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CHAPTER I 

 

INTRODUCTION 

 

Overview of Epithelial Cancer Progression and Metastasis 

Tumors arise from many specialized cell types within the body, including 

epithelial cells that form layers of skin and line the walls of cavities and channels.  

Importantly, the most common form of human cancer, carcinoma, originates from 

epithelial cells.  More than 80% of all cancers in the Western world are epithelial in 

origin, with carcinomas of the lung, colon, breast, and prostate comprising the top four 

most deadly cancers [1]. There are two types of epithelial cancer, each reflecting normal 

epithelial function.  Squamous cell carcinomas arise from epithelial sheets that protect 

underlying cells by sealing the cavities or channels that they line.  In the case of skin, 

they protect against the outside world.  Adenocarcinomas arise from epithelial cells that 

secrete substances such as mucus into the cavities that they line for additional 

protection [2]. These include lobular and ductal carcinomas of the breast, and 

adenocarcinomas of the colon. 

The basement membrane is a specialized extracellular matrix that separates 

normal epithelial cells from the underlying layer of connective tissue.  Epithelial tumors 

that remain contained within the basement membrane at a primary tumor site are 

benign.  When the tumor tissue progressively evolves and penetrates the basement 

membrane, the tumor is considered malignant, or invasive carcinoma [2]. Invasion of 

local tissue is the critical initial step in the metastatic cascade, which is the process of 
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dissemination and implantation and outgrowth at a distant site.  This cascade can be 

broken down into five steps: invasion, intravasation into lymphatic or blood circulatory 

systems, survival in the circulatory system, extravasation out of the circulatory system at 

a distant site, and the colonization of that secondary site [3,4]. Colonization is a crucial 

step that leads to the development of micrometastases and eventually detectable 

macrometastases after a period of outgrowth.  However, it is an inefficient process with 

few cells surviving and then proliferating to form tumors in the foreign site.  Difficult 

growth processes such as these are supported in part by cytokines and chemokines 

secreted by immune cells in the tumor microenvironment.  These factors are a critical 

part of the “soil” for growing tumors [3]. Interleukin-4 (IL4) is one such Th2 cytokine 

whose pro-tumorigenic and pro-metastatic roles are of great interest clinically, and they 

are still being defined.   

 

Introduction to IL4 and the IL4 Receptor1 

In the immune system, IL4 controls the development, survival, and maturation of B cells 

and the proliferation and differentiation of Th2 T lymphocytes.  IL4 has been shown to support 

this enhanced proliferation and survival in part by inducing glucose uptake and metabolism [5,6] 

(Figure 1.1).  IL4 can also polarize macrophages to the ‘M2’ or alternatively activated phenotype 

[7].  Immune populations that produce IL4 include activated T cells, mast cells, basophils, 

eosinophils [8], and myeloid-derived suppressor cells (MDSCs) [9]. In cancer, IL4 can also be 

produced by tumor cells themselves [10,11].   

 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 This section has been adapted from a review published under Katherine Venmar Bankaitis and Barbara 
Fingleton (2015) Targeting IL4/IL4R for the treatment of epithelial cancer metastasis, Clinical and 
Experimental Metastasis [144]. 
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Figure 1.1: IL4/IL4 receptor signaling in epithelial cancer cells and hematopoietic 
cells of the tumor microenvironment (TME). IL4 induces heterodimerization of the 
IL4Rα and γC subunits to form the type I IL4 receptor in hematopoietic cells including 
lymphocytes (depicted).  This results in the activation of JAK proteins.  The two main 
pathways activated after the phosphorylation of JAKs in response to IL4 in immune 
cells are the IRS/PI3K/AKT pathway and the JAK/STAT6 pathway.  Activation of 
these pathways in lymphocytes results in the transcription of IL4 responsive genes 
and the promotion of pro-growth phenotypes.  IL4 has also been shown to activate 
mTOR in T lymphocytes for the regulation of differentiation.  Some non-
hematopoietic cells including epithelial cancer cells can express the type II IL4R, 
consisting of the IL4Rα and IL13Rα1 subunits.  Other than the activation of STAT6, 
little is known about whether IL4 can activate other effector proteins including 
PI3K/AKT, MAPK/ERK, and mTOR in epithelial cancer cells, and which of these 
pathways promote pro-growth and pro-metastatic phenotypes through epithelial IL4R 
[144]. 
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IL4 receptor expression. 

In normal tissues, the primary binding chain for IL4, IL4 receptor α (IL4Rα) [8,12], is 

expressed on T and B lymphocytes, eosinophils, macrophages, endothelial cells, lung 

fibroblasts, bronchial epithelial cells, MDSCs, and smooth muscle cells [9,13–18]. There are two 

IL4 receptor types that control the physiological functions of IL4, each consisting of two protein 

subunits that heterodimerize upon IL4 binding the IL4Rα subunit. The type I IL4R is 

predominantly expressed by hematopoietic cells, and consists of the IL4Rα and common 

gamma C (ϒc) subunits (Figure 1.1).  The type II IL4R can be expressed by non-hematopoetic 

cells, and consists of the IL13Rα1 and IL4Rα subunits [19,20] (Figure 1.1).  Significantly, while 

the majority of normal epithelial tissues do not express IL4Rs, the type II IL4R is overexpressed 

on the surface of many solid tumors including, but not limited to, renal cell carcinoma, 

melanoma, breast cancer, ovarian cancer, colon cancer, AIDS-related kaposi’s sarcoma, and 

head and neck squamous cell carcinoma [11,21–27].  In fact, the expression of IL4R on cancer 

cells is so robust that it has been used as a targeting molecule for anti-cancer toxins fused to 

IL4.  The IL4-PE38KDEL cytotoxin is one such example that is currently in clinical trials for a 

variety of cancers including recurrent or metastatic breast cancer, kidney cancer, and non-small 

cell lung cancer [28]. 

 Unlike the type I IL4R, the type II IL4R can also bind and be activated by IL13, although 

IL4 binds with higher affinity [20].  IL13 signaling through the type II IL4R on airway epithelial 

cells primarily contributes to the airway hyper-responsiveness and mucus secretion that occurs 

in asthma [29].  Existing data demonstrates that IL4 is responsible for inducing pro-metastatic 

growth phenotypes in epithelial cells [30,31], and IL4 is upregulated in the microenvironment of 

several epithelial tumor types including breast, colon, prostate, and pancreatic cancer [11,32–

34].  While targeting the IL4/IL4R interaction on epithelial cancer cells is the focus of this 

dissertation, there may still be a role for IL13 in promoting metastasis. 
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IL4/IL4R signaling. 

IL4Rs themselves lack intrinsic kinase ability.  Upon ligand binding, IL4 receptor 

dimerization results in the activation of the Janus kinase (JAK) family of proteins that 

phosphorylate IL4Rα to create docking sites for other signaling proteins.  It is known that IL4Rα, 

γc, and IL13Rα1 activate JAK1, JAK3, and tyrosine kinase (Tyk2), respectively [8,20,35,36] 

(Figure 1.1).  Because JAK3 associates with the γc subunit, it may not have a prominent role in 

type II IL4R signaling in epithelial cancer cells.  In accordance with this concept, IL4 induced the 

tyrosine phosphorylation of JAK1, JAK2, and Tyk2 but not JAK3 in human colon cancer cells 

where IL4Rα did not associate with the γc subunit [37] (Figure 1.1).   

There are two main pathways activated in immune cells in response to IL4 after the JAK 

phosphorylation of IL4Rα: 1) the insulin receptor substrate protein (IRS)/PI3K/AKT pathway, 

and 2) the JAK/signal transducer and activator of transcription factor-6 (STAT6) pathway (Figure 

1.1). STAT6 is a transcription factor that can be further phosphorylated by JAKs, form STAT6 

dimers, and translocate to the nucleus to initiate the transcription of IL4/IL13 responsive genes.  

Additionally, IL4 can activate mTOR in T cells for the control of differentiation [38] (Figure 1.1), 

and ERK after IRS activation in several non-lymphoid cell types [8].  However, prior to the work 

presented within this dissertation, little was known about whether AKT, ERK or mTOR could be 

activated in response to IL4 in epithelial cancer cells, and which if any of these pathways 

mediate IL4-induced tumor growth and metastasis.  

 

IL4 and the Type II IL4 Receptor Directly Promote Epithelial Tumor Growth2 

The IL4/IL4Rα interaction on epithelial cancer cells supports tumor growth in vivo 

in part by mediating resistance to apoptosis. Epithelial cancers are often cross-resistant 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
2 This section was adapted from the following published review : Miranda Hallett, Katherine Venmar, and 
Barbara Fingleton (2012) Cytokine stimulation of epithelial cancer cells: the similar and divergent roles of 
IL-4 and IL-13, Cancer Research, 72, 6338-43 [30]. 



	   6	  

to both intrinsic and extrinsic apoptotic pathways as they have a common downstream 

effector protein, caspase-3.  While TRAIL and other death ligands activate the extrinsic 

pathway of apoptosis, chemotherapeutic agents typically activate the intrinsic pathway.  

To examine the ability of IL4 to protect against death ligand induced apoptosis, Todaro 

et al. treated subcutaneous human colon and breast tumors in mice with an anti-human 

IL4 neutralizing antibody and TRAIL.  Treatment with the antibody alone modestly 

decreased the growth of breast and colon tumors, but strongly sensitized tumors to co-

treatment with TRAIL.  This reduction in tumor growth was attributed to the 

downregulation of anti-apoptotic proteins PED, cFLIP, Bcl-xL and Bcl-2 in response to 

IL4 blockade [11]. This study and others have utilized the species specificity of 

IL4/IL4Rα binding to target the autocrine production of human IL4 in mouse xenograft 

models.  However, distinguishing the function of autocrine versus paracrine IL4 is less 

relevant in patients where one form of IL4 exists.  Still, xenograft models have been 

instrumental in demonstrating that IL4 enhances the survival of epithelial cancer cells. 

In order to establish IL4 as a survival factor capable of inducing 

chemoresistance, Todaro et al. implanted human colorectal cancer spheroids containing 

colorectal cancer stem cells into the flanks of nude mice.  Mice bearing colorectal 

tumors were treated with an anti-human IL4 neutralizing antibody or IL4 double mutein 

(IL4DM), an antagonist of human IL4Rα, to interfere with the IL4/IL4Rα interaction [39].  

A modest decrease in tumor size compared to controls was seen with either treatment 

alone.  However, efficacy of chemotherapy with oxaliplatin and/or 5-fluorouracil (5-FU) 

was significantly enhanced when animals were co-treated with either the anti-IL4 

antibody or IL4DM. Further, these anti-tumor effects were sustained following cessation 
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of treatment.  Increased tumor cell death was again attributed to the downregulation of 

anti-apoptotic proteins PED, cFLIP, Bcl-xL, Bcl-2 [39] following IL4 blockade.  

With the pro-survival functions of autocrine IL4 translating to chemoresistance in 

epithelial tumors in vivo, it follows that anti-IL4/IL4Rα treatments in combination with 

standard chemotherapeutics could have a synergistic effect in reducing tumor growth in 

patients. Since IL4 levels are often elevated in the tumor microenvironment [11,32–34], 

anti-IL4/IL4Rα treatment may be even more potent in patients, as both autocrine and 

paracrine IL4 would be neutralized, a concept discussed further later on.   

In addition to enhancing cancer cell survival for tumor growth, IL4 has been 

shown to directly induce the proliferation rate of colon, breast, head and neck, ovarian, 

and prostate cancer cells in vitro [33,40,41].  The majority of these studies attributed 

IL4-induced proliferation to the activation of downstream STAT6 signaling, however the 

up-regulation of survivin may also play a role.  Survivin, a well-known inhibitor of 

apoptosis, can act as a mitotic regulator that directly influences cell proliferation by 

controlling cell cycle entry [42]. In a recent study, IL4-induced proliferation of human 

prostate cancer cells correlated with increased expression of survivin in vitro. This 

finding translated to increased tumor cell proliferation in vivo, overall tumor progression, 

and increased mouse survival [33]. Significantly, survivin mRNA levels did not differ 

between control and IL4 stimulated prostate cancer cells, indicating that survivin up-

regulation was not controlled by a transcriptional mechanism, but rather by differences 

in mRNA translation [33]. 
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The role of IL4/IL4R in tumor formation and development. 

While the above studies examined the role of autocrine IL4 in promoting the 

growth of established epithelial tumors, the IL4/IL4Rα interaction may also promote 

tumor formation.  Khaled et al. recently published that IL4 and IL13-induced STAT6 

signaling is crucial for normal mammary gland development in vivo [43].  It is plausible 

that epithelial tumor cells could exploit normal developmental pathways to promote 

tumor formation.  Consistent with the studies in established tumors, IL4 has been shown 

to promote fibrosarcoma tumor formation in vivo by enhancing tumor cell survival [44].  

However, the relative contribution of tumor versus host-derived IL4 or the receptor was 

not examined in this study.  This is significant because several cell types may contribute 

to IL4/IL4Rα induced proliferation and survival during epithelial tumor development, 

such as IL4-regulated tumor-associated macrophages [45]. 

In order to distinguish the contribution of epithelial versus host IL4Rα signaling in 

tumor development, Koller et al. utilized two mouse models:  1) implantation of wild-type 

murine colon cancer cells or shRNA-mediated IL4Rα knockdown (IL4Rα KD) clones into 

the ceca of C57BL/6 mice; and 2) a carcinogen- induced model of colitis associated 

colon cancer in IL4Rα knockout (IL4Rα -/-) mice [40].  Results obtained from the 

implantation model indicated that tumor cell IL4Rα was important for inducing 

proliferation but not survival in vivo.  In the carcinogen-induced model, IL4Rα -/- mice 

had significantly smaller tumors compared to wild-type mice.  The reduction in tumor 

size correlated with a trend in decreased proliferation and a significant increase in 

apoptosis, suggesting that cell death was mediated by host cell IL4Rα [40].  However, 
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since both host and tumor cells were deficient of IL4Rα in the carcinogen-induced 

model, it is unclear which cell types were responsible for this result.   

 These results established a role for IL4Rα in promoting colon cancer 

development, yet they appear to contradict previous studies demonstrating a strong pro-

survival function of the IL4/IL4Rα interaction in epithelial tumor cells [11,33,39,44].   It is 

important to note that active survival response pathways in developing versus 

established tumors may differ.  Other variables include colon cancer stem cell content 

as well as the presence and function of IL13.  It is also possible that in the colitis 

associated colon cancer model, increased production of IL13 by inflammatory cells in 

the tumor microenvironment may promote tumor development as IL13 can also bind 

and activate IL4Rα.  The contribution of each cytokine remains to be distinguished, and 

this may be particularly important in models where immune infiltrates are prevalent.   

 

IL4/IL4R-Induced Metabolism May Support Tumor Growth and Metastasis 

 In addition to enhanced proliferation and survival, the reprogramming of energy 

metabolism is a third hallmark of cancer [46] that may be regulated by the epithelial 

IL4R signaling axis.  This hallmark serves to enhance nutrient uptake in cancer cells, 

and to quickly supply precursors to biosynthetic pathways to support proliferation and 

survival [47].  Recently, enhanced metabolism in cancer cells has also been linked to 

immortalization, resistance to oxidative stress, and elevated biomass synthesis [48].  

How cancer cells reprogram their metabolism, particularly the metabolism of the major 

carbon and nitrogen sources, glucose and glutamine, to support proliferation and 

survival is currently under intense investigation.   
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Glucose metabolism. 

 In the presence of oxygen, most normal cells use glycolysis to metabolize 

glucose to pyruvate, which is then used to generate ATP through oxidative 

phosphorylation in the mitochondria.  Under anaerobic conditions, pyruvate is directed 

away from oxidative phosphorylation, and instead shunted to lactate production [49].  

Otto Warburg discovered that rapidly proliferating tumor cells metabolize the majority of 

glucose to lactate despite the presence of oxygen, resulting in less ATP production. 

This phenomenon termed the “Warburg effect” or aerobic glycolysis, is advantageous 

for survival in environments with fluctuating oxygen concentrations and for generating 

glycolytic intermediates that can be quickly utilized for the production of nucleic acids, 

fatty acids, and amino acids to support rapid proliferation (Fig. 1.2) [47,49].   
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 The Warburg effect has been observed across many tumor types, and is often 

accompanied by an increase in glucose uptake and consumption due to relatively 

inefficient ATP production.  In fact, this increased uptake of glucose has been exploited 

for cancer detection through the use of 18Fluorine-deoxyglucose-positron emission 

tomography [50].  There are 14 different isoforms of the transmembrane glucose 

	  
 
Figure 1.2:  The metabolism of glucose and glutamine supports tumor growth.  The 
metabolism of glucose and glutamine fuels bioenergetics, macromolecular 
biosynthesis, and redox maintenance in cancer cells to support growth.  In 
proliferating cells, the majority of imported glucose is metabolized to lactate to allow 
glycolytic intermediates (blue dots) to be used as substrates in branching biosynthetic 
pathways to support additional metabolic requirements.  Glutamine serves as a 
nitrogen source for the biosynthesis of nucleotides and nonessential amino acids, 
and as a carbon source it replenishes TCA cycle intermediates (green dots).  AA, 
amino acid biosynthesis; αKG, α-ketoglutarate; DHAP, dihydroxyacetone phosphate; 
F6P, fructose-6-phosphate; G6P, glucose-6-phosphate; GADP, glyceraldehyde-3-
phosphate; L-lipid biosynthesis; N, nucleotide biosynthesis; OAA, oxaloacetate; 3PG, 
3-phosphoglycerate. Figure adapted from [47].  
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transporter (GLUT) in humans [16].  GLUT1 is the isoform that has received the most 

attention by cancer biologists, as it is overexpressed by many human carcinomas, and 

has a high affinity for glucose (Km ~ 2 mM) [51–53].   

After glucose enters the cell, it is phosphorylated by hexokinase in the initial rate-

limiting step of glycolysis to generate glucose-6-phosphate (G6P).  In cancer cells, 

GLUT1 and HK2 are believed to be the main glucose transporter and enzyme isoform 

that contribute to the Warburg effect [47], and to increased glycolytic flux in cancer cells 

in general [54]. Still, it is important to realize that oxidative phosphorylation often 

remains as the primary source of ATP in cancer cells, and that glucose metabolism has 

complexities beyond aerobic glycolysis.  

