation of IFN-γ and suppression of TNF-α [79].

2.2.2 Effect of acidosis on myeloid cells

The influence of pH on macrophage polarization is less well documented. Some

studies focused on the effect on tumor angiogenesis, and showed that the process of

activation and transformation of the TAMs into a pro-angiogenic phenotype in breast

cancer is stimulated by low pH and high lactate concentrations [83].

Lactate has been found to be responsible for promoting survival and prolifera-

tion of MDSC [84] 30 and increase the release of pro-angiogenic factors by the murine

macrophage cell line RAW264.7 via induction of VEGF production and release. In con-

trast, another study has shown that there is no effect of low pH on angiogenic activity

of human macrophages. Other studies of low pH effect on regulation of macrophages

have been focused on activation of inducible isoform of nitric oxide synthase (iNOS).

Macrophages exposed to low pH had an elevated iNOS level in a NF-κB dependent

manner, which can be activated by TNF-α [85]. Lactic acid produced by tumor cells

affects signaling through the induction of VEGF and M2 like polarization of TAMs [86],

and gives rise to the expression of arginase 1 (ARG1) in macrophages to inhibit T-cell

proliferation and activation. Consistent with this, we have observed that adaptation

of macrophages to low pH induces an M1 7−→ M2 phenotypic switch, characterized by

a loss of iNOS and induction of arginase and the mannose receptor, CD206 [87]. .

2.2.3 Effect of acidosis on neutrophils

The effect of acidosis on neutrophils was comprehensively reviewed in 2001 by

Lardner in which it was pointed that acidic pH leads to decrease of superoxide pro-
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duction [10]. Acidosis can also elicit human neutrophil activation through transient

up-regulation of CD18 expression, increase in Ca+2 over resting levels, and delays in

rate of apoptosis [88]. Acidosis-induced neutrophil activation occurs via phosphatidyli-

nositol 3-kinase/Akt and ERK pathways [89].

2.2.4 Effect of acidosis on dendritic cells

Studies investigating the effect of acidosis on DC behavior found that extracellu-

lar acidity improved the antigen-presenting capacity of DCs derived from murine bone

marrow [90]. In this study, lactic acid either alone or with combination of the tumor-

derived cytokines macrophage colony-stimulating factor and IL-6, significantly altered

antigen presentation and functional activity of DCs, pointing to a possible metabolic

effector function of lactate independent of its effects on pH.

2.3 Targeting hypoxia and acidosis to improve immunotherapy

Immunotherapy is a growing and promising field that can lead to improved con-

trol of cancers with high mutational loads (neo-antigens). The prominent types of

immunotherapy include immune checkpoint inhibitors, cancer vaccines, and adoptive

T cell transfer. Although significant progress has been made, durable response rates

remain low. For instance, objective response rates in melanoma are from 18% to 27%

for anti-PD-1 or PD-L1 antibodies, and 11% for anti-CTLA-4 antibodies. Notably,

the combination of PD-1 and CTLA-4 checkpoint blockades showed an increase in re-

sponse when compared with using either checkpoint alone, from 20% to 40% . This

implies, however, that 60% of patients are nonresponsive and thus, other immunosup-

pressive activities are likely present. An underexplored inhibitor of immunotherapy is

the impact of physical tumor microenvironment on immune function. Given the above

evidence of the impact acidosis on immune function, it is reasonable to expect that

manipulating the microenvironment will enhance outcomes of immunotherapy in some

patients, especially if they are biomarker driven.



12

2.3.1 Targeting hypoxia in combination with immunotherapy

Hypoxia influences immune checkpoint receptors and their respective ligands.

HIF1-α and HIF2-α were both investigated in relation to PD-L1, whose promoter

contains a hypoxia-response element. Importantly, hypoxia selectively up-regulates

PD-L1 on MDSCs through HIF1-α . This was not limited to MDSCs, as hypoxia also

significantly increased PD-L1 expression on macrophages, DCs and tumour cells [43].

Combinatorial approaches using HIF1-α inhibitors with PD-L1 blockade may boost

immune responses in patients [91]. Another combinatorial approach using a HIF1-α

inhibitor with DC-based immunotherapy resulted in tumour regression and improved

survival in a mouse model of breast cancer [92].

Alternatively, targeting tumour hypoxia directly may enhance immunotherapy

responses by decreasing the number and function of immunosuppressive cells, increas-

ing effector T cells and improving vaccine efficacy. Tumour cells adapt to hypoxia

by angiogenic switch with production of VEGFs, angiopoietin-2, IL-8 and other fac-

tors. As dysfunctional vessels lead to hypoxia and tumour resistance there is a strong

effect to normalize vessels to reduce hypoxic volumes within the tumour microenvi-

ronment. Normalizing vessels by targeting VEGF/VEGFR promotes CTL entry to

tumour mass. It also affects macrophage polarization and stimulates M1 phenotype.

Inducing Th1 and triggering secretion of IFN-γ and IL-12 allows CTL infiltration which

triggers decrease in Treg cells [93]. Targeting hypoxic regions with hypoxia-activated

pro-drugs, evofosfamide (TH-302), improved checkpoint blockade (CTLA-4, PD-1) in

transplantable and genetically engineered prostate cancers in preclinical models [94].

Hypoxia-specific cytotoxic activity of hypoxia-activated pro-drugs was observed with

in vivo and in vitro models [95], [96]. Based on these and other data, a clinical trial

(NCT03098160) combining evofosfamide with ipilimumab in solid tumours was opened

in May 2017.
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2.3.2 Targeting acidosis in combination with immunotherapy

Therapies based on manipulating of tumor micro-environmental acidosis using

buffers have shown improved results as monotherapy in a variety of animal cancer

models [97], [98], [99], [100]. According to preliminary studies, neutralizing tumor

acidosis with buffers in combination with immunotherapy can lead to improved durable

outcomes [14]. In this study, oral bicarbonate buffer (200 mM ad lib) was used to

neutralize tumor acidity and, in combination with anti-CTLA-4, anti PD-1, or adoptive

T cell therapy, led to durable responses in both B16 melanoma and Panc02 pancreatic

cancer models. These findings suggest that buffer therapy may improve response rates

to immune therapies in the clinic. However, a buffer therapy approach is not easy to

implement clinically as three clinical trials (NCT-1350583, NCT-01198821, and NCT-

1846429) were not successful due to poor patient compliance and grade 2 GI events.

Another approach to increase tumor pH directly is utilizing the action of urease enzyme.

Ureases are urea degrading enzymes which convert urea into more toxic ammonia and

lead to local pH rise from the generated ammonia [101]. CEACAM6-targeted Jack

bean urease (L-DOS47) has begun to be used in preclinical tumor models and clinical

trials to modify tumor microenvironment [102].

There are numerous possibilities to target tumor acidity more indirectly by

influencing metabolism or ion transport. For example, Carbonic Anhydrase IX (CA-

IX) controls intra- and extracellular acid-base balance to maintain survival and is a

key regulator of extracellular acidity. As a catalyzer of reversible hydration of CO2 to

bicarbonate and protons at the extracellular surface, inhibition of catalytic activity of

CA-IX can manipulate its role in pH regulation [12]. Lactate overproduction is another

hallmark of cancer which is associated with acidity and can impact a cells ability to

regulate its pH in the face of acidity [103]. As tumor cell’s need slightly alkaline

intracellular pH, they overcome the accumulation of lactate and H+ ions in terms of

using monocarboxylate transporters (primarily MCT-4) that facilitate the export of

lactate and H+. By reversing the molecular machinery, cancer cells provide alkaline

intracellular media while having external acidic pH, which is also beneficial for survival

and invasive characteristic of cancer cells. Furthermore, there is a mutual metabolic
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relationship between cancer and stromal cells. In contrast to the belief that stromal

cells use only glucose as an energy source, it was demonstrated that they also can use

cancer cell-derived lactate, which is transported into cells primarily with MCT-1 [104].