Many intermediates produced when pyruvate is converted to lactate during 

aerobic glycolysis serve as substrates for the synthesis of biomolecular building blocks 

through connected pathways (Fig. 1.2).  Under conditions of increased glucose uptake, 

the flux of these intermediates into these branching anabolic pathways including the 

pentose phosphate pathway (PPP) and serine biosynthesis pathways, can also 

increase [55].   The PPP is used to generate ribose-5-phosphate, an important 

intermediate for nucleotide synthesis and NADPH for defense against oxidative stress.  

NADPH is also an important reducing agent used by multiple biosynthetic pathways, 

and the generation of fatty acids in particular [56,57].  Also, downstream of glycolysis 

some pyruvate can still enter the tricarboxylic acid cycle (TCA) and contribute to the 

production of citrate for fatty acid synthesis [58].   
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Glutamine metabolism. 

While the Warburg effect has become nearly synonymous with cancer cell 

metabolism, the anabolic demands of macromolecular biosynthesis and the 

maintenance of redox homeostasis are also fueled by increased glutamine uptake and 

metabolism (Fig. 1.2) [59,60].  The major cancer-related transporter that mediates 

enhanced glutamine uptake is Alanine, serine, cysteine amino-acid transporter 2 

(ASCT2) [61,62].  Although glutamine is a non-essential amino acid, the requirement for 

glutamine is disproportionately greater in cancer cells compared with normal cells, and 

anti-cancer therapies that target glutamine addiction are being investigated [63].   

As proliferating cancer cells shunt a large amount of pyruvate away from the TCA 

cycle, and instead direct it toward lactate production during aerobic glycolysis, the TCA 

cycle is often left deprived of intermediates that are needed as substrates in various 

other biosynthetic and NADPH-producing pathways.  For example, TCA-derived citrate 

is used for the synthesis of fatty acids, and TCA-derived oxaloacetate (OAA) for the 

generation of nucleic acids.  Glutamine provides a carbon and nitrogen source that can 

feed into the TCA cycle to replenish these intermediates in a process called anaplerosis 

[64], leading to the biosynthesis of molecular building blocks (Fig. 1.2).   

 

The role of the IL4/IL4R signaling axis in regulating metabolism. 

 Similar to cancer cells, increased aerobic glycolysis in addition to enhanced 

glutamine uptake and metabolism are key processes that support survival and rapid 

proliferation for clonal expansion in lymphocytes [6,65].  IL4-induced glucose 

metabolism specifically has been shown to support the survival and proliferation of B 
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and T cells [5,6].  In B cells, IL4 signaling through the type I IL4R results in the 

upregulation of GLUT1 expression for increased glucose uptake and increased 

glycolytic activity in part by enhancing the expression of genes encoding glycolytic 

enzymes including HK2 [66]. IL4-induced glucose metabolism in B cells is dependent 

upon activation of the transcription factor STAT6 [5], and ChIP-seq data shows that 

STAT6 can also bind to the promoters of GLUT1 and HK2 in human Th2 cells [67].  As 

previously mentioned, GLUT1 and HK2 are also the main transporter and enzyme 

isoform that contribute to enhanced aerobic glycolysis in cancer cells [47].  It follows 

that IL4 may be capable of inducing metabolism in non-immune cell types expressing 

IL4Rs, including epithelial cancer cells, and that this may support survival and 

proliferation as it does in lymphocytes. 

 

Impact: Inhibiting the IL4/IL4R Interaction to Limit Metastatic Disease in Patients3 

Much progress has been made in treating primary epithelial tumors, however 

metastatic tumors remain largely incurable and still account for 85-90% of all cancer-

related deaths [68].  Both host and tumor molecular characteristics contribute to 

metastasis, and these characteristics may differ between primary and metastatic tumor 

sites.  Inhibition of the IL4/IL4R interaction may provide a unique opportunity to target 

host and tumor pro-tumorigenic and pro-metastatic phenotypes at both primary and 

metastatic tumor sites.  While the role of the epithelial IL4/IL4R signaling axis in 

promoting mammary tumor growth at primary sites is explored in this dissertation, the 

main focus is on how it promotes metastatic tumor growth using murine models of 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
3	  This section has been adapted from the published review article: Katherine Venmar Bankaitis and 
Barbara Fingleton (2015) Targeting IL4/IL4R for the treatment of epithelial cancer metastasis, Clinical and 
Experimental Metastasis 32 847-56 [144].	  
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breast and colon cancer, in hopes of benefiting cancer patients most in need of new 

therapeutic approaches.  Importantly, IL4 has been implicated in promoting several 

processes involved in the metastatic cascade in epithelial cancer cells including 

enhanced survival which may promote colonization at metastatic sites, proliferation [30] 

for outgrowth at metastatic sites, and enhanced migration and invasion [69,70] (Fig. 

1.3). 

Recent studies suggest that using anti-IL4/IL4R therapies to limit epithelial 

cancer metastasis may be feasible, and underscore the translational significance of the 

findings reported within this dissertation.  In addition to its immune and pro-tumor roles, 

Figure 1.3: IL4/IL4R promotes pro-metastatic phenotypes in epithelial cancer cells.  
IL4 promotes many pro-metastatic phenotypes to support the establishment and 
growth of epithelial metastases.  Depicted is the metastatic cascade of a solid 
epithelial tumor with indication of which steps are known to be promoted or supported 
by the IL4/IL4 receptor signaling axis.	  
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IL4/IL4R signaling is also implicated in human diseases including asthma, allergy, and 

atopic dermatitis [7.8].  Indeed, the contribution of IL4 to such allergic disorders has lead 

to the production of FDA approved therapies that target the IL4/IL4R signaling axis that 

may be exploitable and improved upon for the treatment of metastatic epithelial cancer. 

Therefore, it is relevant to understand what progress has been made in inhibiting IL4 

and IL4R activity in patients where both host and tumor IL4 functions would be affected.  

 

Pharmacologic inhibition of IL4/IL4Rα signaling. 

The pharmacologic inhibition of JAK1 and/or JAK2 to attenuate the initial phase 

of IL4-induced signaling may be possible.  Several JAK inhibitors exist for the treatment 

of asthma and other diseases, and more are in clinical trials for the treatment of a 

variety of cancers [71].  Ruxolitinib, an inhibitor of JAK1/JAK2 is already FDA approved 

for myelofibrosis and there are multiple trials currently recruiting patients to test its 

efficacy against hematopoietic and solid tumors [28] (Table 1.1).  However, it would 

likely be better to target a signaling molecule that is more specifically associated with 

IL4/IL4R signaling, as JAKs mediate a plethora of cytokine receptor responses [72]. 

This is also true when considering the therapeutic inhibition of AKT, ERK, or mTOR 

activation in response to IL4.  Therefore, STAT6 may be the most attractive therapeutic 

target for the selective inhibition of IL4R signaling.   Although not completely specific, 

STAT6 activation is primarily downstream of IL4R [8], and STAT6 has been shown to 

promote pro-metastatic processes including migration and invasion, enhanced 

proliferation and resistance to apoptosis in epithelial cancer cells [11,41,69] (Figure 1.1).   
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Table 1.1: Summary of clinical approaches for inhibiting IL4/IL4R activity in humans.  
Abbreviations: NSCLC, non-small cell lung cancer; CML, chronic myeloid leukemia; 
AML, acute myeloid leukemia, GBM, glioblastoma multiforme.  ‘None noted’ indicates 
that no listed toxicities could be found.  ‘Non observed’ indicates there was a study 
examining toxicity, and none were observed. 
 

Product Effect Clinical Trials Dose-limiting 
toxicities 

Ref. 

IL4-
PE38KDEL 
Cytotoxin or 
MDNA55 

IL4 fused to a 
truncated 
Pseudomonas 
endotoxin induces 
death in cells 
bearing IL4Rs 

Phase I trials completed for kidney 
cancer, NSCLC, and breast 
cancer.  Phase I/II trials completed 
for GBM. Ready to enter a phase I 
trial for pediatric glioma, and a 
phase II trial for brain metastases. 

None noted [28,7
3] 

Ruxolitinib Inhibitor of JAK1/2 
results in inhibition 
of STAT6 
phosphorylation 

FDA approved for myelofibrosis.  
Patients being recruited for phase 
I/II trials for CML, AML, colorectal 
cancer, NSCLC, lung 
adenocarcinoma, and breast 
cancer. 

Thrombocytopenia [28,7
4] 

Altrakincept/ 
Nuvance 

Recombinant 
human IL4R 
fragment 
competitively 
inhibits IL4 binding 

Phase I/II trials completed in 
asthma then development halted 
due to lack of efficacy. 

None observed [75–
77] 

Pascolizumab Humanized 
anti–IL4 (IgG1) 
antibody 

Phase I/II trials completed in 
asthma then development in 
asthma halted due to lack of 
efficacy. 
Phase II trial currently recruiting 
tuberculosis patients. 

None observed [28,7
7,78] 

AMG317 Humanized 
anti–IL-4Ra mAb 

Phase I/II trials completed in 
asthma then development halted 
due to lack of efficacy. 

None noted [76] 

Dupilumab Humanized 
anti–IL-4Ra mAb 

Completed phase II trials for 
asthma, atopic dermatitis, and 
nasal polyposis with sinusitis.  
Phase III trials for asthma and 
atopic dermatitis are ongoing. 

None observed [28,7
9] 

Pitrakinra Recombinant form 
of IL4 acts as IL-
4Ra antagonist 

Completed phase I/II/III trials in 
asthma where it was effective in 
eosinophilic asthma. Phase II trial 
in eczema also completed. 

None noted [28,7
6,77] 

MDNA56 Modified IL4 fused 
to a pro-apoptotic 
payload, specific 
for type I IL4R 

Still in discovery phase Not applicable [73] 

MDNA57 Modified IL4 fused 
to a pro-apoptotic 
payload, specific 
for type II IL4R 

Still in discovery phase Not applicable [73] 
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The clinical targeting of STAT6 as an anti-tumor therapy may be feasible, but two 

FDA approved therapies known to inhibit the phosphorylation of STAT6, leflunomide 

and vorinostat (suberoylanilide hydroxamic acid), each have multiple other modes of 

action.  Leflunomide inhibits de novo pyrimidine synthesis as well as tyrosine kinases 

such as EGFR [80–82], and vorinostat inhibits histone deacetylases [83].  While there 

are multiple other STAT6 inhibitors currently in the preclinical discovery phase [71], 

there are still a few drawbacks to consider regarding the inhibition of STAT6 as an anti-

metastatic therapy.  It is possible that alternative pathways activated by the IL4R 

including AKT, ERK, or mTOR could still contribute to IL4R-induced tumor growth even 

in the presence of a STAT6 inhibitor [31].  Also, the inhibition of STAT6 would result in 

the attenuation of both IL4 and IL13 signaling in immune and non-immune cells, the 

implications of which are not well known. 

 

Blocking IL4 activity. 

 Rather than targeting signaling pathways, an alternative approach is to block or 

neutralize the receptor ligand, IL4. One approach to neutralizing IL4 activity specifically 

has been the use of inhaled recombinant human IL4 receptor fragments that 

competitively inhibit IL4/IL4R binding in asthma patients.  One such therapy, 

‘altrakincept’ or ‘nuvance’, made it to phase II clinical trials, but development was halted 

due to a lack of clinical efficacy [77] (Table 1.1). Humanized anti-IL4 monoclonal 

antibodies such as pascolizumab have also been tested in asthma patients. However, 

the development of pascolizumab, which was given to patients intravenously, was also 

halted after phase II trials, again due to a lack of clinical benefit [76,77] (Table 1.1).  
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While these therapies are no longer being developed, they did pass initial safety testing 

in humans, and anti-IL4 monoclonal antibodies in particular may still hold clinical 

relevance for the treatment of metastatic cancer. 

 The IL4/IL4R interaction is species-specific, and a neutralizing antibody against 

murine IL4, clone 11B11, was developed in the 1980’s [84].  11B11 has been tested in 

mice specifically for efficacy against metastatic tumor growth.  Denardo et al. showed 

that treatment with 11B11 for 20 days significantly reduced metastatic tumor burden in 

the lungs of MMTV-PyMT mice, and also limited the number of metastatic lung tumors 

to a slightly lesser extent than global IL4Rα knockout in the same mouse strain [70].  In 

that paper, the reduction in metastatic mammary tumor growth by 11B11 was attributed 

to the neutralization of IL4 from CD4(+) T cells, thus preventing activation of tumor-

associated macrophages (TAMs) that would promote metastatic growth.   

These results support other studies indicating that there are pro-tumor properties 

regulated by IL4 in adaptive and innate immune cells of the tumor microenvironment 

[45,85–88]. The implications of targeting IL4 within the immune compartment as an anti-

tumor therapy is a worthwhile topic that will be discussed further.  However, there may 

still be a critical role for epithelial IL4R in promoting metastatic tumor growth in vivo. 

 

Inhibition of IL4Rα. 

 It was thought that continued IL13 signaling through the type II IL4R could 

contribute to the limited clinical efficacy of IL4-targeted treatments in asthma. Therefore, 

blocking the receptor subunit, IL4Rα, to inhibit both IL4- and IL13-induced signaling was 

an enticing alternative.  However, the use of monoclonal antibodies against IL4Rα has 
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yielded mixed results in patients.  The humanized anti-IL4Rα antibody, AMG317, 

showed no clinical efficacy in asthma patients, and development was abandoned after 

phase II clinical trials [77] (Table 1.1).  However, a second monoclonal antibody directed 

against IL4Rα, dupilumab, was effective for the treatment of atopic dermatitis [79], and 

possibly more effective for the treatment of asthma [89] (Table 1.1).   

 Recently, more attention has been directed toward the concept of modifying the 

IL4 cytokine into an inhibitor of IL4Rα with no agonist properties.  Pitrakinra, also known 

as IL4 double mutein or IL4-DM, is a recombinant form of human IL4 with two functional 

mutations at position 121 (arginine to aspartic acid) and 124 (tyrosine to aspartic acid) 

that acts as an IL4Rα antagonist.  Pitrakinra, has completed phase III trials for asthma 

where its inhaled form was shown to be more effective than the injectable form [76] 

(Table 1.1).  New IL4 variants are also being explored, and one modified at only position 

121, was shown to antagonize both the type I and type II IL4 receptor [90], an 

improvement over pitrakinra which requires two functional mutations.  

 IL4-DM has been shown to attenuate the growth of human colon cancer 

xenografts in murine models [39], but it is important to note that the use of any 

humanized IL4 variant in murine tumor studies is limited to those in immune 

compromised mice due to species specificity.  Also, as with STAT6 inhibitors, the 

function of both the type I and type II IL4R is inhibited by these antagonists, which could 

have negative implications for normal immune functions.  Still, it is the concept of 

creating IL4 variants as IL4 receptor antagonists that may currently hold the greatest 

promise for selective anti-cancer therapies. 
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Selective inhibition of the type II IL4R. 

Recent advances in understanding the binding and dimerization of type I and 

type II IL4Rs has lead to more studies focused on improving the selectivity of IL4 

receptor antagonists. The crystal structure of the ternary complex of the extracellular 

domains for both the type I and type II IL4 receptors was reported in 2008 [20].  These 

studies revealed that IL4 sits between IL4Rα and the second receptor subunit, either γc 

or IL13Rα1, and is in direct contact with the second subunit [20].  In 2014, fluorescence 

cross-correlation spectroscopy was used to observe the dimerization of the type I and II 

receptors in living cells after ligand binding [91].  This study confirmed previous studies 

demonstrating that IL4 binds with high affinity to IL4Rα (Kd of ~100 pM) [92,93], and 

that subsequent binding with the second receptor subunit, either γc or IL13Rα1, is a 

relatively low affinity interaction (0.5–4 µM) [20,91,94]. It has been postulated that the 

relative expression of the second subunit may therefore influence dimerization [95].  

Collectively, these findings supported the possibility of inhibiting the contact between 

IL4 and either the γc or IL13Rα1 subunits for type I or type II IL4R selectivity.   

Initially, the concept of creating selectivity for one receptor over the other was 

examined by creating IL4 agonists that demonstrated cell-type specific effects based on 

the expression of the second receptor subunit. Junttila et al. increased the affinity of IL4 

for the γc subunit by modifying residues in the γc-interacting helix (helix D), or affinity for 

the IL13Rα1 subunit by modifying 3 residues shown to be important for IL13 binding to 

IL13Rα1.  These modified IL4s were termed ‘superkines’. The affinity and potency of 

IL4 superkines in cell lines that expressed IL4Rα with varying expression of the second 

receptor subunit, either γc or IL13Rα was then tested [95].  
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In A549 human lung cancer cells, the IL4 superkine designed to bind with higher 

affinity to IL13Rα1 induced the phosphorylation of downstream STAT6 by 3-10 fold 

times more than unmodified IL4 or the IL4 superkine selective for γc.  These cells were 

confirmed to express high levels of the type II receptor as expected for epithelial cancer 

cells, with little or no type I receptor expression.  Ramos cells (Burkitt’s lymphoma) 

which were used to model type I receptor signaling, but which do express a small 

amount of IL13Rα1, were more responsive to the superkine designed to target γc than 

either unmodified IL4 or the IL13Rα1-targeted superkine [95]. These results 

demonstrated that the agonistic properties of IL4 could be directed to cell types 

including epithelial cancer cells based on their relative expression of γc or IL13Rα1. 

Medicenna Therapeutics, Inc. has taken IL4 superkines and fused them to a pro-

apoptotic payload to generate ‘empowered cytokines’ that have the potential to induce 

apoptosis in 20 different cancer types overexpressing the type I or type II IL4 receptor.  

The original empowered cytokine, MDNA55 (Medicenna’s version of the IL4-PE38KDEL 

cytotoxin), is not specific for one receptor type over the other, but is currently in clinical 

trials for central nervous system cancers known to overexpress IL4Rs [73] (Table 1.1). 

Receptor selective empowered cytokines, MDNA56 and MDNA57 are still in the 

discovery phase, with MDNA56 being developed for the treatment of hematopoietic 

cancers expressing the type I IL4R, and MDNA57 for solid tumor cells expressing the 

type II IL4R [73] (Table 1.1).  These empowered cytokines are considered safe and 

effective [73].  Still, when targeting the expression of the type II IL4R for cancer therapy, 

it is important to note that myeloid cells expressing type II IL4Rs, such as macrophages, 

will also be affected.  Encouragingly, there are several recent studies demonstrating 



	   23	  

that inhibition of IL4/IL4R within the immune compartment may be beneficial during anti-

tumor therapy [10,70,86,88].  Further discussion of these studies follows. 

 

Targeting IL4/IL4R in the tumor microenvironment (TME). 

Inhibiting IL4/IL4R function in pro-tumor lymphoid populations that express the 

type I IL4R may provide a therapeutic benefit in metastatic cancer patients. As 

previously mentioned, IL4 neutralization has been shown to attenuate mammary 

metastatic tumor growth in the lung by reducing the pro-tumorigenic properties of both 

innate and adaptive immune cells of the tumor microenvironment, including CD4(+) T 

lymphocytes [70]. In addition, IL4 is known to impair the cytolytic activity of CD8(+) T 

cells by polarizing them to type 2 cytotoxic T cells (Tc2) (Fig. 1.4) [96–99].  A recent 

study actually modified IL4R to promote the activity and proliferation of cytotoxic T cells 

to reduce tumor growth.  To do this, IL4R was fused to the IL7 receptor endodomain in 

transgenic T cells [86].  However, it is important to note that the systemic inhibition of 

either IL4 or the type I IL4R would also affect normal lymphoid processes such as B and 

T cell proliferation, Th2 cell differentiation, and inflammatory and immune responses.   
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Other immune populations in the TME that are activated in response to IL4 and 

express type II IL4Rs include myeloid-derived TAMs and MDSCs.  Notably, MDSCs can 

also produce IL4 and therefore can respond in an autocrine or paracrine manner [9].  

TAMs and MDSCs are both particularly important in promoting tumor growth, 

	  
Figure 1.4: IL4 binds and activates the type I IL4 receptor on hematopoeitic cells, and 
the type II IL4R on myeloid cells of the tumor microenvironment (TME) to promote 
metastatic tumor growth.  Th2 T lymphocytes, including CD4(+) lymphocytes, are one 
of the main producers of IL4 in the tumor microenvironment (TME) that have been 
shown to promote metastasis. In the TME, IL4 promotes tumor growth and 
metastasis by polarizing macrophages to M2 tumor associated macrophages 
(TAMs), impairing the cytolytic ability of CD8(+) T lymphocytes by polarizing them to 
type 2 cytotoxic T cells (Tc2), and activating myeloid-derived suppressor cells 
(MDSCs).  These activated MDSCs no longer differentiate into mature macrophages, 
dendritic cells, or granulocytes, and instead adopt a pathological tumor-promoting 
phenotype.  These pro-tumor MDSCs suppress the anti-tumor immune functions of T 
cells and promote tumor growth and metastasis in epithelial cancer cells.  MDSCs 
can also produce IL4, which can act in an autocrine fashion, and TAMs can stimulate 
the production of IL4 from CD(4)+ lymphocytes. 
	  



	   25	  

angiogenesis, and metastasis, and in suppressing antitumor immune responses 

[45,70,85,100–103] (Figure 1.4). Recently, an aptamer nanomolecule targeting IL4Rα 

on TAMs and MDSCs was shown to induce apoptosis and significantly delay the 

progression of 4T1 tumors in vivo [88].  A caveat to this study is that flow cytometry was 

used to determine aptamer selectivity for IL4Rα on TAMs and MDSCs, a method limited 

by markers identified by antibodies, and it is likely that IL4Rα located on other cells was 

also targeted. A separate study using immune competent human HER2 transgenic 

(hmHER2Tg) mice, showed that treatment with the anti-Il4 11B11 antibody reduced the 

levels of myeloid chemoattractants including CCL2, CCL11, and CXCL5 within tumors, 

and enhanced the anti-tumor response to trastuzumab by reducing the number of tumor 

infiltrating myeloid cells including TAMs [10]. These studies demonstrate that inhibition 

of myeloid cells within the immune compartment may be beneficial for cancer patients 

being treated with anti-type II IL4R therapies.   

In summary, the IL4/IL4R signaling axis can promote several hallmarks of 

cancer, and has the potential to promote metastasis.  Excitingly, therapeutic agents that 

target the IL4/IL4R signaling axis were designed for the treatment of other diseases 

such as asthma in human patients.  It is possible that these agents could be exploited 

as anti-cancer therapies, but further studies are needed. 

 

Dissertation Overview 

Normal epithelial tissues typically do not express IL4Rs, however many epithelial 

cancers including breast cancer and colon cancer upregulate expression of the type II 

IL4R consisting of the IL4Rα and IL13Rα1 chains [11,37,104].  The functional 
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significance of this expression in promoting epithelial tumor growth is an expanding area 

of research, with possible clinical relevance. Still, prior to this dissertation, there was no 

data regarding whether epithelial IL4R could drive the proliferation and survival of 

cancer cells in vivo for the promotion of metastatic tumor growth, and little data on what 

mechanisms regulate tumor growth and metastasis in response to IL4.  We focused our 

experiments in these areas using murine and human breast and colon cancer cell lines 

in vitro, and in vivo using syngeneic murine models of breast and colon cancer.  The 

prevalence of and mortality due to breast and colon cancer metastasis influenced the 

choice of using these tumor models to study the pro-tumorigenic and pro-metastatic 

roles of epithelial IL4R signaling in response to IL4.  In the U.S., colon cancer is the 

second most fatal cancer when both sexes are combined, and breast cancer is the 

second most fatal cancer in women [1].  As with most epithelial tumors, high mortality 

rates in breast and colon cancer patients are largely due to metastatic disease [1].  

In Chapter II, we hypothesize that IL4/IL4R signaling can promote the survival 

and proliferation of mammary cancer cells for enhanced metastatic colonization and 

outgrowth in the lung and liver.  We examine this by performing shRNA-mediated 

knockdown of IL4Rα in two murine mammary cancer cell lines, the PyMT-derived 

R221a line and the more aggressive 4T1 line.  The IL4Rα subunit of the IL4R was 

selected for knockdown as this single chain is present in both the type I and type II 

IL4R, and is critical for IL4R signaling.  We test the metastatic ability of these cells in 

experimental metastasis assays in immune competent mice to examine the influence of 

IL4Rα expression on metastatic lung and liver tumor growth.  Additional experimental 

metastasis assays with 4T1 cells in IL4 knockout mice were designed to test the 
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importance of host IL4 specifically in regulating metastatic tumor growth through 

epithelial IL4R, as both IL4 and IL13 can bind and activate this receptor.   

The activation of effector proteins downstream of the IL4/IL4Rα interaction in 

epithelial cancer cells are not well defined, and may differ depending on the cell type 

and which processes are being induced including enhanced proliferation or survival.   

Signaling pathways that control the promotion of metastasis in response to IL4 are 

explored in Chapter II by examining the contribution of IL4-activated pAKT, pERK, 

pmTOR to IL4-induced colonization ability in vitro using clonogenic assays.  These 

assays were chosen as they provide a controlled in vitro model for mimicking the 

colonization and outgrowth of metastases in response to IL4. 

In Chapter III, we hypothesize that the loss of IL4Rα in murine mammary cancer 

cells can also result in attenuated tumor growth at primary tumor sites, and that 

IL4/IL4Rα-induced glucose and/or glutamine metabolism can serve as a novel 

mechanism to support breast tumor growth.  To examine growth at the primary tumor 

site, we use R221a and 4T1 IL4Rα KD and sh-control cells in orthotopic injections into 

the mammary fat pads of syngeneic mice, and measure tumor latency and growth over 

time. The possibility that IL4 is capable of inducing glucose uptake and metabolism in 

murine mammary and human breast cancer cells is explored using flow cytometry to 

measure the uptake of a glucose analog, and by enzymatic assays detecting glucose 

consumption and lactate production after IL4 exposure.  Glutamine uptake in response 

to IL4 is also measured using enzymatic assays with murine and human breast cancer 

cell lines, and IL4Rα knockdown is used to confirm that these processes are regulated 

by the IL4/IL4Rα interaction.   
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To pinpoint possible mechanisms supporting IL4/IL4Rα-induced metabolism, we 

examine the upregulation of metabolite transporters in response to IL4 in murine 

mammary and human breast cancer cells.  Based upon the literature, we chose to 

examine the protein and mRNA expression of glucose transporter, GLUT1, and 

glutamine transporter, ASCT2.  In vivo, the contribution of IL4Rα expression to 

enhanced GLUT1 expression is examined in orthotopic tumors in wild-type mice, and 

the contribution of host IL4 to enhanced GLUT1 expression is examined in mammary 

lung tumor metastases using IL4 knockout mice.  Finally, we explore the contribution of 

glutamine and glucose metabolism to IL4-induced growth in vitro using small molecule 

inhibitors of metabolism in the presence or absence of IL4.  

In chapter IV, we seek to extend the ability of IL4 to promote metastasis to a 

second epithelial cancer, colon cancer, and we determine whether IL4-induced glucose 

uptake supports metastatic tumor growth in vivo using positron emission tomography 

(PET) scanning.  We also examine which glycolytic pathways are regulated in response 

to IL4 in murine colon cancer cells in vitro using comprehensive metabolic flux analysis 

(MFA).  MFA is a mass spectrometry-based technique that can be used to generate a 

quantitative map of the trafficking of 13C labeled nutrients through many metabolic 

pathways [105].  We use this method to measure possible changes in glycolysis, TCA 

cycle progression, and mitochondrial oxidative phosphorylation after IL4 treatment.  The 

transcriptional regulation of glycolytic genes in response to IL4 is also examined in 

murine colon cancer cells.  
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CHAPTER II 

 

IL4 RECEPTOR ALPHA REGULATES MATASTATIC COLONIZATION BY MAMMARY 

TUMORS THROUGH MULTIPLE SIGNALING PATHWAYS4 

 

Introduction 

Breast cancer is still the second leading cause of cancer-related deaths among 

women in the United States [1], and this is largely due to the high mortality rate in 

metastatic disease.  IL4 is upregulated in the microenvironment of breast carcinomas 

[106], and the IL4R is overexpressed by breast cancer cells themselves [11]. The 

IL4/IL4R interaction has been shown to enhance the proliferation and survival of breast 

cancer cells in vitro [6,7].  Yet, there is no data regarding the influence of IL4R 

expression on the proliferation and survival of breast cancer cells in vivo, or on 

metastatic tumor growth in general. Furthermore, activation of signaling pathways 

downstream of the IL4/IL4R interaction that mediate enhanced tumor growth remain 

largely unresolved in epithelial cancer cells, including breast cancer cells. Here, we 

investigate whether IL4Rα, a key component of the IL4R, can promote the metastatic 

colonization and outgrowth of mammary tumor cells, and explore the activation of Akt, 

Erk, and mTor as possible mediators of IL4/IL4R-induced colonization ability in vitro.  

 

 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
4 This work has been published as Katherine T. Venmar, Kathy J. Carter, Daniel G. Hwang, E. Ashley 
Dozier and Barbara Fingleton (2014) IL4 receptor ILR4α regulates metastatic colonization by mammary 
tumors through multiple signaling pathways, Cancer Research, 74, 4329-40 [31]. 
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Materials and Methods 

Cell Lines and Culture.  The 4T1 cell line was acquired from Dr. Albert Reynolds at 

Vanderbilt University.  PyVT-R221a cells were isolated from a polyoma middle T 

oncoprotein  (PyMT) tumor as previously described [107].  The R221a line was 

authenticated by expression of the polyoma antigen, and the morphology and growth 

rates of both cell lines were consistently monitored.  Cell lines were maintained in 

Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen) containing 10% fetal bovine 

serum (FBS, Atlanta Biologicals) at 37°C with 5% CO2.  Mission lentiviral small hairpin 

RNA (shRNA) particles (Sigma) targeting two different regions of murine IL4Rα 

(NM_010557) along with control non-target particles were used to infect 4T1 cells.  

Control non-target and specific murine IL4Rα-targeted shRNA lentiviral particles (Santa 

Cruz Biotechnologies) were used to infect R221a cells. Post-infection, shRNA-

expressing cells were selected with puromycin dihydrochloride (Sigma).  The percent of 

IL4Rα protein knockdown was calculated by densitometry in Adobe Photoshop 

following western blot analysis. 

Reagents and Antibodies.  Murine IL4 was purchased from BD Biosciences. The small 

molecule inhibitors, U1026 (EMD Millipore), Ly294002, and rapamycin (both Sigma) 

were dissolved in dimethylsulfoxide (DMSO, Sigma) and diluted with culture medium to 

the appropriate concentration for western blots and clonogenic assays.  The following 

antibodies were used to probe western blots: murine IL4Rα, Stat6, Erk2 and b-actin 

from Santa Cruz Biotechnologies, anti-pStat6 [pY641] from Invitrogen, pErk1/2 

[Thr202/Tyr204], Akt, pAkt [ser473], pAkt [Thr308], mTor, pmTor [ser2481], pmTor 

[ser2448], IRS1, and pIRS1 [ser612] from Cell Signaling Technology.  An IL4Rα-Fc 
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chimeric protein (R&D Systems) and isotype human IgG1k control antibody 

(SouthernBiotech) were used in clonogenic assays.  Commercial Arrays.  A human 

tissue array containing 16 stage-IIIa/IIIb and 34 stage-IIa/IIb primary breast carcinomas 

from patients with lymph node metastases, cat#BR10010a, was purchased from US 

Biomax.  The array was probed with antibodies for human IL4Rα (Santa Cruz 

Biotechnologies) and pStat6 [pY641] (Sigma). Samples were scored categorically as 

positive or negative for IL4Rα and pStat6.  Conditioned media (serum free) from R221a 

or 4T1 combined sh-control or IL4Rα KD clones was added to an antibody array to 

detect sixty-two murine secreted factors (RayBiotech Inc. #AAM-CYT-3-4) per 

manufacturer’s instructions.  Protein expression was quantified by densitometry in 

ImageJ relative to positive controls.   

Analysis of Murine Tumor Models. Animal procedures were conducted in accordance 

with Guidelines for the Care and Use of Laboratory Animals following approval by the 

Institutional Animal Care and Use Committee.  Female age-matched BALB/c, FVB/N, 

and BALB/c IL4-/- mice (BALB/c-Il4tm2Nnt/J, Jackson Laboratories) were used.  Two 

individual clones for each cell line (R221a or 4T1) were mixed to generate combined sh-

control or IL4Rα KD cells pre-injection.  Additional assays with 4T1 cells were 

performed using one KD clone, which recapitulated findings with combined clones. At 

necropsy, lungs were inflated with Bouin’s solution (Ricca Chemical Company) to 

facilitate surface tumor counts. Formalin-fixed, paraffin-embedded tissue sections from 

lungs and livers were stained with hematoxylin and eosin (H&E) to assess tumor 

burden.  Tissue sections were also stained with primary antibodies for IL4Rα (Santa 

Cruz Biotechnologies), Ki67 (Abcam), cleaved caspase-3 (Cell Signaling Technology), 
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Ly6B.2, CD3-ε, or F4/80 (AbD Serotec).  Additionally, lung sections were probed for 

pStat6 [pY641] (Sigma), pErk1/2 (Santa Cruz Biotechnologies), and pAkt [ser473] (Cell 

Signaling). Archival paraffin-embedded PyVT and orthotopic 4T1 and R221a sh-control 

mammary tumors were stained for IL4Rα and pStat6 and analyzed similarly to the 

human tissue array.  Biotinylated secondary antibodies were obtained from Vector Labs.  

Images were white balanced for presentation using Adobe Photoshop. 

Statistical Analysis.  All statistical analyses were performed using GraphPad Prism 

software.  For comparison of two conditions, data was analyzed using the parametric 

unpaired Student’s T test, or the nonparametric Mann-Whitney.  Otherwise ANOVA or 

Kruskal-Wallis with post-test was used.  In graphs, error bars represent the standard 

deviation, and P values are represented by stars where: * ≤.05, ** ≤ .01, and *** ≤ .001. 

 

Results 

IL4Rα is expressed and activated in human breast cancer and murine mammary cancer 

models.  

To examine the relative abundance and activation of IL4Rα in human breast 

cancers, we first immunostained a human tissue array consisting of 50 primary node-

positive breast cancer samples for IL4Rα and downstream phosphorylation of STAT6 

(pSTAT6).  A total of 82% of the samples were IL4Rα positive, and 42% were positive 

for both IL4Rα and pSTAT6 (Fig. 2.1A).  The majority of carcinomas were classifiable  
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by HER2 status (38 HER2 positive and 12 HER2 negative, of which 5 were triple 

negative).  However, sample numbers were too low to make statistically significant 

correlations between subtype and IL4Rα or pSTAT6 positivity.  Mammary tumors from 

the polyoma middle T oncogene transgenic mouse, and tumors resulting from orthotopic 

injection of R221a and 4T1 murine mammary cancer cells, were also positive for IL4Rα  

and pStat6 (Fig. 2.1B). Thus, human breast cancers and our murine models both show 

IL4 receptor expression and activation.	   

 

	  
Figure 2.1: IL4 receptor expression and activation in human breast cancers and 
murine models. A) Left: Representative images of a human tissue microarray (TMA) 
of breast carcinoma samples (n = 50) stained by immunohistochemistry for IL4Rα or 
pSTAT6.  Right: Summary of categorical (positive/negative) TMA staining results.  B) 
Representative images of IL4Rα and pStat6 immunostaining in murine mammary 
tumors (n=3 each). Scale bar = 100 µM.  Inset: negative staining controls, and one 
40X image (scale bar = 10 µM) of pStat6 in an R221a tumor.	  
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IL4Rα promotes the growth of murine mammary tumor metastases in the lung and liver. 

Since the IL4/IL4R interaction is species-specific, only murine mammary tumor 

cell lines could be used to study functional roles of IL4 receptor signaling in mouse 

models. The 4T1 line was derived from a spontaneous mammary cancer in a BALB/c 

mouse [108].  The R221A line came from a mammary tumor in an MMTV-PyVT 

transgenic mouse on the FVB/N background [107].  Using commercially available 

lentiviral particles carrying short-hairpin RNA, we generated two clones representing 

different knockdown sequences for the 4T1 line.  A separate mix of IL4Rα-targeted 

shRNA sequences was used to make two different clones of R221A cells.  

Corresponding sh-control lines made by expression of non-targeting shRNA sequences 

were also generated.  Western blot analysis confirmed a reduction (62-90%) in IL4Rα 

protein expression (Fig. 2.2A) and Stat6 activation in R221a and 4T1 IL4Rα knockdown 

(IL4Rα KD) clones compared to sh-controls (Fig. 2.2B).   