There is a strong effort to target MCTs, and these approaches may be combined with

immune therapies by virtue of their effects on pH regulation [12]. Targeting lactate

metabolism is another promising approach for modulation of tumor pH. High glycolysis

rates in cancer cells result with lactate overproduction. As cancer cells export lactate

rather than using as a nutrient, it acidifies the tumor microenvironment [105]. One

such approach could be targeting Lactate dehydrogenase A, LDHA, which has been

shown to inhibit pyruvate to lactate in vivo conversion [106], [107]. On the other hand,

usage of LDHA inhibitors is challenging as it was reported that LDHA deletion in CD4

T cells show defects in IFN-γ production [108].

Until recently, the primary approach to treating cancer has been the identifi-

cation of genetic instabilities with gene product targeted therapies, which has failed

to lead to durable responses. The emergence of immune targeted therapies has led to

more durable responses, although response rates remain low. More recently, the role of

tumor microenvironment’s effect on the immune system has begun to be studied. Both

hypoxia and tumor pH have direct and indirect effects on immune system and are, in

general,"immune suppressors". There is strong evidence that hypoxia and low pH can

contribute to resistance to immune therapies. Although important progress has been

made to understand the mechanisms underlying the effects of hypoxia and low pH on

immunotherapy, non-negligible knowledge gaps still remain. There is strong evidence

that hypoxia and acidic pH in the tumor microenvironment have dramatic effects on

immune system cells and therapeutic resistance. New treatments that aim to perturb

them is an intriguing avenue for further improving responses to immunotherapy.
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3. MAGNETIC RESONANCE IMAGING OF TUMOR

MICROENVIRONMENT

Solid tumors are unequivocally acidic [109], [110]. The concept that tumor

acidosis inhibits immune surveillance has been increasingly appreciated over the past 5-

6 years [81], [10], [16]. Indeed, neutralization of acidity dramatically improves response

to checkpoint blockade and adoptive cell transfers [14]. Despite this promise, phase

I/II clinical trials of bicarbonate (NCT-1350583 and NCT-01198821) failed to accrue

because of patient incompliance and gastrointestinal issues [111]. Hence alternative

approaches are needed to neutralize tumor acidity. CEACAM6-targeted urease, L-

DOS47 (Helix Biopharma), can target tumor microenvironment directly to provide

local pH increase. L-DOS47 is already in a phase I/II trial (NCT-02309892), well-

tolerated and dose escalated. CEACAM6 is over-expressed in lung and GI cancers

including pancreatic [112]. Urease converts endogenous non-ionized urea into 1X CO2

and 2X NH3, which rapidly ionize to HCO3- and NH4
+, thus consuming a net H + in

the process and directly raising the local pH.

Imaging pH as an inclusion criteria and to guide for treatment decisions-changing

directions are critical for personalized medicine. Tumor pH can be a good biomarker

candidate to be translated to clinic for patient benefits. Several clinical and pre-clinical

studies have shown promise that clinical acidosis monitoring will be available in the

near future.

In this chapter, the urease enzyme activity with Hyperpolarized MRI was demon-

strated for the first time. Besides, in order to identify the tumor microenvironment

two -non invasive- methods were developed for tumor pH measurements with MRI.

The effect of L-DOS47 on tumor pH was determined using those techniques.
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3.1 Hyperpolarized Magnetic Resonance Imaging

Hyperpolarized Magnetic Resonance Imaging (MRI) can be employed to de-

termine the real-time tumor metabolism. Dissolution dynamic nuclear polarization

(DNP) method increases sensitivity of labelled molecules such as 15N and 13C which

can be injected to the animal during scanning.

Hyperpolarized Magnetic Resonance Imaging (MRI) can be employed to deter-

mine the real-time tumor metabolism. Dissolution dynamic nuclear polarization (DNP)

method increases sensitivity of labelled molecules such as 15N and 13C which can be

injected to the animal during scanning. [113]. The solutions and metabolite concen-

tration are adjusted to have glass composition in low temperature, which facilities the

polarization assignment from free radical to nearby labeled nuclei [114]. The magnetic

fields of commercial polarizers are ∼ 3 Tesla while temperatures are maintained near

1K. Under these conditions, electrons are ∼ 100 % polarized whereas nuclei are only

polarized in ∼ 0.1%. Microwaves transfer electron polarization to the nuclei, which can

thus be polarized to 10 - 30 % or an increase of approx. 10,000-30,000 fold. In order to

eject the polarized sample from the polarizer, a quick dissolution process is performed

which is done by pumping a preheated buffer through the polarizer to melt the hyper-

polarized substrate and discharge it from the machine. The polarization process can

take up to 2 hours and provides 10 5 - fold increase in spin polarization which allows

high signal-to-noise ratio (SNR) spectra to be acquired in less than a second. Polariza-

tion generally lasts < 2 minutes and each radiofrequency (RF) -acquisition- destroys of

hyperpolarization since spin returns to their equilibrium state through T1 relaxation

[115]. Since the time is limited after taking out the sample from polarizer, experiments

should be designed to acquire high SNR data with minimal loss of polarization. Small

flip angles are commonly used to minimize the RF-based loses. Fast imaging sequences

in which each metabolic map recorded after each RF pulse are preferred mostly because

of the reasons listed. There is no need to wait for signal to recover after RF pulses

which allows to use shorter repetition times, which is especially useful when more than

RF pulse is required in the same imaging session [116].
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3.1.1 15N and 13C Hyperpolarized Magnetic Resonance Spectroscopy to

determine the action of urease enzyme

L-DOS47 targets/binds to the human CEACAM6 antigens and the urease part

of the drug converts urea to ammonia. This conversion is resulted with the increase

of pH in tumor microenvironment. In order to observe the action of urease and the

products of the reaction Hyperpolarized Magnetic Resonance Spectroscopy (HP-MRS)

technique was used.

Hyperpolarized urea samples were prepared with 3.1 g of either 13C or 15N Urea,

7.15 g glycerol, 0.216 g OX63 (free radical) and 0.75 mM Gadavist with a combination

of vortex mixing and bath sonication with heat (60 oC), followed by glassing at low

temperature. Samples were hyperpolarized in an Oxford Hypersense Dynamic Nuclear

Polarizer by irradiation with 93.38 GHz microwaves in a field of 3.35 T at approximately

1.2 K. Hyperpolarized samples were dissolved in ∼ 3 mL sodium hydroxide solution

(3.2 gr of sodium hydroxide, 100 mg Disodium EDTA hydrate, 5.6 g Trizma preset

crystals pH=7.4, 2.9 g sodium chloride and 1L DI water).

In order to demonstrate urease activity, phantoms were first prepared using a

syringe system of our design wherein hyperpolarized substrates can be injected directly

into the magnet (Figure 3.1). In these studies, a 10 cc syringe containing 4 ml of 10 mM

urea solution was placed in the magnet and shimmed. When conditions were optimized

to get an SNR of 35 this solution was replaced with 1 mL urease solution (150-500

units/ml) and spectra were acquired every 3 sec for 5 minutes following bolus injection

of 3 cc hyperpolarized 13C or 15N urea to measure the time-dependent conversion of urea

to CO2/HCO3- and NH3/NH4
+ (Figure 3.2). Acquisition conditions were as following.

TR: 3000 ms, Flip Angle: 50, Acquisition points: 1028, Acquisition Bandwidth: 10

KHz, Dwel time: 50 µs, Spectral resolution: 4.86 Hz/points. 15N/1H and 13C/1H 30

mm Doty coils were used to acquire spectra from 15N and 13C Urea samples.
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Figure 3.1 A 10 cc syringe containing 1 mL of urease solution was placed in an animal bed and 3 cc
of hyperpolarized sample was injected into the magnet with a connection line from out of the magnet,
in order not to move the bed during scan.

Figure 3.2 (a) Conversion of HP 15N Urea to NH3/NH4
+. 15N/1H 30 mm Doty coil was used to

acquire spectrum. (b) Conversion of HP 13C Urea to CO2/HCO3
-. 13C/ 1H 30 mm Doty coil was

used to acquire spectrum. As expected, CO2 produced first and followed by HCO3
-. Besides the

ratio of HCO3
-/ CO2 gives the measure of pH.

3.2 Phosphorus-31 Magnetic Resonance Spectroscopic Imaging

Phosphorus-31 (31P) was the first non-invasive method for measuring tumor

pH. 31P is 100% abundant and there are metabolites in the body contains phosphorus

at concentrations up to 5 mM. As one of them inorganic phosphate (Pi) has a pH

sensitive chemical shift in the physiological range of pKa 6.8. Other peaks coming from
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endogenous nucleoside triphosphates (NTP) and phosphocreatine (PCr) can be used as

a reference since they do not have pH dependence [117]. Concentration of intracellular

Pi is 2-3 mM while extracellular concentration is around 1 mM. Because of the higher

volume fraction and higher concentration, signals containing Pi are recognized to be

arising from intracellular compartment and reporting intracellular pH (pHi) [15], [118],

[119], [117].

Several extracellular pH reporters have been developed for 31P MRS. Among

these 3-aminopropylphosphonate (3-APP) has been widely used in vivo with its pKa

in the physiological range and being relatively insensitive to temperature and ion effect.

This initially helped to report pHs from both extra- and intracellular compartments

by using endogenous and exogenous molecules possess 31P [15]. It was followed with

identifying the extracellular pH more acidic then normal tissue while intracellular pH

is more alkaline. This identification open doors to the studies targeting the acid-base

pH gradient to treat cancer [109], [120], [121], [15].

3.2.1 31P MRSI of tumor microenvironment

For 31P MRS experiments an 8 mm surface 1H/31P Doty coil was used. A

calibration experiment was run in order to find the optimum power. The SPEC1d_v2

image sequence with multiple experiments (different powers) provided by Bruker was

used with a 100 mM 3-APP phantom. The optimum power (maximum signal) was

obtained for 1H as 0.019W, for 31P as 0.068 W.

In order to determine tumor pH, a calibration curve was generated using phan-

toms contain 100 mM ATP and 100 mM 3-APP at different pHs at 37oC. Non-localized

single-pulse sequences with a 5o pulse, TR=143.76 ms, 1024 averages, and 2048 points

were used to acquire 31P spectra. The calibration curve data were consistent with

literature: the pKa , δ min and δ max were 7.0066, 21.225, and 24.807 respectively.

Examples of spectra acquired from phantoms and calibration curve are given in (Figure

3.3).
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Figure 3.3 (a) Spectra acquired from 3-APP phantoms. α-NTP was used as a reference for 3-
APP spectra and calibrated to have the peak at -10.05 ppm. (b) Calibration curve for 3-APP. Dots
represent chemical shifts obtained from phantom spectra.

For in vivo pH measurement experiments NSG mice were injected with BxPC3

human pancreatic cancer cells which naturally express target of the drug, human CEA-

CAM6 antigen. This expression was verified with flow cytometry (Figure 3.4).

Tumor pHs were determined with MRS of 3-APP following injection of 350

µl of 500 mM 3-APP intraperitoneally (i.p.) 15 minutes before imaging. Mice were

anesthetized for the duration of imaging with 1.5-2% isoflurane in oxygen. A fiber

optic probe and a respiratory pad placed under the animal to monitor the temperature

and respiration, respectively. The surface coil was placed at the top of the tumor

and immobilized. Mice were placed into a 7T horizontal magnet (Agilent ASR 310;

Santa Clara, CA) and (Bruker Biospin, Inc. BioSpec AV3HD; Billerica, MA) and

position was adjusted to have the tumors into the isocenter of the magnet. Shimming

was performend in terms of using the automated algorithms provided by Bruker then

improved manually to achieve a line-width < 60 Hz for water signal. After adjustments,
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Figure 3.4 Flow cytometry analysis for verification of CEACAM6 expression by BxPC3 cells.

a non-localized single-pulse sequences with a 5o pulse, TR=143.76 ms, 4096 averages,

and 2048 points were used to acquire 31P spectra. The α-NTP peak was used as a

reference at -10.05 ppm. Tumor pHs were determined utilizing pH-dependent 3-APP

peak. pH values were assigned based on the chemical shift of the contrast agent by

corresponding this to calibration curve data. Mice with a tumor pH > 7 were excluded

from the study as a pilot data showed that alkaline range as baseline were unaffected

by buffers or L-DOS47. 7 mice were injected with saline as controls while 9 mice

were injected with 90 µg/kg L-DOS47 intravenously (iv). Spectra were acquired 24

hours after each treatment as described previously. Examples of spectra for control

and L-DOS47 injected mice are given in Figure 3.5.

Differences in pHs before and after treatments were calculated and compared for

quantification purposes. The baseline average pHs were 6.8 ± 0.15 and 6.7 ± 0.19 for

saline and L-DOS47 treatment groups, respectively. The differences of pHs before and

after treatments for saline and L-DOS47 groups were statistically significantly different

from each other (two tailed t-test, p=0.04) as shown in Figure 3.6.

According to this data, L-DOS47 treatment resulted in alkalization of tumors

that started with an acidic pH. The time course of pH responses can be used as a

non-invasive measure of the pharmacodynamics (PD) of L-DOS47.



22

Figure 3.5 31P MRS of 3-APP for saline and L-DOS47 injected mice before and 24 hours after each
treatment. As clearly seen from the figures 3-APP chemical shifts, which are pH dependent, fit into
together for control mouse while the L-DOS47 injected one shows shifting to the right.

Figure 3.6 The differences in tumor pHs for each mouse were determined before and 24 hours after
saline/L-DOS47 treatments. The starting average pHs were 6.8 ± 0.15 and 6.7 ± 0.19 for saline and
L-DOS47 treatment groups, respectively. Increase in tumor pH was higher for L-DOS47 injected mice
(p<0.05).