Combined sh-control or IL4Rα KD clones for each cell line (R221a or 4T1) were 

injected into the tail vein or spleen of age-matched female mice to examine colonization 

of lung and liver, respectively.  Immunohistochemical analysis confirmed that functional 

knockdown of IL4Rα was retained in vivo, as IL4Rα expression (Fig. 2.2C) and nuclear 

pStat6 levels (Fig. 2.2D) were significantly reduced in IL4Rα KD lung tumors compared 

to sh-control for both cell lines.   
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 Gross analysis of lung and liver tumor metastases was also performed following 

	  
Figure 2.2: Functional knock down of IL4Rα expression in vitro and in vivo.  A) 
Western blot illustrating the percent knockdown of IL4Rα protein expression and 
B) Stat6 activation in response to 20ng/mL IL4 in individual R221a and 4T1 
control (ctl) and IL4Rα KD (KD) clones.  C) Representative images and 
quantification of immunohistochemical staining for IL4Rα (40X, scale bar = 10 
µM) or D) pStat6 (20X, scale bar = 100 µM) in R221a and 4T1 sh-control and 
IL4Rα KD lung metastases (n = 4-6).  Inset: negative staining controls. *P <0.05, 
**P<0.01, ***P<0.001. 
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the tail vein and spleen injections, respectfully. The number of surface tumors on the 

lungs of tail vein injected mice was significantly reduced in tumors originating from 

IL4Rα KD clones for both the R221a and 4T1 cell lines (Fig. 2.3A).  In addition, gross 

liver weights of mice receiving splenic injections of R221a IL4Rα KD clones were 

significantly reduced compared to sh-controls, but no significant difference in liver 

weight was seen with the 4T1 line (Fig. 2.3B). Following gross examination, lungs and 

livers were serially sectioned for further analysis. Serial lung (Fig. 2.3C) and liver  (Fig. 

2.3D) sections were stained with H&E, and used to calculate tumor burden.  In both the 

R221a and 4T1 cell lines, reduced IL4Rα expression resulted in a significant decrease 

in metastatic lung and liver tumor burden (Fig. 2.3E, 2.3F).   
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Figure 2.3: The IL4/IL4Rα interaction promotes metastatic tumor growth in vivo.  A) 
Lungs of tail vein injected mice were inflated with Bouin’s solution prior to collection.  
The number of IL4Rα and sh-control lung surface tumors was quantified by eye using a 
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dissecting microscope for each cell line, R221a or 4T1 (n = 4-6).  B) Livers of mice 
receiving R221a or 4T1 IL4Rα KD or sh-control cells by splenic injection were weighed 
at necropsy.  Liver weights were normalized by dividing by mouse weight. C) 
Representative images of H&E stained lung and D) liver IL4Rα knockdown and sh-
control tumors. E) Quantification of tumor burden from H&E stained lung and F) liver 
sections (3 per mouse) from mice receiving R221a or 4T1 IL4Rα KD or sh-control cells 
(lung: n = 4-6, liver: n = 5-8).  G) Enumeration of lung surface tumors and H) 
quantification of lung tumor burden from H&E stained serial sections from Wild-type 
(WT) or IL4-/- (IL4 KO) mice receiving either 4T1 sh-control or IL4Rα KD clones by tail 
vein injection (n = 3-6).  *P <0.05, **P<0.01, ***P<0.001.	  
 

We previously determined that neither R221a nor 4T1 cells produce detectable 

levels of IL4 by Luminex analysis (data not shown), suggesting that the cellular source 

of IL4 in vivo is likely the host.  In order to determine the contribution of host IL4 to 

mammary cancer metastasis to the lung, as well as the significance of the IL4/IL4R 

interaction in vivo, wild-type (WT) or IL4-/- (IL4 KO) BALB/c mice were injected via tail 

vein with either combined sh-control or IL4Rα KD 4T1 clones.  Supporting the role of 

IL4 in promoting metastatic tumor growth, the number of lung surface tumors (Fig. 2.3G) 

and the lung tumor burden (Fig. 2.3H) at endpoint were significantly decreased in IL4 

KO mice compared to WT mice receiving sh-control cells. These results suggest that 

the IL4/IL4Rα interaction is a strong promoter of lung metastatic tumor growth in vivo.  

 

IL4Rα-associated survival and proliferation contribute to metastatic colonization and 

outgrowth.  

The metastatic seeding and outgrowth ability of R221a and 4T1 clones was 

estimated by quantifying tumor number and area, respectively, from the H&E-stained 

lung and liver sections (Fig. 2.3C, 2.3D).  The ability of R221a IL4Rα knockdown clones 

to seed tumors was significantly reduced in both the lung (Fig. 2.4A) and liver  (Fig. 
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2.4B) compared to sh-control clones.  While the same was true for 4T1 IL4Rα KD 

clones compared to sh-controls in the lung (Fig. 2.4A), the decrease in seeding ability in 

the liver was not significant (Fig. 2.4B). However, in both cell lines reduced IL4Rα 

expression resulted in a significant decrease in lung (Fig. 2.4C) and liver tumor 

outgrowth (Fig. 2.4D). In addition to quantifying tumor number and size, lung and liver 

metastases were stained for cleaved caspase-3 (apoptosis marker) and Ki67 

(proliferation marker) to further examine the role of IL4Rα in promoting the survival and 

outgrowth of metastatic tumors.  Representative images for each immunohistochemical 

stain are shown in Figure 2.5.  Differences in cleaved caspase-3 in the lungs of mice  

	  
Figure 2.4: IL4Rα promotes metastatic seeding and outgrowth. A) Enumeration of 
R221a or 4T1 IL4Rα KD and sh-control lung and B) liver metastatic tumors per 
mouse (lung: n = 4-6, liver: n = 5-8) from H&E stained sections (3 per mouse).  C) 
Quantification of individual lung or D) liver tumor areas from the same H&E sections. 
*P <0.05, **P<0.01, ***P<0.001. 
 
	  



	   40	  

receiving either R221a or 4T1 IL4Rα KD cells by tail vein injection were not statistically 

significant (Fig. 2.6A).  In R221a tumors this was likely due to the lack of assessable  

	  
Figure 2.5: Immunohistochemical analysis of survival and proliferation in lung and 
liver metastases.  A) Representative images of Caspase-3 and B) Ki67 staining of 
lung metastases from mice receiving R221a or 4T1 IL4Rα KD or sh-control cells 
by tail vein injection.  C) Representative images of Caspase-3 and D) Ki67 
staining of liver metastases from mice receiving R221a or 4T1 IL4Rα KD or sh-
control cells by splenic injection.  Images taken at 20X magnification (scale bar = 
100 µM). )  Inset: negative staining controls.  E) Representative 40X images of 
R221a samples depicted in A&B (scale bar = 10 µM). 
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staining within very small KD tumors.  Quantification of cleaved caspase-3 staining in 

liver metastases revealed a significant increase in apoptosis in IL4Rα KD tumors of 

R221a, but not 4T1 recipient mice compared to sh-control (Fig. 2.6B).  Ki67 staining 

results were more consistent in that mice receiving either R221a or 4T1 IL4Rα KD cells 

exhibited a significant reduction in proliferation in both lung (Fig. 2.6C) and liver 

metastases (Fig. 2.6D).  These data suggest that IL4Rα promotes the growth of murine 

mammary cancer cells at metastatic tumor sites through enhanced survival and 

colonization ability and increased proliferation for outgrowth. 

	  
Figure 2.6: IL4Rα-associated survival and proliferation contribute to metastatic tumor 
growth.  A) Enumeration of R221a or 4T1 IL4Rα KD and sh-control lung and B) liver 
metastatic tumors per mouse (lung: n = 4-6, liver: n = 5-8) from H&E stained sections 
(3 per mouse).  C) Quantification of individual lung or D) liver tumor areas from the 
same H&E sections.  E) Quantification of total cleaved caspase-3 positive area per 
total IL4Rα KD or sh-control lung or F) liver tumor area for each mouse (lung: n = 4-
6, liver: n = 5-8).  G) Quantification of the total number of Ki67 positive cells per 
IL4Rα KD or sh-control tumor area for each mouse lung or H) liver (lung: n = 3-6, 
liver: n = 5-8).  *P <0.05, **P<0.01, ***P<0.001. 
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Changes in immune infiltration contribute to IL4Rα-enhanced metastasis. 

 Increases in infiltrating immune cells could aid in the clearance of IL4Rα KD 

tumor cells with reduced survival ability, thus decreasing metastatic tumor size.  We 

therefore quantified infiltrating immune cells in R221a and 4T1 sh-control and IL4Rα KD 

lung and liver metastases by immunohistochemical staining of neutrophils (Ly6B.2 

positive), macrophages (F4/80 positive), and T lymphocytes (CD3 positive) (R221a: Fig. 

2.7, 4T1: Fig. 2.8).  There was an upward trend or significant increase in the number of  
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Figure 2.7: Immunohistochemical staining of immune infiltrates in R221a lung and 
liver metastases.  Representative images of A) neutrophils, B) macrophages, and C) 
T lymphocytes in R221a IL4Rα KD or sh-control lung metastases (20x magnification: 
scale bar = 100 µM, 40X magnification: scale bar = 10 µM). Note different tumors are 
represented in 20X and 40X images to show multiple examples. Inset are examples 
of negative staining controls.  
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Figure 2.8: Immunohistochemical staining of immune infiltrates in 4T1 metastases.  
Representative images of A) neutrophils, B) macrophages, and C) T lymphocytes in 
4T1 lung and liver IL4Rα KD or sh-control metastases. Images are 20x magnification, 
scale bar = 100 µM.  Inset: examples of negative staining controls.  
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in each of these immune cell types in R221a and 4T1 lung and liver IL4Rα KD 

metastases compared to sh-control (R221a: Fig. 2.9, 4T1: Fig. 2.10). 

	  

Figure 2.9: IL4Rα expression on R221a cells is associated with changes in immune 
infiltration.  Quantification of A) neutrophils, B) macrophages, and C) lymphocytes from 
immunostained lung and liver sections of mice receiving R221a or IL4Rα KD or sh-control 
cells (n = 4-7). *P <0.05, **P<0.01, ***P<0.001. 
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 Higher levels of immune infiltrates within KD tumors could result from an 

increased expression of pro-inflammatory cytokines.  To examine this, a murine 

cytokine array was used to test conditioned media from combined R221a or 4T1 sh-

control or IL4Rα KD clones for the expression of sixty-two secreted factors.  Five factors 

associated with recruitment of immune cells (MIG, IL-1a, Lix, Eotaxin, SCF, and MIP-3) 

were modestly upregulated by IL4Rα KD clones in comparison to sh-control clones for 

	  
Figure 2.10: IL4Rα expression on 4T1 cells is associated with changes in immune 
infiltration.  Quantification of A) neutrophils, B) macrophages, and C) lymphocytes 
from immunostained lung and liver sections of mice receiving 4T1 IL4Rα KD or sh-
control cells in experimental metastasis assays (n = 3-7).  *P <0.05, **P<0.01, 
***P<0.001.  
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both cell lines (Fig. 2.11).  Macrophage inflammatory protein-2 (MIP-2) was the only 

cytokine that increased greater than 2-fold in KD clones for both cell lines.   

 Leptin receptor has no known direct role in immune cell recruitment, however this 

protein was also upregulated greater than 2-fold by both R221a and 4T1 KD clones.  

Thus, while it is possible that increased MIP-2 production from IL4Rα KD clones may 

lead to enhanced leukocyte recruitment, we were unable to identify robust patterns of 

cytokine production that differed between sh-control and IL4RαKD cells. 

 

IL4-activated Akt, Erk and mTor mediate colonization ability of mammary cancer cells. 

Our in vivo data establishes that the IL4 receptor mediates enhanced 

colonization of mammary cancer cells at metastatic sites, and that host IL4 promotes 

the growth of lung tumor metastases.  Therefore, we used exogenous IL4 to elucidate 

signaling pathways that control IL4Rα-induced colonization ability in vitro.  

	  
Figure 2.11: IL4Rα expression is associated with changes in cytokine production. 
Quantitation of the fold change in protein levels from R221a and 4T1 IL4Rα KD and 
sh-control conditioned media, assessed using a commercial cytokine array and 
densitometry.  Proteins increased in IL4Rα KD clones for both cells lines that have 
potential to regulate immune recruitment are bracketed.   
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Demonstrative of functional IL4/IL4Rα signaling, treatment of R221a and 4T1 mammary 

cancer cells with IL4 resulted in the activation of Stat6 (Fig. 2.12).  Erk1/2 and Akt 

[ser473] were also phosphorylated in response to IL4 in both cell lines, while Akt 

[thr308] was only robustly phosphorylated in R221a cells (Figure 2.12).  Consistent with  

IRS1 inactivation and degradation [15,16], IRS1 [ser612] was also phosphorylated in 

response to IL4 in both cell lines in a temporal manner, and total IRS1 levels initially 

increased then rapidly decreased in the 4T1 cell line (Figure 2.12).   

 We next confirmed the specificity of the IL4/IL4Rα interaction in promoting 

colonization ability in vitro.  R221a or 4T1 combined sh-control or IL4Rα KD cells were 

plated at clonal density in the presence or absence of IL4 with an IL4 blocking decoy 

	  
Figure 2.12: IL4 activates Stat6, Akt, Erk, and IRS1 in mammary cancer cells. 
Representative western blots were completed using whole cell lysates from 
combined R221a or 4T1 sh-control clones, and 20 ng/mL IL4. Timecourse analysis of 
effector proteins activated within 40 minutes of IL4 treatment is shown.  
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receptor (IL4Rα-FC), or an immunoglobulin G (IgG) control.  The ability of IL4Rα-FC to 

neutralize IL4-induced Stat6 activation at the dose used in clonogenic assays was 

confirmed by western blot (Fig 2.13A).  As expected, the significant increase in 

colonization ability in response to IL4 was blocked by the addition of IL4Rα-FC in 

control clones, but neither IL4 nor IL4Ra-FC had a significant effect on the colonization 

	  
Figure 2.13: The IL4/IL4Rα interaction promotes colonization ability in vitro. A) 
Western blot analysis of the ability of the IL4Rα decoy receptor (FC) to block IL4-
induced activation of Stat6 in combined R221a or 4T1 sh-control clones. B) The 
number of colonies formed by R221a or 4T1 sh-control clones or C) IL4Rα KD clones 
was quantified using a Gelcount® instrument.  For A-C, cells were treated with 0.2 
µg/mL human IgG, 0.2 µg/mL IL4 blocking decoy receptor (FC), and/or exogenous 
IL4 (R221a: 2 ng/mL, 4T1: 10 ng/mL).  *P <0.05, **P<0.01, ***P<0.001. 
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ability of IL4Rα KD clones for either cell line (Fig. 2.13B). We then used small molecule 

inhibitors to test the contribution of IL4-actived Erk and Akt to IL4-induced colonization 

ability.  U1026 was used to inhibit the activity of Erk1/2 [111], and LY294002, a known 

PI3K inhibitor, was used to inhibit Akt phosphorylation at both sites (thr308 and ser473) 

[112].  First, the effective dose of inhibitor that decreased colony formation by 50% 

(ED50) was determined for each cell line (data not shown).  Prior to colonization 

assays, selected drug doses were confirmed to inhibit IL4-induced activation of pErk1/2 

or pAkt [thr308/ser473], by western blot (Fig. 2.14).  Suggesting that IL4-activated  
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Erk1/2 promotes initial colonization, U1026 treatment in both cell lines blocked IL4-

induced colony formation (Fig. 2.15A). Treatment with LY294002 also blocked IL4-

induced colony formation in the 4T1 cell line, but not the R221a line (Fig. 2.15B). A 

potential complication with LY294002 is that it also inhibits mammalian target of 

rapamycin (mTor) at concentrations slightly higher than the 50% inhibitory concentration 

(IC50) of PI3K [113]. We therefore also tested the effect of rapamycin.  In both cell lines, 

combined IL4 and rapamycin treatment significantly reduced colony formation 

compared to IL4 treatment alone (Fig. 2.15C).  We then discovered by

	  
	  
Figure 2.14: Pharmacologic Inhibition of IL4-activated Stat6, Akt, Erk, and mTor.   
U1026 (R221a: 10 µM; 4T1: 15 µM) inhibits IL4-activated pErk1/2, LY294002 
(R221a: 5 µM; 4T1: 8 µM) inhibits IL4-activated pAkt, and rapamycin (R221a: 5 nM; 
4T1 3 nM) inhibits pmTor. 
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western blot that rapamycin treatment resulted in strong inhibition of IL4-activated mTor 

ser2481, but not mTor ser2448, indicating that activated mTorc2 rather than mTorc1 

may be important in regulating IL4-induced colony formation (Fig. 2.14). To evaluate 

whether the signaling pathways identified in vitro were relevant in vivo, we 

immunostained for pAkt [ser473], pErk1/2, and pmTor [ser2481] in R221a and 4T1 sh-

	  
Figure 2.15: The IL4/IL4Rα interaction promotes colonization ability via Erk, Akt, and 
mTor activation.  R221a or 4T1 combined sh-control clones were seeded +/- IL4 
(R221a: 2ng/mL, 4T1: 10 ng/mL) and +/- drug. A) U1026 (R221a: 10 µM, 4T1: 15 
µM) inhibits IL4-induced colony formation.  B) LY294002 inhibits colony formation in 
4T1 cells (8 µM), but not R221a cells (5 µM).  C) Rapamycin (R221a: 5 nM, 4T1 3 
nM) inhibits IL4-induced colony formation.  D) Quantification of pErk1/2 and E) pAkt 
[ser473] immunostaining in R221a and 4T1 IL4Rα KD and sh-control lung 
metastases.  The percent positive area per mouse (n = 4-6) is shown.  *P <0.05, 
**P<0.01, ***P<0.001. 
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control and IL4Rα KD lung metastases (Fig. 2.16A-C).  The anti-pmTor  [ser2481] 

antibody selectively labeled mitotic cells with high intensity and did not provide useful 

information.  However, we were able to confirm a significant reduction in both pErk1/2 

and pAkt [ser473] in IL4Rα KD R221a and 4T1 lung metastases compared to sh-

controls (Fig. 2.16D, 2.16E). 