3.3 Chemical Exchange Saturation Transfer (CEST) MRI

There are various techniques and contrast agents that have been suggested for

being used to determine tumor pH by Magnetic Resonance Spectroscopic Imaging
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(MRSI). The main disadvantage of spectroscopic methods is poor anatomic resolution

caused by low sensitivity. CEST is a novel method can be used to determine pH in

terms of using pH sensitive contrast agents with protons that are exchangeable with

surrounding water molecules. The rates of such transfers, measured as a transfer of

saturation can be pH dependent [122]. In this technique, when an RF pulse is applied,

the protons in the contrast agent are weaken and transferred to water protons, causing

a local deficiency in water signal [15]. Saturation can be transferred consecutively in

terms of applying a series of pulses. A "Z- spectrum" is obtained by collecting the

decreases in water signal intensity at selected frequencies as a function of RF pulses

employed [15].

Computed Tomography (CT) has been utilizing the iodinated contrast agent,

Iopamidol, for diagnosis for more than 30 years. It can be administered intravenously

up to 400 mg/ml safely since it is soluble in water and has very low toxicity. Chemically,

this molecule contains amide group protons that are in exchange with water [123].

Those amide protons resonate at 4.2 and 5.5 ppm with pH dependent exchange rates

which provides a basis for establishing the ratiometric approach to determine pH. It

has been verified that the range of pH can be measured accurately and precisely is 5.5

- 7.9 [124].

3.3.1 CEST of tumor microenvironment

A CEST imaging method for pH imaging was integrated to Moffitt Cancer

Center Bruker 7T imaging spectrometer. pH calibration curve was obtained using 6

wells of a 96-well plate cut containing 20 mM of Isovue in phosphate buffered solution

in the range of 5.9 - 7.2 (Figure 3.7).

Z-spectra acquired at 37 oC in terms of applying RF pulse to collect with a

sustained wave presaturation block pulse at 3 µT for 5 seconds by using 1H 30 mm

M2M coil. The saturation frequency offset was varied between 2.5 and -10 ppm with

changing frequency resolutions to provide shorter acquisition times [122]. For anatomic
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Figure 3.7 T2 anatomical image of the phantom.

registration, coronal T2-weighted multislice (TE/TR = 31 ms/2271 ms, FOV = 80 x 30

mm2, matrix = 256 x 96, yielding in-plane resolution of 312 µm and a slice thickness

of 1.5 mm ) was acquired. CEST pH images were acquired using a TE/TR = 5.83

ms/ 6 s, with saturation bands of 3 µT for 5 s, and a matrix = 171 x 64 over same

FOV. CEST images were analyzed using MATLAB (The Mathworks, Inc., Natick, MA,

USA). An intensity threshold filter was used in order to segment anatomical and Z-

spectra images. The Z-spectra were interpolated voxel by voxel to place the bulk water

to the right position, thus removing artifacts originating from B0 inhomonogeneity. The

interpolated Z-spectrum was moved to the zero frequency for the bulk water resonance

and the impact of Saturation Transfer (ST) was determined. In order to filter the

noise, R2 was calculated in terms of calculating signal-to-noise ratio of each voxel.

The threshold for R2 was set to >0.99 for ST% and pH calculation [122].

In order to evaluate pH, the impacts of ST% were determined establishing a

ratiometric procedure according to Eq. 3.1:
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RST = ((100− ST 4.2ppm))x(ST 5.5ppm)/((100− ST 5.5ppm))x(ST 4.2ppm) (3.1)

RST symbolizes the proportion of CEST at various pHs. Calibration curve is

given in Figure 3.8.

Figure 3.8 Calibration curve for CEST of Iopamidol. Dots represent experimental data

In order to optimize the acquisition parameters (TE, TR, number of averages,

etc.) and test the stability of system, several acquisitions were done with phantoms.

As expected highest signal intensity was obtained with higher averages. However,

signal intensity fluctuations were only around ∼ 1%. In order to eliminate any large

variation in iopamidol concentration within the tumor, as well as any other change in

physiological parameters or movement-related artifacts, parameters were used in order

obtain the highest SNR with the shortest scanning time: which was TE/TR = 5.83

ms/ 6 sec, Average 1. Conditions and results for the stability test are given in (Figure

3.9).

After determining the optimum parameters, pH determination for mice have

been started. Panc02 murine pancreatic adenocarcinoma cells were infected with hu-

man CEACAM6 lentivirus and expressing clones selected with puromycin. Binding
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Figure 3.9 Stability test with phantom for 8 different conditions. Signal intensity and standard
deviations were calculated for each scan to determine the best parameters for in vivo imaging.

of L-DOS47 to Panc02 clone 38 cells were verified with flow cytometry (Figure 3.10).

Infection and flow cytometry protocols will be given in detail in Chapter 3.

C57BL/6 mouse was subcutaneously inoculated with 1 x 106 CEACAM6 Panc02

Clone 38 cells in the right flank and once tumor reached 500-700 mm 3 it was imaged

with MRI Bruker 7T/MRI using Bruker 7T imaging spectrometer. Mouse was anes-

thetized for the duration of imaging with 1.5-2 % isoflurane in oxygen. A fiber optic

probe and a respiratory pad were placed under the animal to monitor the temperature

and respiration, respectively. A 30 mm 1H M2M coil was used for CEST MRI.

For anatomic registration, axial T2-weighted multislice (TE/TR = 31 ms/1500
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Figure 3.10 Flow cytometry analysis for verification of CEACAM6 expression by Panc02 cells.

ms, FOV = 30 x 30 mm2, matrix = 128 x 128, slice thickness of 1.5 mm) was acquired.

CEST pH images were acquired using a TE/TR = 5.83 ms/ 6 s, with saturation bands

of 3 µT for 5 s, and a matrix = 64 x 64 over same FOV. 350 µl of contrast agent, Isovue,

was injected subcutaneously (SC) next to the tumor and L-DOS47 was injected through

iv catheter placed into the magnet with the mouse. As soon as pre-CEST was acquired

90 µg/kg L-DOS47 was injected through the catheter and post image started to be

acquired.

Tumor pHs were determined with respect to the evaluation of the RST values

with the calibration pH-ratiometric data acquired from phantoms containing 20 mM

Isovue (Figure 3.11).

Initially another C57BL/6 mouse was injected orthotopically (into pancreas)

with 500000 CEACAM6 Panc02 Clone 38 cells in order to determine the effect of L-

DOS47 an orthotopic model. An intravenous catheter was placed into the tail of the

mouse to deliver Isovue and L-DOS47. Mouse was anesthetized for the duration of

imaging with 1.5-2% isoflurane in oxygen. A fiber optic probe and a respiratory pad

placed under the animal to monitor the temperature and respiration, respectively. For

anatomic registration, coronal T2-weighted multislice (TE/TR = 31 ms/2271 ms, FOV
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Figure 3.11 CEST MRI of iopamidol for pH imaging of a Panc02 clone 38 SC tumor. (a) T2
weighted image, CEST MRI (b) before L-DOS47 injection, (c) 30 minutes after 90 µg/ kg L-DOS47
injection. L-DOS47 was administered iv while ioplamidol was injected next to the tumor. M2M 30
mm 1H coil was used for the experiment.

= 80 x 30 mm2, matrix = 256 x 96, yielding in-plane resolution of 312 µm and a slice

thickness of 1.5 mm ) was acquired.CEST pH images were acquired using a TE/TR

= 5.83 ms/ 6 s, with saturation bands of 3 µT for 5 s, and a matrix = 171 x 64 over

same FOV. An intravenous catheter was placed into mouse tail and connected to a

syringe with a line in order to inject Isovue and L-DOS47 from outside the magnet

without moving the animal bed. 350 µl of contrast agent was injected iv for pre-CEST

imaging. As soon as acquisition was completed 90 µg/kg L-DOS47 was injected through

the catheter and post image started to be acquired. In vivo pH values were estimated

as described. As given in Figure 3.12, L-DOS47 was associated with alkalizination of

tumor pH for this model as well.
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Figure 3.12 CEST MRI of iopamidol for pH imaging of a Panc02 clone 38 orthotopic tumor. (a) T2
weighted image, CEST MRI (b) before L-DOS47 injection, (c) 30 minutes after 90 µg/ kg L-DOS47
injection. L-DOS47 and iopamidol were administered iv. M2M 30 mm 1H coil was used for the
experiment.
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4. TARGETING TUMOR MICROENVIRONMENT TO

IMPROVE IMMUNOTHERAPY RESPONSES

4.1 Introduction

Resistance to therapy is critical in cancer prognosis. The acidic microenviron-

ment of tumors have remarkable affect on efficacy of therapies including immunother-

apy. Combined approaches with targeting tumor acidosis can improve clinical trial

design and identify effective regimens to overcome treatment resistance [12].

The concept of neutralizing tumor acidosis improves treatment responses is not

well-established yet, but recent study demonstrated that low pH is associated with

inducing inflammatory cytokines [13]. T cells are not able to trigger off under acidic

conditions because of the inflammatory signal initiation by acidic pH. Neutralizing

tumor acidosis with buffer therapy may provide a basis to improvement of responses

by boosting T cell activation.

In a previous study, mouse-bearing melanoma was treated with bicarbonate

and an increase in tumor pH was observed. Bicarbonate therapy was combined with

checkpoint inhibitors (PD-1/CTLA4). It was observed that, combination therapy sig-

nificantly boosted the effects of these therapies [14]. Despite the promise for long-term

consumption of alkaline buffers can be tolerated, the current clinical regimen cannot

be prolonged in clinic as it requires ingestion of 40-50 (x 950 mg) capsules of NaHCO3

per day [125]. Indeed, three clinical trials of sodium bicarbonate failed due to poor pa-

tient compliance (NCT-1350583, NCT-01198821, and NCT- 1846429) which suggests

investigation of new approaches to provide the same effect.

In this chapter, the effect of acidic tumor microenvironment on immunotherapy

strategies was examined and targeting this stressor with L-DOS47 was combined with

immunotherapy to improve the treatment outcomes.
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4.1.1 Microenvironment modifier drug: L-DOS47

Carcinoembryonic antigen-related cell adhesion molecule 6 (CEACAM6) is a

member of human carcinoembryonic antigen (CEA) family. It was shown with several

studies that CEACAM6 which is upregulated in several human cancers has a potential

role in carcinogenesis and development [126]. A novel immunoconjugate (L-DOS47),

targets the cell surface CEACAM6 antigens and urease part of the drug converts urea

to ammonia was developed [102]. This increases the pH of the tumor microenvironment

and alkalinizes the highly acidic environment that is needed for cancer cell survival and

proliferation.

Antibody drug conjugates (ADCs) are composed of an antibody and a cytotoxic

drug coupled via a bridging molecule. ADCs have advantage of binding to a specific

site to the tumor and decreasing nonspecific side effects. The antibody part of the drug

binds to the cell surface antigen enters to the cell and connector is split to liberate the

cytotoxic drug. It is crucial to specify the tumor specific antigen, ADC must enter and

connector must liberate the drug inside the cell.

Antibody directed enzyme prodrug therapy (ADEPT) utilizes a two-step ap-

proach. This technique charge the antibody-enzyme conjugates to the antigens at the

tumor sites and eliminate the unbound conjugates from the bloodstream. When the

accumulation is complete, a prodrug is administered and transformed to its cytotoxic

form and fulfill the duty with selective tumor cell death.

L-DOS47 was developed with utilizing ADEPT approach with a modification

of eliminating pro-drug administration. The drug contains a camelid antibody that

binds to CEACAM6 antigens and a urease enzyme that hydrolyzes urea into ammonia

to provide toxicity. This also increases tumor pH via urease enzyme, which converts

urea to 2 NH4
+ and 1 HCO3

- [102], [127].
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4.1.2 Immunotherapy

The programmed cell dead 1 receptor (PD-1) was discovered in the early 1990s

and this discovery was followed by its identification of being a negative regulator of

T cell responses when engaged with its ligand programmed death ligand 1 (PD-L1).

In 2019, chimeric antigen receptor (CAR)-T cells and using checkpoint blockades for

immunotherapy was announced by Science as Breakthrough of the Year [128], [129],

and in 2018, the discoverer of PD-1 (Tasuku Honjo) was awarded the Nobel Prize in

Physiology of Medicine.

T cell receptor (TCR) recognition by major histocompatibility complex (MHC)

molecules initiates the generation of immunity by T cells. When T cells are activated

they induce production of IFN-γ which is recognized by IFN-γ receptors in tumor

microenvironment. This starts cascade of signals that eventually promotes PD-L1

expression by tumor cells which prevents further T-cell mediated killing. Blocking

the interaction between anti PD-1 and PD-L1 promotes T cell persistence resulting in

enhanced cytotoxic T cell response [128].

Anti-tumor immunity is inhibited by several factors including expression of

checkpoint inhibitors, infiltration of inhibitory cells such as myeloid derived suppressor

and regulatory T cells (MDSCs, Tregs) and secretion of inhibitory factors. As described

in the first chapter, the acidic microenvironment of tumors can also blunt anti-tumor

T cell responses in terms of inhibiting effector T cells. Blockade of PD1 [130], and/or

CTLA4 [131] with monoclonal antibodies has led to durable anti-tumor responses in

patients where conventional therapies have failed [132], [133]. However, only 20 - 25

% of patients with non-small-cell lung cancer, melanoma, or renal-cell cancer were re-

sponded to anti-PD1 treatment [134], and the response rate to anti-CTLA-4 is 11%.

Combining both checkpoint inhibitors resulted in a 40% response rate [135]. While this

is an improvement, it also means that 60% of patients receive no benefit, suggesting

that there should be alternative approaches (such as increasing pH) to boost therapy

responses.
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4.2 Generation of Cancer Model to be Used for the Study

Immunocompetent mice were required to test the effects of L-DOS47 in combi-

nation with immunotherapy. As human tumors will be rejected by immunocompetent

mice, mouse tumor models needed to be generated. Since mouse cells do not express

CEACAM6 and are thus not targets for L-DOS47, LKR murine lung and Panc02

murine pancreatic cancer cells, were retrovirally infected with human CEACAM6, the

target of the drug.

4.2.1 LKR/CEACAM6 preclinical model

Mice

All mice were housed in the animal facility at Moffitt Cancer Center. 129S4/

SvJaeJ mice were obtained from Jackson Laboratories. Mice were sacrificed if tumor

volume went beyond 2000 mm3 or showed serious ulcerations based on American Vet-

erinary Medical Association Guidelines by exposing of CO2. Institutional Animal Care

and Use Committee (IACUC) was reviewed and approved all techniques and proce-

dures used for animal experiments based upon U.S. Public Health Service Policy and

National Research Council Guidelines.