 

	  

	  
	  

Figure 2.16: Reduced IL4Rα expression results in reduced Erk and Akt activation in 
lung metastases. A) Representative images of immunostaining for pErk1/2 and B) 
pAkt [ser473] in R221a and 4T1 sh-control and IL4Rα lung metastases (20X 
magnification, scale bar = 100 µM).  Inset are negative staining controls.  C) 
Representative 40X images of additional tumors in the same R221a samples shown 
in A&B (scale bar = 10 µM). D) Quantification of pErk1/2 and E) pAkt [ser473] 
immunostaining in R221a and 4T1 IL4Rα KD and sh-control lung metastases.  The 
percent positive area per mouse (n = 4-6) is shown.  *P <0.05, **P<0.01, ***P<0.001. 
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Discussion 

The biological effects of the IL4/IL4Rα interaction have recently been extended 

from immune cells to epithelial cancer cells expressing the Type II IL4R (IL4Rα and 

IL13Rα1 chains). Previous studies have established the importance of this interaction in 

promoting pro-tumorigenic phenotypes including proliferation and survival ability in 

several types of epithelial cancers [30].  However, the majority of these studies utilized 

in vitro assays and subcutaneous xenograft models in nude mice.  Here, we have 

established the relevance of IL4Rα expression in human breast cancer and in two 

syngeneic murine models of breast cancer. Using murine models we have defined a 

novel role of epithelial IL4Rα in promoting metastatic mammary tumor growth. 

Using R221a and 4T1 IL4Rα knockdown (KD) clones and wild-type mice in 

experimental metastasis assays we demonstrated that reduced IL4Rα expression 

results in significantly attenuated metastatic tumor burden in both the lung and the liver. 

This reduced burden was also seen in the lungs of IL4-/- mice injected with control cells, 

indicating that reducing either the ligand or receptor can attenuate metastatic growth.  

Notably, IL4-/- mice injected with IL4Ra KD cells showed a greater reduction in tumor 

burden than either IL4-/- or IL4Ra KD alone.  This could be partially explained by 

incomplete KD of IL4Rα, but may also reflect a role for the other type II IL4R ligand, 

IL13 in vivo.  

Decreased metastatic ability of IL4Rα knockdown clones was attributed to 1) 

reduced tumor cell survival as determined by seeding ability (number of tumors) and an 

increase in apoptosis by cleaved caspase-3 positivity, and 2) a reduction in proliferation 

determined by tumor outgrowth ability (tumor size) and a decrease in Ki67 positivity.  In 
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some cases, differences in these parameters were not significant at endpoint, which 

may be attributable to changes that occurred earlier in tumor development.  Additionally, 

there are large differences in the growth rates of the cell lines.  The aggressive and 

highly metastatic 4T1 line is typically used to establish models representative of clinical 

stage 4 breast cancer whereas R221a cells rarely metastasize spontaneously, and may 

represent less aggressive breast cancers. This growth disparity is most evident in the 

H&E stained images of the 4T1 livers, where large tumors were difficult to delineate 

from each other.   

In addition to proliferation and survival, we examined whether immune infiltrates 

contributed to the reduction in KD tumor size.  We saw increases in almost all leukocyte 

populations examined in both R221a and 4T1 KD metastases.  Thus our results overall 

suggest that more efficient clearance of KD tumor cells could contribute to the reduction 

in tumor size visualized at endpoint compared to sh-control tumors. 

It is feasible that enhanced production of pro-inflammatory cytokines from IL4Rα 

KD cells could recruit immune cells to these tumors.   However, out of sixty-two 

secreted pro-inflammatory factors examined by cytokine array, only MIP-2 was 

increased greater than 2-fold by IL4Rα KD cells in comparison to sh-controls for both 

cell lines. MIP-2 secreted from epithelial cells enhances neutrophil and lymphocyte 

recruitment [114].  Leptin/leptin receptor signaling reportedly induces MIP-2 production 

in pre-neoplastic colon cells [115]. Therefore, the increased expression of leptin (> 1.5-

fold) and its receptor (> 2-fold) within IL4Rα KD tumors could also facilitate neutrophil 

and lymphocyte recruitment. Still, strong patterns of cytokine production from IL4Rα KD 
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cells were lacking, indicating that other mechanisms may contribute to IL4Rα-induced 

survival and proliferation ability at metastatic sites.   

The Jak/Stat6 pathway is activated by the IL4/IL4Rα interaction in lymphoid cells 

[8], and in several epithelial cancer cell types including breast cancer [41].  We were 

able to confirm activation of IL4R in vitro via phosphorylation of downstream Stat6 in 

response to IL4.  Stat6 has been shown to regulate pro-metastatic processes including 

migration and invasion [69] and enhanced survival and proliferation in vitro [4, 7, 21], 

although one study showed that Stat6 activation decreased between ductal carcinomas 

in situ and invasive breast ductal carcinomas [116]. That study did not examine IL4Rα 

expression, or other IL4/IL4Rα-activated pathways including PI3K/Akt and MAPK/Erk 

that may be important for the promotion of metastatic phenotypes in vivo.  

Using the Mek inhibitor, U1026, we determined that IL4-activated Erk1/2 

promotes the colonization ability of mammary cancer cells in vitro.  The PI3K/Akt 

pathway inhibitor, LY294002, blocked IL4-activated Akt in both cell lines, but only 

abrogated colony formation in the 4T1 line. The R221a cells express the middle T 

oncoprotein, a strong driver of constitutive PI3K/Akt and Src kinase activity, which would 

be unaffected by LY294002 treatment [117]. These results confirm previous reports that 

activation of Akt in response to IL4 is cell type/context dependent [5, 12].  

We next examined whether IL4-activated mTor could promote IL4-induced 

colony formation for two reasons: 1) Akt was phosphorylated at ser473 in both cell lines 

in response to IL4; and 2) LY294002 is known to fit in the active catalytic domain of 

mTor and inhibit its activity at slightly higher concentrations than the IC50 for PI3K 

inhibition [113].  Rapamycin, a potent mTorc1 inhibitor, has also been shown to inhibit 
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ser2481 phosphorylation and mTorc2 [119].  Use of this compound in vitro 

demonstrated that IL4-activated mTorc2 [ser2481], but not mTorc1 [ser2448], is a 

potent promoter of colonization ability in both the R221a and 4T1 cell lines. Our findings 

are consistent with a previous report demonstrating that mTorc2 but not mTORC1 

mediates the survival of breast cancer cells [120].   

Insulin receptor proteins (IRS) proteins mediate the activation of several signaling 

pathways in response to IL4 [27,28]. IRS1 expression in breast cancers is often 

decreased in high-grade invasive tumors compared to well-differentiated tumors 

[24,31,32]. Also, IRS1 in murine lung metastases is inactivated by serine 

phosphorylation, and loss of IRS1 expression in murine mammary cancer cells led to 

increased lung metastases [125].  Serine phosphorylation of IRS1 for inactivation and/or 

proteasomal degradation is known to be mediated by several kinases including mTor, 

Akt, and Mapk [126], three effector proteins activated in response to IL4. In R221a and 

4T1 cells, ser612 is phosphorylated in a time dependent manner after IL4.  This may 

explain the eventual decrease of total IRS1 protein levels in 4T1 cells.  These results 

indicate that IL4 signaling may induce the inactivation and proteasomal degradation of 

IRS1, thus removing a potential metastasis-suppressor. 

In conclusion, we have demonstrated for the first time that the IL4/IL4Rα 

interaction promotes mammary metastatic tumor growth, and that loss of IL4Rα in 

mammary cancer cells results in reduced survival and proliferation and decreased 

colonization and outgrowth at metastatic sites.  It is known that the Mapk/Erk, and 

PI3K/Akt/mTor signaling axes are potent drivers of breast cancer growth [26,27].  We 

have shown that Erk, Akt, and mTor are downstream effectors of the IL4Rα-associated 



	   58	  

pro-metastatic colonization phenotype. Additionally, suppression of IRS1 signaling may 

be another mechanism by which IL4/IL4Ra   promotes mammary cancer metastatic 

tumor growth. Overall, systemic inhibition of IL4Rα may have promise as an anti-cancer 

therapy, provided that any adverse effects on immune cells that signal through the type 

I IL4 receptor could be minimized.  Significantly, modified IL4 ligands termed 

“superkines,” are capable of specifically targeting the type II IL4 receptor, and are being 

tested for improving cytokine therapy selectivity [95].  We raise the possibility of using 

such agents to target the type II IL4 receptor on breast cancer cells as a novel means to 

thwart metastatic tumor growth.   
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CHAPTER III 

 

IL4 RECEPTOR ALPHA MEDIATES ENHANCED GLUCOSE AND GLUTAMINE 

METABOLISM TO SUPPORT BREAST CANCER GROWTH5 

 

Introduction 

Using two immune competent murine tumor models, we have defined IL4Rα 

expression in mammary cancer cells as a strong promoter of metastatic tumor growth 

by mediating increased proliferation and survival ability [31].  Enhanced glucose and 

glutamine consumption and metabolism support these same pro-growth phenotypes in 

cancer cells and activated lymphocytes [6,65,5,59,60].  In B lymphocytes, IL4 increases 

the expression of GLUT1 for increased glucose uptake and metabolism to lactate [5], 

along with the expression of other genes encoding glycolytic enzymes [66]. The major 

cancer-related glutamine transporter for increased glutamine uptake, ASC amino-acid 

transporter 2 (ASCT2) [61,62], is expressed by a variety of breast cancer subtypes 

including human luminal A, luminal B, HER2 positive, and triple negative [129]. Here, 

we investigate whether IL4 can enhance the expression of GLUT1 and ASCT2 and 

glucose and/or glutamine metabolism in breast cancer cells expressing IL4Rα to 

promote breast cancer growth. 

 

 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
5 This work has been published: Katherine T. Venmar, Danielle W. Kimmel, David E. Cliffel, and Barbara 
Fingleton (2015) IL4 receptor mediates enhanced glucose and glutamine metabolism to support breast 
cancer growth, Biochemical and Biophysics Acta, 1853(5):1219-28 [145]. 
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Materials and Methods 

Cell Lines and Culture.  The MDA-MB-231 human breast cancer cell line, acquired from 

the American Type Culture Collection (ATCC), was transfected with SureSilencing 

small hairpin RNA (shRNA) plasmids directed toward three different regions of human 

IL4Rα (NM_000418) or with control non-target plasmids (SABiosciences) using 

Lipofectamine™ (Invitrogen).  Individual sh-control and IL4Rα knockdown clones were 

selected by limiting dilution in 400 µg/mL hygromycin (Invitrogen). Immunoblotting 

followed by densitometry analysis in Adobe Photoshop was used to calculate the 

percent of IL4Rα protein knockdown. The sources for PyVT-R221a (R221a) and 4T1 

cells, and the validation of shRNA-mediated knockdown of IL4Rα in these murine 

mammary cancer cell lines was previously described [31].  Cells were maintained at 

37°C with 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM, Corning) containing 

10% fetal bovine serum (FBS, Atlanta Biologicals), and the appropriate selection agent.  

DMEM containing 2% FBS was used in all experimental assays shown.  

Western Blot Analysis.  Whole cell lysates collected with radioimmunoprecipitation 

assay (RIPA) lysis buffer containing protease inhibitors (Roche Applied Science), and 

sonicated as necessary, were used for western blots. Lysates used for GLUT1 blots 

were also deglycosylated by treatment with PNGase F (New England Biolabs).  Primary 

antibodies were obtained from Santa Cruz Biotechnologies (human and murine IL4Rα, 

and murine ASCT2), Millipore (Human ASCT2), Abcam (GLUT1), or Cell signaling (β-

actin) and immunoblotting performed as previously described [31].   

Murine Tumor Models.  All animal procedures were conducted in accordance with 

Guidelines for the Care and Use of Laboratory Animals following approval by the 
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Institutional Animal Care and Use Committee.  Age-matched female BALB/c and FVB/N 

mice (Jackson Laboratories) were used for orthotopic injections into the 4th mammary 

gland (2.5x105 4T1 cells per BALB/c mouse or 2.5x105 R221a cells per FVB mouse). 

Prior to injection, individual clones for each cell line (R221a or 4T1) were harvested and 

combined to generate combined sh-control or IL4Rα KD samples. The time to initial 

mammary tumor palpation was documented as tumor latency.  Weekly caliper 

measurements were used to calculate tumor volume for growth rates.  Mice were 

sacrificed when tumors reached 1 cm in any dimension.   4T1 injections were repeated 

with 2.5x105 cells for 6 days. At necropsy, these mammary tumors were formalin-fixed, 

paraffin-embedded, and sectioned for immunohistochemical analysis. In a separate 

study, R221a and 4T1 sh-control and IL4Rα knockdown cells were labeled with cell 

tracker red (Life Technologies) for one hour prior to injection.  These mice were 

sacrificed 48 hours post-injection and mammary glands were homogenized and 

analyzed by flow cytometry to assess the initial seeding ability of tumor cells. 

Immunohistochemical Analysis of Tissue Sections.  Tissue sections of 4T1 orthotopic 

tumors or archival 4T1 lung metastases were stained by immunohistochemistry using 

citrate antigen retrieval, and primary antibodies, GLUT1 (Abcam) against Ki67 (Abcam), 

or cleaved Caspase-3 (Cell Signaling Technology) as previously described [31].  At 

least three separate orthotopic tumor areas and four separate metastatic lung tumors 

per mouse were imaged at 20X objective magnification where 372 pixels is equivalent 

to 100 microns.  The positively stained area per tumor pixel area was measured by 

thresholding using Metamorph software.   

Analysis of Glucose and Glutamine Metabolism.  Direct glucose uptake was measured 



	   62	  

using a glucose uptake cell-based kit (Cayman Chemical).  4T1 parental cells were 

seeded in 2% FBS DMEM (250,000 cells/well in 12-well plates).  Post-attachment the 

media was replaced with 2% FBS DMEM with recombinant murine IL4 (BD 

Biosciences) or 0.1% BSA in PBS (BSA-PBS) as a vehicle control, and cells were 

allowed to grow for 22 hours.  Media was removed and replaced with glucose-free and 

serum-free DMEM +/- 100 µg/mL 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-

Deoxyglucose (2-NBDG) and +/- 10 ng/mL IL4 or vehicle control for 2 hours. 2-NBDG 

positive cells were detected by flow cytometry.  In long-term metabolism assays, cells 

(4T1 200,000: cells/plate or MDA-MB-231: 300,000 cells/plate for 4 days, or 500,000 

cells/plate for 3 days) were seeded in 10 cm2 plates in DMEM containing 2% FBS. Post 

attachment, human or murine IL4 diluted in BSA-PBS or the BSA-PBS vehicle control 

was added to each plate.  IL4 or BSA-PBS was added to existing media every other day 

for the duration of each study. At each time point, media was collected from the plates, 

spun at 1,000 rpm for 5 min, aliquoted, and frozen at -80°C before being thawed, 

diluted, and analyzed for metabolites.   

Glucose consumption, glutamine consumption, and L-lactate production were 

measured using commercial kits per the manufacturer’s colorimetric protocol (glucose 

and glutamine kits from BioAssay Systems and L-lactate kit from Cayman Chemical).  

The metabolite consumption and production values from the media were normalized to 

the corresponding total amount of protein in each plate as determined by bicinchoninic 

acid (BCA, Thermo Scientific) assay of cell lysates.  Lysates collected were also 

analyzed by western blot for GLUT1 and ASCT2 expression.  RNA was extracted from 

a separate set of plates using QuickRNA Mini-prep (Zymo Research), and real time RT-
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PCR was performed using custom primers (Invitrogen) against human and murine 

GLUT1 and ASCT2 (Primer sequences and sources are provided in Supplemental 

Table 1).  The ΔΔCT method was used to quantify changes in gene expression 

normalized to the expression of the human or murine ribosomal 18S subunit.   

Assays with Pharmacologic Inhibitors.  The glycolysis inhibitor, 2 Deoxy-D-glucose 

(2DG, Acros Organics), was dissolved in sterile water, and the glutaminase inhibitor, 

968 (Calbiochem), was dissolved in DMSO.  The compounds were then diluted in 

DMEM with 2% FBS for each experiment.  Cell number in response to IL4 in the 

presence or absence of 2DG or 968 was quantified using a CyQUANT® proliferation 

assay (Life Technologies), per the manufacturer’s protocol.  In all CyQUANT® assays, 

cells were seeded (4T1: 10,000 cells/well, MDA-MB-231: 8,000 cells/well, in 48-well 

plates) in 2% FBS DMEM, and allowed to attach before the media was removed and 

replaced with 2% FBS DMEM containing IL4 (BD Biosciences), the appropriate drug 

treatment, or vehicle control.  Cells were allowed to grow for 48 hours in the presence of 

treatment prior to cell number analysis. 

EdU Proliferation Assays.  4T1 cells or MDA-MB-231 cells were seeded in 8-well 

chamber slides (10,000 cells/well) in DMEM containing 2% FBS.  After attachment, 

media was replaced with 2% FBS DMEM with IL4 or PBS vehicle control, and cells 

were allowed to proliferate for 46 hours.  10 µM EdU (Invitrogen) was added for the 

remaining two hours of the 48 hour studies.  Cells were washed, fixed with 10% 

buffered formalin, and cells incorporating EdU (cells in S phase) were labeled by Alexa 

Fluor® azide dye (594 nm or 488 nm wavelength, Invitrogen) with 10 mM copper in a 

.5M ascorbic acid and 1.5M Tris-HCL (pH 8.5) aqueous solution.  Hoechst 33258 was 
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used to stain cell nuclei.  Slides were imaged at 20X objective magnification, with three 

images taken per well, and four wells per condition. The number of azide dye and 

Hoescht positive cells were quantified after thresholding in ImageJ software, and used 

to calculate the percent of cells in S phase for each image. 

Recombinant IL4.  Each batch of recombinant human and murine IL4 obtained from BD 

Biosciences was tested for maximum effective dose using the CyQUANT® assay 

described above for each cell line prior to use in experiments since specific activity 

differed from lot to lot.  In all experiments, the dose of IL4 ranged from 10-20 ng/mL 

depending on its measured mitogenic activity. 

Statistical Analysis.  GraphPad Prism software was used to perform all statistical 

analyses.  ANOVA analysis or Kruskal-Wallis with post-test was used when comparing 

more than two conditions.  Otherwise, the parametric unpaired Student’s T test, or the 

nonparametric Mann-Whitney test were used.  In graphs, error bars represent the 

standard deviation, and P values are represented by stars where: * ≤.05, ** ≤ .01, and 

*** ≤ .001. 

 

Results 

IL4Rα promotes mammary tumor growth at the primary site. 