Retroviral infection of LKR murine lung cells

3 wells of a 24-well plate wwere plated with 80000 cells/well to have 50% cell

density at the day of infection. In order to increase infection efficacy complete media

with a concentration of 8 µg/ml Polyberene was used. 10 µl of viruses for blank and

CEACAM6 vectors were added to the corresponding wells. The 3rd well was used as a

control. Next day fresh media with 1 µg/ml puromycin was added to each well. After

the selection, individual single clones were transferred to individual wells in a 24-well

plate. When they grew, were split to 6-well plates. Real Time Reverse Transcription
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Polymerase Chain Reaction (RT-PCR) and flow cytometry were done to determine the

presence of antigen of interest.

Verification of CEACAM6 expression on infected LKR murine lung cells

RNeasy kit was used for RNA purification from LKR clones. As a preparation

for RT-PCR experiments, cDNA was obtained by mixing 4 µl iscript, 1000 ng RNA

with water to have 20 µl of final volume in terms of using the program prepared for it.

Following that step, RT-PCR experiment was set up for each clone as shown in Figure

4.1. Since mouse cell line was used, a mouse reference gene was used as control. Two

separate master mix was prepared as one for CEACAM6 primers, one for m18sRNA

(reference mouse gene).

Figure 4.1 Master mix preperation for RT-PCR.

20 µl of master mix was aliquoted to each well (96 well plate for RT PCR). In

each well 2.5 µl of cDNA from clones were added. Plate was covered with film and

spun down. Program was run for TA: 52 oC. Melting curves are given in Figure 4.2 for

clones.

As seen from data, there is a difference with Clone 13 in the melting curve. A

gel was run with PCR products for LKR parental cells, empty vector infected cells,

Clones #2, #7, #13, and #14. According to literature [136] it is expected to see the

band on 353 bp for CEACAM6. A gel image is shown in Figure 4.3.
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Figure 4.2 Melting curves for RT-PCR experiment.

Figure 4.3 Gel image for PCR products.

Gel showed that # 13 could be a good clone, have high chance of expressing the

target.

This expression was also verified with flow cytometry in terms of using a 3-

step staining protocol. LKR Clone 13 and parental LKR cells were stained either

with L-DOS47 (µg/ml) or Urease (for negative control) and incubated on ice for half

an hour at the first step and then washed 3 times with staining buffer (DPBS with

2% Feval Bovine Serum) for 3 times. Then they were stained with (5.8 µg/ml) anti-

urease and (1.5 µg/ml) AF488, respectively for detection. Samples were fixed with 1%
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Paraformaldehyde (PFA), stored in 4oC and analyzed with Canto flow cytometer the

next day. Results are given in Figure 4.4.

Figure 4.4 LKR parental and Clone 13 Cells were stained with Urease/ L-DOS47 as negative and
positive controls respectively. CEACAM6 expression for LKR clone was verified to be 90% with flow
cytometry.

L-DOS47/Anti-PD-1 combination for LKR/CEACAM6 preclinical model

In order to determine the boosting effect of L-DOS47 when combined with anti-

PD1, 30 129S4/SvJaeJ mice (1 million cells/mouse) were inoculated with LKR Clone

# 13 subcutaneously in the right flank. They were randomized into 5 groups (Bicar-

bonate + Anti-PD1, L-DOS47, L-DOS47 + Anti-PD1, IgG, Anti-PD1). Bicarbonate

treatment was started 3 days before tumor injection. Doses were as the following: L-

DOS47: 87.5 µ/kg; anti-PD1: 300 µg/mouse; lgG: 300 µg/mouse; Bicarb: 200 mmol/L

(in drinking water). Mice received 4 doses of each treatment in total. When experiment

was terminated, according to the tumor volume measurements, anti-PD1 alone was able

to have a complete response in most of the mice and there were regressions even in

control group (Figure 4.5). It was concluded that addition of human CEACAM6 to

LKR cells affected the tumor and resulted with regression. This model cannot be used.
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Figure 4.5 Average and individual volumes for 129S4/SvJaeJ mice injected with LKR Clone 13 cells.
13 days after tumor inoculation, regression in tumor growth in all groups was observed. As seen from
data for individual mice, there were mice with complete response in all groups.

4.2.2 Panc02/CEACAM6 preclinical model

Mice

C57BL/6 female mice were purchased from Jackson Laboratories and housed in

the animal facility at Moffitt Cancer Center under specific pathogen-free conditions.

Mice were sacrificed if tumor volume went beyond 2000 mm3 or showed serious ul-

cerations based on American Veterinary Medical Association Guidelines by exposing

of CO2. Institutional Animal Care and Use Committee (IACUC) was reviewed and

approved all techniques and procedures used for animal experiments based upon U.S.

Public Health Service Policy and National Research Council Guidelines.

Retroviral infection of Panc02 murine pancreatic cells

3 wells of a 24-well plate was plated with 80000 Panc02 mouse pancreatic cancer

cells/well to have 50% cell density at the day of infection. In order to increase infection
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efficacy complete media with a concentration of 8 µg/ml Polyberene was used. 10 µl

of viruses for blank and CEACAM6 vectors were added to the wells. The 3rd well

was used as a control. Next day fresh media with 8 µg/ml puromycin was added to

each well. After the selection, every clone (single cell origin) was transferred to 24-well

plate. When they grew, were split to 6-well plates. The workflow is given in Figure

4.6.

Figure 4.6 Workflow for infection experiments in order to provide expression of CEACAM6 antigen.

Expression was verified with flow cytometry in terms of using a FITC labelled

L-DOS47. BxPC3 human pancreatic cancer cells and Panc02 parental cells were used

as positive and negative controls, respectively. All cells were stained with 5µg/ml FITC

labelled L-DOS47 in a V-botttom 96-well plate, incubated on ice for 30 minute then

washed for 3 times with staining buffer. Samples were fixed in terms of using 1 % PFA

and stored in 4oC. Experiment was run on next day with IQue flow cytometer. 51

clones were screened for expression, results are given in Figure 4.7.
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Figure 4.7 CEACAM6 expression for Panc02 clones were verified with flow cytometry.

Since in previous experiment regression in tumor growth was observed, 4 mice

were inoculated with Panc02 CEACAM6 clone 38 (1 million cells/mouse) and one with

parental Panc02 cells (1 million cells/mouse) subcutaneously (SC) into right flank of

C57BL/6 mice. Tumor growth was followed for 15 days and no sign for regression was

observed. Tumor volumes are given in Figure 4.8.

Figure 4.8 Comparison of tumor growth for Panc02 Parental and CEACAM6 expressing clone (Clone
38) injected mice. Regression was not observed in tumor growth for this model.
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L-DOS47 titration experiment for Panc02/CEACAM6 preclinical model

An experiment was designed with two different clones have different expres-

sion patterns. Clone 15 has bi-distribution (small but well differentiated population

expressing CEACAM6), Clone 38 has the highest percent of binding for CEACAM6.

L-DOS47 was also titrated -in vivo- in this experiment. Comparison of expressions for

the clones are given in Figure 4.9.

Figure 4.9 Flow cytometry analysis for Panc02 parental, CEACAM6 15 and 38 clones.

1 x 10 6 CEACAM6 Panc02 Clone 15 or Clone 38 cells were injected subcu-

taneously in the right flank of 20 + 20 C57BL/6 mice. On the 4th day after tumor

injection mice were randomized into 4 groups as: Saline, L-DOS47 (10 µg/kg), L-

DOS47 (30 µg/kg), L-DOS47 (90 µg/kg). Treatments were given on 4th, 7th, 10th and

13th they after tumor cell injections intravenously (iv). Average tumor volumes for

each group is given in Figure 4.10. According to volume measurements it was shown

that effects for 30 µg/kg and 90 µg/kg doses were similar while 10 µg/kg was showing

slight effects. 90 µg/kg for dose of L-DOS47 and Clone 38 were chosen to be used for

in vivo experiments going forward.

L-DOS47/Anti-PD1 combination for Panc02/CEACAM6 preclinical model

1 x 10 6 20 C57BL/6 mice were inoculated with CEACAM6 Panc02 Clone 38

cells in the right flank. On the 4th day after tumor injection mice were randomized into
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Figure 4.10 In-vivo titration of L-DOS47 for Panc02 Clone 15 and Clone 38 injected mice. Results
have shown that Panc02 clone 15 and clone 38 responded similarly to L-DOS47 therapy.

4 groups as: Saline, L-DOS47 (90 µg/kg), anti-PD1 (300 µg/mouse) and L-DOS47 (90

µg/kg) + anti-PD1 (300 µg/mouse). Treatments were given on 4th, 7th, 10th and 13th

day after tumor cell injections intravenously (iv) for saline and L-DOS47, ip for anti-

PD1 treatments. Mice were sacrificed after the last dose. Average and individual tumor

volumes for each group are given in Figure 4.11. While there was a big variation among

mice especially in saline group, average tumor volume and standard deviation was tight

for combination group. Results were encouraging and it was concluded that L-DOS47

addition before anti-PD1 treatment helps to improve immunotherapy responses.

12 male and 12 female C57BL/6 mice were purchased from Jackson Laboratories

and housed at the Animal Research Facility of the H. Lee Moffitt Cancer Center and

Research Institute (Tampa, FL) to start a breeding colony. Combination experiment

was repeated two times with the mice from the colony with mixed genders. For next

two combination experiments 10 mice/ group (5 males + 5 females) were used in

order to provide statistically significant results. 40 C57BL/6 mice were inoculated

with CEACAM6 Panc02 Clone 38 cells in the right flank. On the 4th day after tumor

injection mice were randomized into 4 groups as: Saline, L-DOS47 (90 µg/kg), anti-PD1

(300 µg/mouse) and L-DOS47 (90 µg/kg) + anti-PD1 (300 µg/mouse). Treatments

were given on 4th, 7th, 10th and 13th day after tumor cell injections intravenously (iv)

for saline and L-DOS47, ip for anti-PD1 treatments. In those experiments mice were

followed until endpoint (2000 mm3 in tumor volume or serious ulceration) in order to

follow survivals. It was observed that survivals of the mice in combination therapy
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Figure 4.11 Average and individual tumor volumes for mice in each group (Saline, L-DOS47, Anti-
PD1 and combination.) Addition of L-DOS47 to anti-PD1 treatment boosted the effect of immunother-
apy on tumor growth.

group was longer than any other treatment groups. However, a slow growth pattern

and anti-PD1 sensitivity were observed in those combination experiments for a few

mice as well. In order to investigate this, an in vivo titration experiment for anti-PD1

was designed.

40 C57BL/6 mice were inoculated with 1 x 106 CEACAM6 Panc02 Clone 38

cells in the right flank, subcutaneously. Four days later tumor sizes were measured

with caliper and mice were forcibly randomized to groups to have the same average

tumor size in each group. Groups were as following: Anti-PD1 15 µg/kg-twice a week,

Anti-PD1 5 µg/kg-twice a week, Anti-PD1 1.7 µg/kg-twice a week, Anti-PD1 15 µg/kg-

once a week and saline. Average tumor volumes for each group and the last day tumor

measurements are given in Figure 4.12. As seen from the tumor volumes 15 µg/kg twice

a week group received the most effective treatment and followed by others. Based on

this data, the dose for anti-PD1 treatment reduced to 5 µg/kg for further experiments.

Another experiment was designed to compare the sensitivities of Panc02 Parental,

Clone 15 and Clone 38 cells to anti-PD1 treatment. Since a foreign protein inserted
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Figure 4.12 Average tumor volumes for entire experiment and at endpoint with respect to different
doses of anti-PD1. 15 µg/kg twice a week is the most effective followed by 15 µg/kg once a week.
Interestingly 1.7 µg/kg group was more effective then 5 µ/kg group.

to cells it was tested that if this affected the sensitivity to anti-PD1. Two clones were

chosen with different CEACAM6 expression levels and patterns (Figure 4.13) and com-

pared with Panc02 parental cells. 14 mice (mixed genders) were injected with each cell

line and each cell line was divided into two groups as anti-PD1 (5 µg/kg) and saline.

Treatments were started 4 days after tumor inoculation and continued to be given on

7th, 10th and 13th days. Average tumor volumes for each group and the last day tumor

measurements are given in Figure 4.14. Based on these data it was confirmed that

Panc02 Clone 38 cells can be continued to use further experiments as tumors were

growing faster and no sensitivity was observed to anti-PD1 treatment.

Figure 4.13 Flow cytometry analysis for Panc02 Parental, Clone 38 and Clone15 cells to determine
CEACAM6 expression.

The fourth immunotherapy combination experiment designed with 12 mice/group

(6 females + 6males) and reduced the dose of anti-PD1 to 5 mg/kg. Groups were as fol-

lowing: Saline, L-DOS47 (90 µg/kg), anti-PD1 (5mg/kg) and L-DOS47 (90 µg/kg) +

anti-PD1 (5 mg/kg). Treatments were given on 4th, 7th, 10th and 13th day after tumor
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Figure 4.14 Average tumor volumes for entire experiment and at endpoint for saline and anti-PD1
treated mice injected with either Clones 15/38 and parental Panc02 cells. Tumors were growing faster
for Panc02 Clone 38 cells injected mice for both anti-PD1 and saline treated groups compared to
Panc02 Parental and Clone15 cells.

cell injections; intravenously (iv) for saline and L-DOS47, ip for anti-PD1 treatments.

Mice were sacrificed when they reached to endpoint (2000 mm3 in tumor volume or

had serious ulcerations). They were followed until endpoints in order to obtain survival

information.

After the completion of all four experiments, survival days of all mice for each

group are gathered together and Kaplan Meier curve was generated Figure 4.15. 148

mice were included to study in total and each group (L-DOS47, anti-PD1, saline and

combination groups) had 37 mice. It was shown that L-DOS47 addition was resulted

with increase in survival for when used with anti-PD1 treatment.



45

Figure 4.15 Kaplan Meier curve generated for 4 in vivo L-DOS47 & anti-PD1 combination experi-
ments. The p value was determined as 0.0001 for the difference in survival between combination and
saline groups. This value was 0.0568 for the difference between combination and anti-PD1 groups.
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5. OVERALL CONCLUSIONS

The main concentration in cancer biology and therapy has been on genetic and

epigenetic remodelling in malignant cells [137]. However, it has been understood that

tumor cells do not act alone and has close interaction with extracellular matrix which

has remarkable affect on cancer progression and support almost all of the hallmarks of

cancer [19], [1].