Having already established that IL4Rα is a strong promoter of metastatic 

mammary tumor growth in the lung and liver [31], we then asked whether IL4Rα 

expression can affect mammary tumor latency and growth at the primary tumor site.  

For these studies, we used orthotopic injection models with R221a and 4T1 sh-control 

or IL4Rα knockdown cells. In contrast to the large tumors formed by sh-control cells, 
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FVB mice receiving R221a IL4Rα knockdown cells never formed palpable tumors (Fig. 

3.1A). Mice receiving sh-control 4T1 cells developed tumors on average 4 days earlier 

than mice receiving IL4Rα knockdown 4T1 cells, although this difference in latency 

did not reach significance (Fig. 3.1A).  For both the 4T1 and R221A cell lines, there was 

a significant reduction in IL4Rα knockdown tumor size at endpoint (Fig. 3.1B).  Analysis 

by flow cytometry showed no difference in the number of labeled sh-control or IL4Rα 

	  
 
Figure 3.1: Loss of IL4Rα results in reduced mammary tumor latency and tumor 
volume at the primary site. R221a or 4T1 sh-control (Ctl) or IL4Rα knockdown (KD) 
cells were orthotopically injected into the 4th mammary gland of mice.  A)  
Representation of tumor latency for R221a (left, p < .0001) and 4T1 (right, p = NS) 
mammary tumors (R221a n = 16; 4T1 n = 14).  B) R221a and 4T1 mammary tumor 
volume at endpoint, as calculated from caliper measurements of tumor length and 
width (n = 14-16).  C) Quantification by flow cytometry of the number of cell tracker 
red positive tumor cells in the mammary glands of mice 48 hours post-injection (n = 
6-8).  *P <0.05, **P<0.01, ***P<0.001. 
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knockdown R221a or 4T1 cells in the mammary glands 48 hours post-injection (Fig. 

3.1C).  This indicates that disparities in R221a tumor latency and R221a and 4T1 IL4Rα 

knockdown tumor size at endpoint were not due to fewer IL4Rα knockdown cells 

surviving the initial injection.  

 The growth rates of mammary tumors originating from IL4Rα knockdown clones 

were significantly reduced compared to sh-control tumors for both cell lines (Fig. 3.2A). 

Immunohistochemistry for Ki67 and Caspase-3 was then performed on 4T1 sh-control 

and IL4Rα knockdown mammary tumors to assess whether IL4Rα-induced proliferation 

or survival could contribute to enhanced mammary tumor growth.   There was a 

	  
Figure 3.2: IL4Rα promotes proliferation to support the growth of mammary tumors at 
the primary site.  R221a or 4T1 sh-control (Ctl) or IL4Rα knockdown (KD) cells were 
orthotopically injected into the 4th mammary gland of mice. A) Graphs of R221a (left) 
and 4T1 (right) mammary tumor volume over time calculated from tumor dimensions 
(R221a n = 16; 4T1 n = 14).  B) Quantification of total Ki67 C) or cleaved caspase-3 
positive area per 4T1 IL4Rα KD or sh-control mammary tumor area (n = 11). 
**P<0.01 
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significant difference in Ki67 positivity between control and IL4Rα knockdown tumors 

(Fig. 3.2B), but no difference in Caspase-3 positivity (Fig. 3.2C).  Collectively, these 

data demonstrate that IL4Rα expression promotes mammary tumor proliferation leading 

to enhanced growth at the primary tumor site. 

 

IL4 induces glucose uptake in mammary cancer cells. 

IL4 stimulation results in the activation of Akt in both 4T1 and R221a cells [31], 

and PI3K/Akt signaling can elicit the translocation of glucose transporters to the cell 

surface, thus increasing glucose uptake and corresponding lactate production [130–

132].  We therefore directly measured glucose uptake as 2-NBDG uptake by flow 

cytometry in 4T1 parental cells following 24 hours of IL4 exposure.  Glucose uptake 

reported as mean 2-NBDG fluorescence was significantly increased in cells treated with 

IL4 (Fig. 3.3A, 3.3B).  Furthermore, using a sensitive multianalyte microphysiometer 

	  
Figure 3.3: Glucose uptake in mammary cancer cells is increased following short-
term IL4 exposure.  4T1 parental cells were treated with vehicle or 10 ng/mL murine 
IL4 for 22 hours prior to a 2 hour exposure to 2-NBDG +/- 10 ng/mL IL4, and 
immediate analysis by flow cytometry.  A) Flow cytometry trace of 2-NBDG uptake in 
4T1 cells treated with IL4 (black) or vehicle control (grey).  B) Quantification of Mean 
fluorescence intensity by flow cytometry representative of 2-NBDG uptake in 4T1 
cells with IL4 or vehicle control.  ***P<0.001 
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(MAMP) [133,134], we found that IL4 stimulated lactate production by ~8.5% from 4T1 

cells within minutes of exposure (data not shown).  These data confirmed that IL4 

enhances short-term glucose uptake and possibly its metabolism in mammary cancer 

cells.  However, tumor cells in the microenvironment would likely be exposed to 

stromally derived IL4 for longer periods of time.  The question thus remained whether 

IL4 could induce long-term changes in glucose and glutamine metabolism to maintain 

enhanced tumor growth.  

 

IL4Rα mediates enhanced GLUT1 expression in mammary cancer cells. 

IL4 treatment enhances the expression of GLUT1 and glucose uptake in B cells 

[5,66].  GLUT1 has also been identified as the most highly expressed GLUT isoform out 

of 12 GLUTs examined in several murine mammary cancer cell lines, including 4T1 

cells [135].  As an initial screen for long-term changes in glucose metabolism in 

response to IL4, we examined changes in GLUT1 expression by western blot in 4T1 

cells treated with IL4 every other day for a period of 8 days.  Increased GLUT1 protein 

expression in response to IL4 was apparent by Western blot by day 8 (Fig. 3.4A). We 

	  
Figure 3.4: IL4Rα mediates enhanced expression of GLUT1 in mammary cancer 
cells in vitro. 4T1 sh-control clones were treated with vehicle or 20 ng/mL murine IL4 
every other day for 8 days.  A) Western blot analysis of deglycosylated glucose 
transporter 1 (GLUT1) upregulation in 4T1 sh-control clones over time. B) 
Quantification of GLUT1 mRNA expression normalized to murine ribosomal S18 in 
4T1 sh-control clones 6 days after initial IL4 treatment.  *P <0.05  
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further confirmed IL4-induced expression of GLUT1 by RT-PCR in 4T1 cells compared 

to untreated controls (Fig. 3.4B).  

To verify that IL4Rα mediates GLUT1 upregulation, and to demonstrate the in 

vivo relevance of our findings, we examined GLUT1 protein expression by 

immunohistochemistry (IHC) in orthotopic 4T1 mammary tumors.  As expected, GLUT1 

protein levels were reduced in IL4Rα knockdown tumors compared to sh-control (Fig. 

3.5A, 3.5C).  We then examined whether GLUT1 expression was dependent on IL4 by  

performing IHC on archival metastatic 4T1 lung tumors established in wildtype (WT) or 

IL4-null (IL4 KO) mice. As expected, loss of IL4Rα in 4T1 tumor cells injected into WT 

mice resulted in the reduced expression of GLUT1 in lung metastases (Fig. 3.5B, 3.5D).  

However, while GLUT1 levels were reduced, they were not significantly decreased in 

lung tumors of IL4 KO mice compared to WT mice receiving sh-control cells (Fig. 3.5B, 

3.5D). These results suggest that IL4Rα mediates enhanced GLUT1 expression at 

primary and metastatic tumor sites in vivo, but indicate that in addition to IL4, there may 

also be a role for the second IL4Rα-binding cytokine, IL13, in promoting GLUT1 

expression through IL4Rα. 
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IL4 enhances glucose metabolism long-term in mammary cancer cells. 

  We next assessed long-term functional changes in glucose metabolism in 

response to IL4/IL4Rα in 4T1 cells.  IL4 was added to 4T1 cells every other day for 8 

 
Figure 3.5: IL4Rα mediates enhanced expression of GLUT1 in mammary tumors in 
vivo.  A) Representative images of GLUT1 staining by immunohistochemistry in 4T1 
sh-control (Ctl) and IL4Rα knockdown (KD) orthotopic mammary tumors and B) lung 
tumor metastases in wild-type (WT) or IL4 knockout (IL4 -/-) mice.  Negative staining 
controls are shown inset, and all scale bars = 100 uM.  B) Quantification of IHC 
staining for GLUT1 in 4T1 sh-control (Ctl) and IL4Rα knockdown (KD) orthotopic 
mammary tumors (n = 8) and D) in metastatic lung tumors originating from sh-control 
(Ctl) or IL4Rα knockdown (IL4Rα KD) 4T1 cells in wild-type (WT) or IL4 knockout 
(IL4 KO) mice (n = 3-6). *P <0.05, **P<0.01, ***P<0.001. 
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days, and samples of growth media were collected and analyzed for glucose and lactate 

levels. Both glucose consumption (Fig. 3.6A) and lactate production (Fig. 3.6B) 

significantly increased in response to IL4 over time. In addition, a comparison between 

glucose consumption (Fig. 3.6C) and lactate production (Fig. 3.6D) from 4T1 sh-control  

and IL4Rα knockdown clones treated with IL4 for 6 days confirmed that IL4Rα mediates 

IL4-induced glucose metabolism.  These data confirm that IL4/IL4Rα increases glucose 

metabolism over extended periods of time in mammary cancer cells. 

 

	  
Figure 3.6: IL4Rα mediates enhanced glucose metabolism long-term in mammary 
cancer cells. A) Glucose consumption (P < .0001) and B) lactate production (P < 
.0001) from 4T1 sh-control cells treated with vehicle or 20 ng/mL IL4 every other day 
for 8 days.  C) Comparison of glucose consumption and D) lactate production from 
4T1 sh-control (Ctl) or IL4Rα knockdown (KD) clones 6 days after initial IL4 
treatment.  Glucose consumption and lactate production were measured using 
enzyme based assays and normalized to total cellular protein content measured by 
BCA assay. *P <0.05, **P<0.01, ***P<0.001.  
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IL4 treatment results in long-term increases in glutamine metabolism in breast cancer 

cells. 

 Given our results with murine 4T1 mammary cancer cells, we next sought to 

determine whether IL4/IL4Rα could induce changes in glucose metabolism in human 

breast cancer cells using the MDA-MB-231 cell line.   We first established that IL4 could 

induce growth in MDA-MB-231 cells, as it does in 4T1 cells (Fig. 3.7).  As before, we  

performed western blot analysis of GLUT1 protein expression in response to IL4 in 

MDA-MB-231 cells over a period of 8 days.  Unlike 4T1 cells, MDA-MB-231 cells at 

similar seeding densities began to lose viability after day 4, which prompted us to look 

at earlier time points.  At no point during a 4 day study did IL4 induce GLUT1 protein 

expression in MDA-MB-231 cells (Fig. 3.8A). GLUT1 expression actually decreased 

	  
Figure 3.7:  IL4 stimulates growth in human and murine breast cancer cells. A) 4T1 
or B) MDA-MB-231 parental cells were treated with recombinant IL4 for 48 hours and 
cell number determined by CyQUANT® proliferation assay.  *P <0.05, **P<0.01, 
***P<0.001. 
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Figure 3.8: IL4 induces the expression of glutamine transporters and long-term 
glutamine uptake in breast cancer cells.  MDA-MB-231 parental cells were treated 
with vehicle or 10 ng/mL human IL4 every other day for 4 days.  A) Western blot 
analysis of deglycosylated glucose transporter 1 (GLUT1) protein expression in MDA-
MB-231 cells in response to IL4 over time.  B) Western blot analysis of glutamine 
transporter ASC-amino acid transporter 2 (ASCT2) upregulation in MDA-MB-231 
cells in response to IL4.  C) Quantification of mRNA expression of ASCT2 normalized 
to ribosomal S18 in MDA-MB-231 cells treated with vehicle or 10 ng/mL IL4 for 24 
hours.  D) Quantification of glutamine consumption in MDA-MB-231 cells 3 days after 
initial IL4 exposure compared to a vehicle treated control. 4T1 sh-control clones were 
treated with vehicle or 20 ng/mL murine IL4 every other day for 6 days.  E) Western 
blot analysis of ASCT2 upregulation in 4T1 cells.  F) Quantification of mRNA 
expression of ASCT2 normalized to ribosomal S18 in 4T1 cells treated with vehicle or 
20 ng/mL IL4 for 2 days.  G) Quantification of glutamine consumption 6 days after 
initial IL4 exposure compared to a vehicle treated control.  Glutamine consumption 
was measured using an enzyme-based assay and normalized to total cellular protein 
content by BCA assay.  *P <0.05, **P<0.01, ***P<0.001. 
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over time in an IL4-independent manner, possibly in response to depleted glucose 

stores in the media over time.  Furthermore, we saw no significant increase in glucose 

consumption when testing media from days 2, 3, or 4 (data not shown).  We thus tested 

whether metabolism of the other major carbon and nitrogen source, glutamine, could be 

regulated by MDA-MB-231 cells. 

We performed western blot analysis for the expression of ASC-amino acid 

transporter 2 (ASCT2, also known as SLC1A5), a major cancer-related glutamine 

transporter [61,62], in response to IL4 in MDA-MB-231 cells.  ASCT2 protein levels 

increased within 24 hours of IL4 exposure, and remained increased 2 days post 

exposure (Fig. 3.8B).  We then confirmed the transcriptional upregulation of ASCT2 in  

response to IL4 by RT-PCR (Fig. 3.8C). We next examined the ability of IL4 to enhance 

glutamine uptake over an extended period of time by culturing MDA-MB-231 cells with 

IL4 and examining media glutamine levels using an enzyme-based assay. IL4 increased 

glutamine uptake in MDA-MB-231 cells approximately 2-fold (Fig. 3.8D). 

To examine whether changes in glutamine metabolism in response to IL4 are 

unique to the MDA-MB-231 cell line, we performed the same analyses for ASCT2 

expression and glutamine uptake with 4T1 cells.  We confirmed that IL4 was able to 

induce ASCT2 protein expression by western blot (Fig. 3.8E), and mRNA expression by 

RT-PCR (Fig. 3.8F).  In addition, IL4 treatment nearly tripled glutamine uptake in 4T1 

cells following a 6 day exposure (Fig. 3.8G).  Together, these results indicate that long-

term enhancement of glutamine metabolism by IL4 is a reproducible phenotype 

between human and murine breast cancer cells. 
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IL4-induced glutamine metabolism supports breast cancer growth. 

Having established that IL4 is capable of enhancing glucose and glutamine 

metabolism in breast cancer cells, we then wanted to determine whether these 

processes are necessary to support IL4/IL4Rα-induced tumor growth.  sh-RNA 

mediated knockdown of IL4Rα in MDA-MB-231 cells was performed to examine 

IL4/IL4R-mediated changes in human breast cancer.  Western blot analysis confirmed a 

reduction (73-91%) in IL4Rα protein expression in MDA-MB-231 IL4Rα knockdown 

clones compared to sh-controls (Fig. 3.9).  

The glucose analog, 2 Deoxy-D-glucose (2DG), is commonly used to inhibit 

glycolysis by blocking the initial rate-limiting step mediated by the hexokinase 2 enzyme 

[136].  We determined the effective dose of drug that inhibited 4T1 (Fig. 3.10A) and  

 

	  
Figure 3.9: Western blot analysis illustrating the percent knockdown of IL4Rα protein 
expression in human MDA-MB-231 cells.  Represented are combined sh-control (Ctl) 
clones and each IL4Rα knockdown clone.	  
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MDA-MB-231 (Fig. 3.10B) growth in vitro by finding the dose that reduced cell number  

by ~50% (ED50) in CyQUANT® assays. We then examined the ability of the ED50 dose 

of 2DG to block IL4-induced growth in 4T1 and MDA-MB-231 sh-control and IL4Rα 

knockdown cells by again quantifying changes in cell number. As expected, IL4 

treatment resulted in an increase in sh-control cell number for both cell lines, and this 

response was attenuated in IL4Rα knockdown cells (Fig. 3.11A, 3.11B).  This pattern 

was true for each of our cell number analyses (Fig. 3.11A-D). 

 

	  
 
Figure 3.10: 2 Deoxy-D-glucose (2DG) and compound 968 attenuate human and 
murine breast cancer cell growth in a dose dependent manner.  A) 4T1 and B) MDA 
MB 231 sh-control clones were treated once with increasing doses of 2DG and cell 
number quantified 48 hours later by CyQUANT®  proliferation assay. C) 4T1 and D) 
MDA MB 231 sh-control clones were treated once with increasing doses of 968 and 
cell number quantified 48 hours later by CyQUANT®.  *P <0.05,  ***P<0.001. 
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Figure 3.11: Increased breast cancer growth in response to IL4/IL4Rα is dependent 
upon glutamine but not glucose metabolism in vitro.  MDA-MB-231 or 4T1 sh-control 
(Ctl) or IL4Rα knockdown (IL4Rα KD) clones were cultured +/- IL4 (MDA-MB-231 
cells: 10 ng/mL human IL4; 4T1 cells: 20 ng/mL murine IL4) and +/- metabolic 
inhibitors for 48 hours before cell number was analyzed using a CyQUANT® 
proliferation kit and standard curves.  Treatment with the glycolysis inhibitor, 2DG, did 
not inhibit IL4-induced increases in cell number in A) 4T1 clones (+/- 1.5 mM 2DG) or 
B) MDA-MB-231 clones (+/- 12 mM 2DG).  Treatment with the glutaminase 1 
inhibitor, 968, blocked IL4-induced increases in cell number in both C) 4T1 clones 
(+/- 10 µM 968) and D) MDA-MB-231 clones (+/- 20 µM 968).  E) The combined 
treatment of both 4T1 cells (1.5 mM 2DG and 10µM 968) and F) MDA-MB-231 cells 
(12 mM 2DG and 15 µM 968) with 2DG and 968 had an additive effect in reducing 
cell number compared to either drug or vehicle alone.  *P <0.05, **P<0.01, 
***P<0.001. 
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 In neither cell line did the inhibition of glycolysis with 2DG attenuate the percent 

increase in IL4-induced cell number compared with vehicle control.  This was true even 

though the increase in cell number between 2DG alone and IL4 + 2DG for MDA-MB-231 

sh-control cells was not statistically significant.  These experiments were done 3 times 

for each cell line and an average percent increase in cell number due to IL4 treatment in 

the presence or absence of 2DG was calculated.  In 4T1 sh-control cells without 2DG, 

IL4 treatment increased cell number by 21.7% compared with vehicle.  This was not 

statistically different from the 18.3 % percent increase in cell number induced by IL4 in 

the presence of 2DG.  Similarly, in MDA-MB-231 sh-control cells without 2DG, IL4 

treatment increased cell number by 10.2% compared with vehicle, which was not 

statistically different from the 10.7 % increase in cell number with IL4 in the presence of 

2DG.  This suggests that IL4 can induce breast cancer growth independently of 

enhanced glucose uptake.  