Notably, cancer cells rely on glycolysis even if oxygen is available. This phe-

nomenon is called aerobic glycolysis or the Warburg effect [138]. This is paradoxical,

as fermenting glucose yields 2 ATP molecules per glucose, whereas complete oxidation

of glucose yields 36 ATP molecules. This altered energy metabolism is identified as one

of the "hallmarks of cancer" [1]. Glycolysis occurs more rapid compared to oxidative

phosphorylation. Increased ATP production rate is being considered responsible to

facilitate proliferation of cancer cells [103]. For all these reasons, it can be inferred

that cancer cells will be huge users of glucose to provide their energy. High glycolysis

rates in cancer cells result in lactate overproduction. As cancer cells export lactate

rather than using as a nutrient, it acidifies the tumor microenvironment [105].

Tumor-derived acidosis has been shown to suppress immune function [10]. Re-

cent studies demonstrate that acidosis can alter the functions of cells of the immune

system including T cells, neutrophils, macrophages and DC’s [23], [77]. In a previous in

vivo experimental study with mice bearing melanoma, tumor pH was neutralized with

bicarbonate and combined with checkpoint inhibitors (PD-1/CTLA4). Combination

therapy resulted with improved responses for these treatment models [14].

There is a non-negligible amount of evidence for acidic tumor microenvironment

being responsible from progression, invasion and in particular; resistance to chemo and

immuno -therapies [139].
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Great progress has been made in the field of tumor immunology but response

rates are still low which gives a clue that there are additional immunosuppressive

pathways. Aside from cell-based inhibitors (such as regulatory T cells, myeloid derived

suppressor cells) and secreted factors (such as kynurenines), there has been also strong

evidence for tumor-derived acidity being responsible from immune suppression [14].

In a previous study, it was shown that oral bicarbonate therapy with checkpoint

blockade achieved to increase tumor pH and improved immunotherapy responses [14].

As combinatorial approach of targeting tumor pH and immunotherapy has promising

outcomes we proposed to investigate pharmacological interventions that will achieve

neutralization of tumor acidosis and can be translated to clinic.

L-DOS47 is an urease conjugated antibody that targets human CEACAM6 anti-

gen which is upregulated in several cancers including pancreatic and ling. L-DOS47

increases pH by converting urea to 2 NH4+ and 1 HCO3-, producing a net local increase

in pH. L-DOS47, is currently in clinical trials for the treatment of non squamous small

cell lung cancer (NSCLC) and well tolerated. It is a strong candidate for being used

in combination with immunotherapy in the near future.

First hypothesis of the thesis was developing methods to image tumor pH with

MRI and/or MRS. This was accomplished with optimization and development of 31P

MRS of 3-APP and CEST MRI methods in Small Animal Imaging Lab (SAIL) at

Moffitt Cancer Center. Those methods have shown that L-DOS47 was effective on

increase of tumor pH in vivo in two different CEACAM6 cancer models (BxPC3 human

pancreatic and engineered Panc 02 murine pancreatic cells) for the first time. pH

differences determined between control and L-DOS47 treated mice in 24 hours were

significantly different based on t test (p<0.05). Particularly, CEST imaging with Isovue

has great potential to be translated to clinic since the contrast agent is already approved

to be used for CT by FDA.

Besides pH measurement studies, the drug (urease) activity was shown with hy-

perpolarized MRS experiments. Those experiments clearly demonstrated the products
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of conversion from urea to ammonia caused by urease. To our knowledge, this was the

first HP-MRS experiment showed urease enzyme activity. However, it remains unclear

whether the enzyme activity will be sufficiently high to observe in vivo.

In vivo experiments for immunotherapy combination treatment with L-DOS47

were designed. In the first experiment designed with Panc02 Clone 38 cells, with a small

group of animals it was shown that L-DOS47 in combination with ant-PD1 treatment

was effective on tumor growth. L-DOS47 and anti-PD1 alone each were similarly

effective at partially reducing tumor growth. However, when L-DOS47 and anti-PD1

treatments were combined, a dramatic reduction in tumor growth was observed. It was

encouraging to observe excellent combined activity of combination treatment. This

result supports the observation that the therapy with sodium bicarb buffer improved

PD-1 immunotherapy suggests that addition of L-DOS47 could be used to improve

immunotherapy response as well.

In order to prove the concept three more in vivo experiments were designed

with similar set-ups with increased number of mice in each group. In total 148 mice

were included to overall experiments with mixed genders and they were sacrificed when

they reached to endpoint according to Institutional Animal Care and Use Committee

(IACUC) regulations. Kaplan Meier survival curves were generated in terms of includ-

ing 37 mice/ group and it was shown that L-DOS47 treatment is effective to promote

survival when combined with anti-PD1 (survivals were different than anti-PD1 alone

p<0.06 and control groups p< 0.0001).

According to our knowledge, it is the first time that proposed drug was tested

for its capability to neutralize the tumor acidity with in-vivo models. In addition to

that, we added peritumoral acidosis as an important and targetable immune modulator

through pre-clinical trials. Knowledge of localized pH within tumors may allow more

detailed information about tumor habitats, processes and relate them to intratumoral

pH heterogeneity.

Personalized medicine treatment is becoming more and more important but can-
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cer patients are still treated with a one-size-fits-all standard approach today. However

as each person has their own fingerprint, they also have their unique cancer diseases.

It is -most of the time- not possible to expect the same output with applying the same

treatment to two different patients even if they have the exact same advanced can-

cer. They may respond completely different from each other as it is being commonly

observed in the clinic. It is important tailor the treatment for each patient based on

their cancer as unique signature to provide the maximum benefit while keeping the side

effects minimum. For instance during MRI of tumor microenvironment experiments

it was observed that tumors of some mice were not acidic (pH equal or greater than

7) which suggests having pH as an inclusion criteria for a potential clinical trial can

contribute to the benefits of patients and help cancer processionals to make decisions

based on that.

Overall, under the scope of this PhD work the methods developed to measure

tumor pH and combinatorial approaches in order to improve immunotherapy responses

have potential to be used in the clinic for patient benefits. Experiments with different

cell lines are ongoing to have a robust treatment model. Same approach can be ap-

plied to mouse studies as including mice after having pH measurements to have better

responses. MR imaging can be also combined with Position Emission Tomography

(PET) in order to both measure pH and correlate this with functional imaging data.

Increased glucose metabolism as an hallmark of cancer and its relation with acidosis

will provide better understanding of tumor microenvironment [140].
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FROM THE THESIS

1. Damgaci, S., Ibrahim-Hashim, A., Enriquez-Navas, P.M., Pilon-Thomas, S., Gu-

venis, A. and Gillies, R.J., 2018. Hypoxia and acidosis: immune suppressors and

therapeutic targets. Immunology, 154(3), pp.354-362.

2. Damgaci, S., Ibrahim-Hashim, A., Enriquez-Navas, P.M., Pilon-Thomas, S., Gu-

venis, A. and Gillies, R.J., 2019. Immunotherapy on Acid. European Journal of

Clinical Nutrition, accepted.

3. Damgaci, S., Chao,H., Uger, M., Martinez, G., Enriquez-Navas, P.M., Longo, D.,

Abrahams, D., Ibrahim-Hashim, A., Dominguez Viqueira, W., Guvenis, A. and

Gillies, R.J., 2020. Pharmacodynamics of targeted urease using CEST and 31P

of 3-APP. Magnetic Resonance Imaging, to be submitted.

4. Damgaci, S., Chao,H., Uger,M., Enriquez-Navas, P., Abrahams, D., Ibrahim-

Hashim, A., Guvenis, A. and Gillies, R.J., 2020. Targeting tumor pH with L-
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Association for Cancer Research Annual Meeting (AACR 2019), Atlanta, U.S.
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