In a separate dose response assay, we determined the ED50 of compound 968, 

an inhibitor of glutaminase 1 frequently used to block glutamine metabolism [137], to 

inhibit growth in both cell lines (Fig. 3.10C, 3.10D), before combining this dose with IL4.  

In both 4T1 (Fig. 3.11C) and MDA-MB-231 cells (Fig. 3.11D), the ED50 of 968 

significantly blocked IL4-increased cell number.  Again, these experiments were done 3 

times for each cell line. In 4T1 sh-control cells, IL4 treatment increased cell number by 

16% compared with vehicle.  However, the increase was significantly attenuated to only 

1.2% (P = 0.02) when the assay was repeated in the presence of 968.  Similarly, in 

MDA-MB-231 sh-control cells, IL4 treatment increased cell number by 11.5% compared 

with vehicle, which was significantly different (P = 0.04) to the 5.6% increase seen in the 



	   79	  

presence of 968.  Collectively, our data demonstrates that glutamine metabolism, but 

not glucose metabolism, is necessary to support IL4-induced growth of breast cancer 

cells in vitro. Interestingly, the combined treatment of 4T1 cells (Fig. 3.11E) and MDA-

MB-231 cells (Fig. 3.11F) with the ED50 of 2DG and 968 showed an additive effect in 

blocking growth compared to either drug alone. 

Using EdU incorporation assays to measure proliferation as the percent of cells 

in S phase, we were able to demonstrate that IL4 treatment results in an increase in 

proliferation in both 4T1 (Fig. 3.12A) and MDA-MB-231 (Fig. 3.12B) cells in a dose-  

	  
Figure 3.12: IIL4Rα mediates enhanced proliferation in response to IL4 in Human 
and murine breast cancer cells.  The percent of A) 4T1 parental cells and B) MDA 
MB 231 parental cells in S phase was quantified by EDU incorporation assay 
following 48 hours incubation with increasing doses of IL4.  C) 4T1 and B) MDA MB 
231 sh-control and IL4Rα KD cells were treated with 10 ng/mL IL4 for 48 hours 
before the percent cells in S phase was quantified using an EdU incorporation assay.  
**P<0.01, ***P<0.001. 
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dependent manner.  Using sh-control and IL4Rα knockdown cell in similar assays, we 

confirmed that IL4Rα mediates this increase in proliferation in response to IL4 in both 

cell lines (Fig. 3.12C, 3.12D).  These data support the association between IL4Rα 

expression and enhanced proliferation in 4T1 mammary tumors in vivo, and indicate 

that IL4-induced proliferation could contribute to IL4-induced growth in vitro. 

 

Discussion 

The Th2 immune cytokine, interluekin-4 (IL4), is known to induce lymphocyte 

activation and differentiation, and regulate increased lymphocyte proliferation and 

survival through the type I IL4 receptor (IL4R) [8].  We previously defined a novel role 

for IL4 in directly promoting the proliferation and survival of mammary cancer cells 

expressing type II IL4Rs for enhanced growth at metastatic lung and liver sites [31].  

Here, we used two orthotopic models of murine mammary cancer with R221a or 4T1 

IL4Rα knockdown or sh-control clones, to demonstrate that expression of IL4Rα, a 

component of IL4Rs, also promotes mammary tumor growth at the primary site.  

Strikingly, shRNA-mediated knockdown of IL4Rα in the R221a cell line nearly abolished 

mammary tumor take and growth.  This result prevented further analysis of knockdown 

tumors, as there were none at endpoint.  While this stark result was not achieved with 

4T1 IL4Rα knockdown clones, there was a reduction in average tumor latency, and a 

significant reduction in the rate of tumor growth compared to 4T1 sh-control clones.  

Disparities in latency between the 4T1 versus R221a cell lines may be attributable to 

the more aggressive nature of the 4T1 cell line, discussed previously [31]. 
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Immunohistochemical analysis of 4T1 mammary tumors by Ki67 or Caspase-3 

staining at endpoint demonstrated that increased proliferation but not survival 

contributed to IL4Rα-enhanced mammary tumor growth.   This result is in accordance 

with our previous study showing that IL4Rα-enhanced proliferation rather than survival 

promotes the growth of allografted colon tumors in the cecum [40].  Given that IL4Rα 

expression consistently mediated enhanced tumor growth in all of our primary and 

metastatic mammary tumor models, we then sought to determine whether IL4/IL4Rα-

induced metabolism could serve as a novel mechanism to support this IL4Rα-enhanced 

growth. This concept was based on previous reports of IL4-mediated metabolic changes 

in lymphocytes [5,138]. 

We show that elevated glucose transporter 1 (GLUT1) expression is associated 

with long-term increases in glucose metabolism (increased glucose uptake and lactate 

production) downstream of IL4/IL4Rα in murine mammary cancer cells.  Elevated GLUT1 

expression was also associated with IL4Rα expression in primary and metastatic 4T1 

tumors in vivo.  Interestingly, total protein levels of GLUT1 were not evidently increased 

until day 8 of IL4 treatment with 4T1 cells in vitro, while significant increases in glucose 

metabolism were evident by day 6 in the same study.  This indicates that IL4/IL4Rα 

signaling may also influence the translocation of GLUT1 to the membrane for more 

immediate increases in glucose uptake and metabolism in addition to the later 

transcriptional upregulation of GLUT1 for maintaining enhanced glucose metabolism long-

term. This concept is supported by additional experiments demonstrating increased 

glucose uptake by 2-NBDG uptake assay, and increased lactate production detected by 

multianalyte microphysiometry [133,134] (data not shown), after short-term IL4 exposure. 
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However, more detailed assessment of GLUT1 translocation is required to substantiate 

this idea.  

 While other GLUT isoforms have been detected in breast cancer, only the 

overexpression of GLUT1 has been associated with poorer prognosis [139–141], and 

with increased [18F]-fluoro-deoxyglucose (FDG) uptake in human breast tumors [142].  

However, we were unable to detect increases in GLUT1 expression or glycolysis (data 

not shown) in response to IL4 in the human MDA-MB-231 breast cancer cell line. One 

main difference between these cells and 4T1 mammary cancer cells is their expression 

of oncogenic K-Ras, which is known to drive enhanced glucose uptake and metabolism.  

In fact, metabolic flux analysis of MDA-MB-231 cells revealed a basal stoichiometric 

relationship between high glucose consumption and lactate production [143].  It is 

therefore feasible that IL4 treatment would have no added affect on glycolysis in this cell 

line as nearly all glucose consumed is already being shunted to lactate production.  In 

addition, MDA-MB-231 cells required nearly 6 times the dose of glycolysis inhibitor, 2-

Deoxy-D-glucose (2DG), to inhibit growth in vitro compared with 4T1 cells.  MDA-MB-

231 cells in general may be less reliant upon glucose metabolism for growth, and 

metabolism of glutamine as a carbon and nitrogen source during growth may be of 

greater importance.  Glutamine metabolism has been shown to promote the viability and 

proliferation of MDA-MB-231 cells [143]. 

Although classified as a non-essential amino acid, glutamine is taken up 

disproportionally more by cancer cells than normal cells, and the therapeutic targeting of 

glutamine addiction is being considered for anti-cancer treatments [63].  ASC amino-

acid transporter 2 (ASCT2), is a major transporter upregulated by breast cancer cells for 
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enhanced glutamine uptake [61,62].  Here, we show that IL4 is a novel regulator of 

elevated ASCT2 mRNA and protein expression, and this was associated with enhanced 

long-term glutamine uptake in both 4T1 and MDA-MB-231 cells.  In addition, inhibition 

of glutamine metabolism with compound 968 blocked IL4-induced growth in both cell 

lines.  Although there appears to be a general need for glutamine metabolism 

independent of IL4 in breast cancer, our results provide evidence for a novel role of IL4-

enhanced glutamine metabolism in supporting IL4-induced growth in both murine and 

human breast cancer cells. 

 Supporting the concept that enhanced glutamine metabolism may be the 

predominant metabolic phenotype backing breast cancer growth in response to IL4, IL4-

induced growth was not attenuated when glycolysis was pharmacologically inhibited 

with 2DG treatment in either cell line.  This result was not unexpected in the MDA-MB-

231 cell line as IL4 did not induce glucose metabolism in these cells.  While IL4 did 

enhance glucose metabolism in 4T1 cells, the inability of 2DG to block IL4-induced 

growth in these cells does not mean that IL4-enhanced glucose metabolism cannot 

support IL4-induced survival or proliferation specifically.  We were able to show that 

IL4/IL4Rα-induced proliferation likely contributes to IL4Rα-induced growth in vitro, and 

similarly to B cells, there may still be a role for IL4-enhanced glucose metabolism in 

supporting survival for enhanced tumor growth, although this remains to be explored.  In 

addition, the combined treatment of both 4T1 cells and MDA-MB-231 cells with 2DG 

and the glutamine metabolism inhibitor, compound 968, did have an additive effect in 

blocking growth compared to either drug alone.  These data could indicate a possible 
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compensatory mechanism where enhanced glutamine metabolism supports 

biosynthetic processes during growth when glycolysis is inhibited.   

Here, we have shown for the first time that an immune cytokine, IL4, can 

reprogram glucose and glutamine metabolism in breast cancer cells expressing the type 

II IL4 receptor. Importantly, IL4-induced glutamine metabolism supports IL4/IL4Rα-

enhanced growth in both human and mammary cancer cells. The benefits of 

therapeutically targeting the IL4/IL4Rα signaling axis may be three fold.  We have 

already identified this axis as a strong promoter of mammary cancer survival and 

proliferation, and this work highlights a third targetable hallmark of cancer induced by 

IL4, IL4/IL4Rα-induced metabolism.  Fortunately, therapies specifically targeting the 

type II IL4 receptor on epithelial cancer cells are currently being developed [144]. 
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CHAPTER IV 

 

IL4 INDUCES GLUCOSE METABOLISM AND METASTATIC TUMOR 

GROWTH IN COLON CANCER  

 

Introduction 

Colon cancer remains the second leading cause of cancer-related deaths among 

men and women combined. Only 40% of these cancers are diagnosed at the localized 

stage, and the 5-year survival rate drops from 90% to just 13% after the disease has 

metastasized to distant organs [1]. We have shown that the IL4/IL4Rα signaling axis 

promotes metastatic tumor growth, and enhances Glut1 expression, glucose uptake, 

and glucose metabolism in murine mammary cancer cells [31,145].  IL4 has also been 

shown to promote pro-metastatic phenotypes in colon cancer cells including 

proliferation, survival, migration, and invasion [11,40,69]. Inhibition of glycolysis with 3-

Bromopyruvate (3BP) significantly reduced proliferation [146] and survival [147] in 

human colon cancer cells, demonstrating that colon cancer growth is at least in part 

dependent upon glucose metabolism. 3BP inhibits glycolytic enzymes by alkylation 

[148], but its main target is mitochondrially bound hexokinase 2 (HK2) [149].  In B cells, 

IL4 signaling enhances glycolytic activity by increasing the expression of glycolytic 

enzymes including HK2 [66].  Here, we investigate whether IL4 can enhance glucose 

uptake in colon cancer cells, and if IL4-induced glucose metabolism supports enhanced 

metastatic colon tumor growth in vivo. 
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Materials and Methods 

Cell lines and culture. The RKO human colon cancer cell line was a gift from Dr. Larry 

Marnett at Vanderbilt University.  Human SW620 cells were purchased from the 

American Type Culture Collection (ATCC).  Murine AKP8702 colorectal cancer cells 

were isolated from a genetically engineered mouse model of sporadic colorectal cancer 

[150], and were gifted from the lab of Dr. Kenneth Hung in the Department of 

Gastroenterology at Tufts Medical Center.  Murine MC38 colon cancer cells were 

isolated from a chemically induced colon adenocarcinoma [151], and gifted by Dr. Lee 

Gordon, Vanderbilt University Department of Surgery. Cells were maintained at 37°C 

with 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM, Corning) containing 10% 

fetal bovine serum (FBS, Atlanta Biologicals). 

Recombinant IL4. The maximum effective dose of human or murine recombinant IL4 

(BD Biosciences) for increasing cell number was determined for each of the 4 colon 

cancer cell lines using a CyQUANT® Cell Proliferation Assay Kit (Life Technologies), 

per the manufacturer’s protocol. CyQUANT® assays were performed after a 48 hour 

incubation with IL4 or 0.1% BSA in PBS (BSA-PBS) as a vehicle control in DMEM with 

2% FBS (8-10,000 cells/well in 48-well plates).  The maximum effective dose for each 

cell line was used in subsequent in vitro assays with IL4 with the exception of the 

analysis of glycolysis-related genes by PCR array in MC38 cells.  For this experiment, 

20 ng/mL of murine IL4 from Peprotech was used.  This higher dose is reflective of the 

fact that the specific activity of recombinant IL4 from different companies varies. 

Western blot analysis.  Prior to blotting, whole cell lysates were collected with 

radioimmunoprecipitation assay (RIPA) lysis buffer containing protease inhibitors 
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(Roche Applied Science).  The following primary antibodies were used to probe 

Western blot analyses: human and murine IL4Rα, Stat6, and b-actin from Santa Cruz 

Biotechnologies, anti-pStat6 (pY641) from Invitrogen, and Akt and pAkt (Thr308) from 

Cell Signaling Technology.  An anti-rabbit HRP-linked secondary antibody (Santa Cruz 

Biotechnologies) was used to detect IL4Rα and signaling proteins, and a biotinylated 

secondary antibody (Vector Labs) with subsequent incubation with peroxidase-

conjugated streptavidin (Jackson ImmunoResearch Laboratories) was used for 

detecting actin.             

In vitro glucose uptake. 2-deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]-D-glucose 

(2-NBDG; Cayman Chemical) was reconstituted in ethanol before being used to 

determine glucose uptake in response to IL4 by flow cytometry.  In these assays, cells 

were seeded in 6-well plates (370,000 cells/well for 6 hours or 220,000 cells/well for 24 

hours) in 2% FBS DMEM, and allowed to attach before media was replaced with 2% 

FBS DMEM containing IL4 (BD Biosciences) or BSA-PBS vehicle control.  Cells grew 

for 6 or 24 hours before the media was removed and replaced with glucose- and serum-

free DMEM containing .1mg/mL 2-NBDG +/- IL4 for 30-45 min.  Cells were trypsinized 

and rinsed twice with PBS before being analyzed with an Accuri C6 flow cytometer.   2-

NBDG uptake was calculated as mean fluorescence intensity using FlowJo software in 

comparison to no 2-NBDG controls.          

In vitro growth assays. The glycolysis inhibitor, 3-bromopyruvate (3BP, EMD Millipore) 

was dissolved in DMSO and diluted in DMEM culture medium to the appropriate 

concentration (ED50) for in vitro assays.  Cell number in response to IL4 in the presence 

or absence of 3BP was quantified using a CyQUANT® assay (Life Technologies), per 
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the manufacturer’s protocol.  Cells were seeded (8,000 cells/well in 48-well plates) in 

2% FBS DMEM, and allowed to attach before the media was removed and replaced 

with 2% FBS DMEM containing IL4 (BD Biosciences) and the ED50 of 3BP or vehicle 

(DMSO) control.  Cells grew for 48 hours in the presence of treatment prior to cell 

number analysis.          

Murine experimental metastasis models. Animal procedures were conducted in 

accordance with Guidelines for the Care and Use of Laboratory Animals following 

approval by the Institutional Animal Care and Use Committee.  Sex- and age-matched 

C57Bl/6 wild-type (WT) and C57Bl/6 knockout (IL4 KO) mice (Jackson Laboratories) 

were used in all studies.  Intra-splenic injection followed by splenectomy was used to 

generate experimental liver metastases as previously reported [29], with 700,000 MC38 

cells injected per mouse.  Liver tumors were allowed to develop over a period of 10 or 

14 days before mice were subjected to PET with computed tomography (CT) and 

sacrificed within 24 hours.           

 Livers from the 10-day MC38 study were collected at necropsy, fixed in formalin, 

embedded in paraffin, and serial sectioned. These liver sections were stained with 

hematoxylin and eosin (H&E), and tumor burden was assessed using light microscopy. 

Three slides per mouse, representing three depths at 100 µM increments, were imaged.  

Tumor burden per mouse was calculated from the three slides as the percent total 

tumor pixel area per total liver pixel area using ImageJ software.    

PET/CT Imaging. All mice imaged by PET were fasted of food overnight prior to 

scanning.  Mice from each study were also injected with a CT contrast agent 24 hours 

prior to PET/CT scanning.  All mice from the 14-day experimental metastasis assay with 
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MC38 cells received intraperitoneal (i.p.) injections of 400 µl Fenestra LC (Medillumine) 

and two mice (one WT and one IL4 KO mouse) from the 10-day MC38 study received 

50 µl of Mvivo Bis (bismuth (III) oxide; Medilumine) by tail vein injection. Non-tumor 

bearing WT and IL4 KO mice of the basal (non-tumor bearing) glucose uptake study 

received either 50 µl of Mvivo Bis by tail vein, or 250 µl of Mvivo Bis by i.p. injection.

 One hour prior to PET scanning, all mice were injected retroorbitally with ~10 

MBq/0.1 mL of 18FDG while under anesthesia with ~2% isofluorane in a 37°C 

temperature controlled box. Mice were allowed to regain consciousness for 30 minutes 

before being anesthetized with 2% isofluorane and positioned on a stereotactic bed 

(ASI instruments) maintained at a constant temperature of 37°C inside an Inveon 

PET/CT scanner (Siemens, Knoxville, TN). CT scans were performed with an x-ray 

beam intensity of 25 mAs and x-ray tube energy of 80 kVp. CT images were 

reconstructed using 384 x 384 x 419 slices with a voxel size of .02 x 0.02 x 0.02 cm3. At 

40 minutes post radiotracer administration, 20 minute static PET scans were initiated. 

All PET data sets were reconstructed using the MAP algorithm into 128 × 128 × 159 

slices with a voxel size of 0.04× 0.04 × 0.08 cm3.        

 In the 14-day MC38 study, regions-of-interest (ROIs) were drawn on CT images 

around liver tumors identified by the use of Fenestra LC.  In the 10-day MC38 study and 

the basal (non-tumor bearing) study, the ROIs were drawn to include the entire liver 

rather than individual tumors.  The ROIs from CT images were superimposed on the 

corresponding PET images using Amide (http://amide.sourceforge.net).  PET images 

were normalized to the injected dose and the mean activity within each ROI to obtain 

the percent injected dose per gram (%ID/g). 
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Metabolic Flux Analysis. MC38 cells were seeded at a density of 1 x 107 cells per 10 cm 

plate and cultured for 6 hours after attachment in DMEM with 25 mM 13C6 labeled D-

glucose, 2% FBS, and 10 ng/mL IL4 or vehicle control.  Cells were lysed using ice-cold 

100% methanol on dry ice and samples were spiked with 8 mM L-norvaline (Sigma 

Aldrich) to provide an internal standard for relative metabolite abundances.  Metabolites 

were extracted using a biphasic extraction protocol, with non-polar metabolites 

partitioning into a chloroform phase and polar metabolites partitioning into a 

methanol/water phase after vortexing.  GC-MS and mathematical modeling for 

metabolic flux analysis (MFA) was performed as outlined previously [152]. 

PCR array of glycolysis-related genes. Murine MC38 cells were seeded in triplicate in 

2% FBS DMEM, and allowed to attach prior to the media being removed and replaced 

with 2% FBS DMEM containing either BSA-PBS vehicle control or IL4 (Peprotech). 

cDNA generated from whole cell lysates was added to a murine glucose metabolism 

PCR array (Qiagen) for detecting changes in the expression of 84 key glycolytic genes 

per the manufacturer’s protocol.  

Statistical analysis. GraphPad Prism software was used to perform all other statistical 

analyses aside from the statistical analysis of metabolic flux data, which was performed 

by Dr. Jamey Young at Vanderbilt.  ANOVA analysis or Kruskal-Wallis with post-test 

was used when comparing more than two conditions.  Otherwise, the parametric 

unpaired Student’s T test, or the nonparametric Mann-Whitney test were used.  In 

graphs, error bars represent the standard deviation, and P values are represented by 

stars where: * ≤.05, ** ≤ .01, and *** ≤ .001. 
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Results 

Colon cancer cell lines of varying mutational status express IL4Rα. 

Human colon tumors and colon cancer cell lines have been shown to express 

IL4Rs [37,40,104]. We examined the expression of IL4Rα, a signaling component of the 

IL4R, in two human and two murine colon cancer cell lines of varying mutational status.  

These cell lines include: RKO cells derived from a human colon carcinoma with mutant 

BRAF and PIK3CA, but wild-type PIK3CB, ERBB3, APC, TP53 and KRAS; human 

SW620 cells isolated from a metastatic lymph node tumor with mutant APC, KRAS, and 

P53, and wild-type PIK3CA/B, ERBB3, and BRAF [153–155]; murine AKP8702 cells 

isolated from a genetically engineered mouse model of sporadic colorectal cancer with 

mutant KRAS, and loss of APC and P53 [150]; and murine MC38 cells isolated from a 

chemically induced model of colon adenocarcinoma [151].  We were able to detect 

IL4Rα protein expression in all 4 colon cancer cell lines by Western blot, where multiple 

bands for the glycosylated receptor appeared (Fig. 4.1).  This data indicates that murine 

	  
Figure 4.1: Human and murine colon cancer cells express IL4Rα.  IL4Rα protein 
expression was detected by western blot analysis in 2 murine (AKP8702 and MC38) 
and 2 human (RKO and SW620) colon cancer cell lines).  The human western blot is 
courtesy of Miranda Hallett, PhD. 
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and human colon cancers of varying mutational status are capable of responding to IL4.   

 

IL4 promotes colon cancer growth in vitro. 

We have previously shown that IL4 promotes metastatic mammary tumor growth 

in vivo [31], and murine and human breast cancer growth in vitro [145].  We then 

examined whether IL4 could induce growth in human and murine colon cancer cell lines 

that express IL4Rα by quantifying increases in cell number using a Cyquant® assay.  

IL4 modestly promoted the growth of 2 murine (MC38 and AKP8702) and 2 human cell 

lines in a dose dependent manner (Fig. 4.2). The maximum effective dose at inducing  

 

	  
Figure 4.2: Human and murine colon cancer cells increase growth in response to IL4.  
A) Murine MC38, B) murine AKP8702, C) human RKO, and D) human SW620 
parental cells were treated once with increasing doses of either human or murine IL4, 
and cell number quantified 48 hours later by CyQUANT® proliferation assay.  * P < 
.05, ** P < .005, *** P < .0005.   
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growth from this analysis served as the concentration of IL4 used in subsequent studies 

with each of the 4 colon lines. 

 

IL4 enhances glucose uptake in human and murine colon cancer cells. 

In addition to promoting metastatic mammary tumor growth [31], IL4 also induces 

glucose uptake in murine mammary cancer cells [145].  We then explored whether IL4 

could induce glucose uptake in murine and human colon cancer cell lines.  Glucose 

uptake was measured as the uptake of the fluorescent glucose analog, 2-NBDG, by 

flow cytometry 24 hours after treatment with IL4.  In all 4 colon cell lines examined, the 

mean uptake of 2-NBDG, quantified as mean fluorescence intensity, was significantly 

increased 24 hours after IL4 treatment compared with vehicle control (Fig. 4.3).  These 

Figure 4.3: Glucose uptake in human and murine colon cancer cells significantly 
increases within 24 hours of IL4 treatment.  A) Quantification of glucose uptake 24 
hours post-IL4 treatment in A) murine (10 ng/mL IL4) and B) human (15 ng/mL IL4) 
parental colon cancer cells as measured by mean fluorescence intensity of 2-NBDG 
uptake using flow cytometry.  In flow peak diagrams the unlabeled no 2-NBDG 
control is shown in light grey to the far left, 2-NBDG uptake after IL4 treatment is in 
black, and 2-NBDG uptake after vehicle control treatment in dark grey. * P < .05, ** P 
< .005, *** P < .0005.	  	  
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data confirm that IL4 is capable of inducing glucose uptake directly in colon cancer cells 

of varying origins and mutational statuses.   

 

IL4-induced colon cancer growth is dependent upon glycolysis. 

Given that IL4 treatment resulted in increased glucose uptake and growth in both 

murine and human colon cancer cells, we next examined whether glucose metabolism 

was necessary to support IL4-induced colon cancer growth, using 3-bromopyruvate 

(3BP) a commonly used inhibitor of glycolysis [156,157].  We first determined the 

effective dose of 3BP that reduced cell number in each of the 4 cell lines by  ~50% 

(ED50) in CyQUANT® assays (Fig. 4.4).  We then examined the ability of the ED50 dose 

	  
Figure 4.4: 3-Bromopyruvate (3BP) attenuates human and murine colon cancer cell 
growth in a dose dependent manner.  A) Murine MC38, B) murine AKP8702, C) 
human RKO, and D) human SW620 parental cells were treated once with increasing 
doses of 3BP and cell number quantified 48 hours later by CyQUANT® assay.  * P < 
.05, ** P < .005, *** P < .0005.	  	  
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of 3BP to block IL4-induced growth in the 4 colon cancer cell lines, again by quantifying 

changes in cell number. In all murine and human colon cancer cell lines, the inhibition of 

glycolysis with 3BP completely blocked IL4-induced increases in cell number (Fig. 4.5).  

In support of these data, limiting the glucose level in the culture media also attenuated 

IL4-induced growth in all 4 colon lines as evidenced by a 50% or greater reduction in 

growth when cells were cultured with IL4 in 5 mM glucose in comparison with normal 25 

mM glucose media  (Fig. 4.6).  Similar results were obtained with additional human  

 

	  
Figure 4.5: IL4-induced growth is dependent upon glucose metabolism.  Murine or 
human colon cancer cells were treated with IL4 (murine: 10 ng/mL, human: 15 
ng/mL) in the presence or absence of the ED50 of 3BP or vehicle DMSO control for 
48 hours before growth was analyzed by CyQuant proliferation assay.  These studies 
were performed in triplicate, with one representative result shown for A) murine 
MC38 cells, B) murine AKP8702 cells, C) human RKO cells, and D) human SW620 
cells.  * P < .05, ** P < .005, *** P < .0005. 
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Figure 4.6: IL4-induced growth in human and murine colon cancer cells is limited by 
glucose availability. Cells were cultured in the presence of IL4 or a vehicle control in 
DMEM media containing 2% FBS with 25 mM glucose (normal) or 5 mM glucose (low 
glc).  Growth in response to IL4 was assessed by CyQUANT proliferation assay 48 
hours after IL4 treatment. Changes in growth are represented as number of cells per 
well (left) with the corresponding average percent change in growth with IL4 in 
comparison with 0 ng/mL IL4 (right) for each media condition.  Graphs represent 
growth of A) MC38, B) AKP8702, C) RKO, and D) SW620 parental cells.  * P < .05, ** 
P < .005, *** P < .0005.	  
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SW116 and HCA-7 colon cancer lines.  Collectively, these data demonstrate that IL4-

induced colon cancer growth is dependent upon glucose metabolism in vitro.   

 

IL4 treatment modestly influences glycolytic flux in murine colon cancer cells. 

Having established that IL4 induces glucose uptake in colon cancer cells, and 

that IL4-induced colon cancer growth is dependent upon glycolysis, we then performed 

metabolic flux analysis (MFA) to elucidate alterations in the pathways of glucose 

metabolism in colon cancer cells in response to IL4.  MFA is a technique that uses 13C 

labeled isotopic tracers to determine the relative contribution of a substrate such as 

glucose to multiple metabolic pathways. MFA quantifies the relative abundance of 

molecules with different numbers of isotopically labeled carbons for each metabolite by 

mass spectrometry.  For example, 13C6 labeled D-glucose is converted to a pyruvate 

with 3 labeled carbons, which is converted to citrate with 2 labeled carbons through the 

actions of pyruvate dehydrogenase and citrate synthase, respectively.  If the labeled 

citrate proceeds through the TCA cycle, it will generate alpha-ketoglutarate with 2 

labeled carbons and so on.  The atom percent enrichment value (APE) can be 

calculated for each metabolite, and represents the fractional incorporation of 13C from 

the labeled tracer to the biosynthesis of that metabolite (i.e. pyruvate, citrate, etc.) 

relative to other sources of unlabeled carbon. 

We initially performed MFA after culturing MC38 cells with DMEM containing 

50% unlabeled glucose and 50% 13C6 labeled D-glucose (25 mM final glucose 

concentration) with or without IL4.  Metabolites were collected at 24, 48, and 72 hours 

for analysis by mass spectrometry.  We chose to begin MFA with the 24 hour time point 
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because it corresponded to an increase in glucose uptake in response to IL4 by flow 

cytometry (Fig. 4.3).  However, in this initial study there were no increases in the APE of 

any metabolite related to glucose metabolism greater than 1% after IL4 treatment, and 

by 72 hours there were no differences at all.  We reasoned that we could have missed 

major changes in glucose metabolism occurring earlier in response to IL4, or that the 

percent of labeled glucose tracer in the media was not high enough. 

In order to identify an appropriate earlier time point for MFA, we examined 2-

NBDG uptake by flow cytometry after 6 hours of IL4 treatment using flow cytometry.  In 

this shorter study, glucose uptake was still significantly increased in response to IL4 in 

both murine MC38 and human RKO colon cancer cells (Fig. 4.7).  We then repeated 

MFA for changes in glycolysis with MC38 cells after 6 hours of IL4 treatment, and 

increased percent of isotopically labeled glucose in the media relative to unlabeled 

glucose from 50% to 100% (still a 25 mM total glucose concentration).  In this study, the 

APE of pyruvate was increased from 64% in vehicle treated samples to 72% in IL4 

	  
Figure 4.7: Glucose uptake in murine and human colon cancer cells significantly 
increases within 6 hours of IL4 treatment.  Quantification of glucose uptake 6 hours 
post-IL4 treatment in A) murine MC38 (10 ng/mL IL4) and B) human RKO (15 ng/mL 
IL4) parental colon cancer cells as measured by mean fluorescence intensity of 2-
NBDG uptake using flow cytometry.  In flow peak diagrams the unlabeled no 2-NBDG 
control is shown in light grey to the far left, 2-NBDG uptake after IL4 treatment is in 
black, and 2-NBDG uptake after vehicle control treatment in dark grey. * P < .05, ** P 
< .005.	  
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treated samples, indicating that IL4 treatment resulted in an increase in the metabolism 

of glucose to pyruvate (Fig. 4.8).  However, no other changes greater than 1% were 

observed in the APE values for any other metabolite examined after IL4 treatment.  The 

isoptomer distributions and APE values with standard deviations for all metabolites 

examined are listed in the Appendix A.   

 The APE value for lactate increased by just 1% in IL4 treated samples at 6 

hours, but the basal APE value for lactate in the absence of IL4 (APE of 82%) was 

higher in comparison with pyruvate (APE of 64%) (Fig. 4.8).  This indicates that the 

majority of labeled glucose was likely being converted to lactate from pyruvate for 

aerobic glycolysis (Warburg effect) prior to the addition of IL4.  Pyruvate is 

compartmentalized into 2 pools, a cytosolic pool and a mitochondrial pool, and lactate is 

labeled from the cytosolic pool (Fig. 4.8).  Given that the majority of pyruvate was used 

to produce lactate, the increase in pyruvate labeling in response to IL4 recognized by 

MFA likely comes from mitochondrial pyruvate (bolded in Fig. 4.8). This could indicate 

that IL4 increases flux into the TCA cycle and downstream oxidative phosphorylation, 

however no other metabolites involved in the TCA cycle were increased with IL4 

treatment.  Overall, MFA did not yield numerous large changes in glucose metabolism 

in response to IL4 in colon cancer cells within 6 hours of treatment, but it did identify an 

increase in glycolysis evidenced by an increase in labeled pyruvate.   
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IL4-activated Akt and/or Stat6 may mediate changes in glycolysis. 

 We have shown that IL4 induces glucose uptake (Fig. 4.7) and glycolysis (Fig. 

4.8) within 6 hours of treatment in MC38 murine colon cancer cells.  We have also 

previously found that IL4 activates Akt in murine mammary cancer cells within 5 minutes 

[31]. PI3K/Akt signaling is known to enhance glucose metabolism rapidly in cancer cells 

by inducing the translocation of glucose transporters to the cell membrane for increased 

glucose uptake with a corresponding increase in lactate production [130–132]. We then 

	  
 

Figure 4.8: IL4 treatment increases the metabolism of glucose pyruvate in MC38 
cells.  MC38 cells were treated with 10 ng/mL of murine IL4 or vehicle control for 6 
hours in DMEM containing 25 mM 13C6 labeled D-glucose.  Metabolic flux analysis 
(MFA) was used to identify changes in the atom percent enrichment value (APE) for 
glycolytic metabolites in response to IL4.  Depicted is a schematic of 2 main 
metabolic routes from pyruvate generated from glycolysis with key cytoplasmic and 
mitochondrial metabolites examined by MFA.  Mitochondrial pyruvate is bolded in the 
schematic as the APE of this metabolite was increased from 64% to 72% between 
vehicle control and IL4 treated samples as shown in the upper left table. 
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examined the phosphorylation of Akt in response to IL4 in MC38 murine colon cancer 

cells by Western blot.  We found that AKT was phosphorylated at threonine 308 (thr308) 

above basal levels in response to IL4 within 5 minutes of treatment (Fig. 4.9).  It is  

plausible that IL4-activated Akt could mediate the early changes in glucose uptake and 

metabolism that we have observed in MC38 cells after 6 hours of treatment. 

In B cells, IL4-mediated survival is dependent upon enhanced glucose 

metabolism mediated by the canonical transcription factor activated by IL4, signal 

transducer and activator of transcription 6 (stat6; [5]).  Once activated, Stat6 forms 

homodimers that translocate to the nucleus to activate transcription of genes with Stat6 

binding sites. Several genes that promote glucose metabolism in cancer are 

upregulated in response to IL4 in B cells, including HK2 and GLUT1 [66].  ChIP-seq 

data has also demonstrated that Stat6 can bind to GLUT1 and HK2 promoters in human 

TH2 cells [67]. We found that Stat6 is phosphorylated within 5 minutes of treatment with 

	  
Figure 4.9: IL4 treatment results in the phosphorylation of Akt and Stat6 within 5 
minutes of exposure in MC38 cells.  MC38 cells were treated with 10 ng/mL of 
murine IL4 before time course analysis of effector protein activation by Western blot. 
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IL4 in MC38 cells by Western blot (Fig. 4.9). This data confirms active IL4 signaling in 

colon cancer cells, and brings up the possibility that IL4 could induce long-term changes 

in metabolism by regulating the transcription of glycolysis-related genes via Stat6. 

 

IL4 treatment enhances the transcription of glycolysis-related genes. 

 The 13C6 D-glucose tracer we used for MFA can detect changes in glycolysis and 

TCA cycle progression for oxidative phosphorylation, but it is limited for the detection of 

changes in other pathways including the pentose phosphate pathway (PPP).  We used 

a commercial murine glucose metabolism real-time PCR array (Qiagen) as a second 

method to examine IL4-induced changes within glycolytic and TCA cycle-related 

pathways, in addition to changes in the PPP.  The transcriptional regulation of metabolic 

enzymes within these pathways was analyzed 24 hours after IL4 treatment in MC38 

cells.  IL4 increased the expression of 10 genes related to glucose metabolism greater 

than 2.5 fold over control (Table 4.1). Significantly, the first 4 enzymes in the 10-step 

glycolytic process were upregulated by IL4, including hexokinase (HK), phosphoglucose 

isomerase, phosphofructokinase, and aldolase (Table 4.1). HK2 and 

phosphofructokinase, regulate the only two rate-limiting steps of glycolysis.  This 

indicates that IL4 may be capable of inducing glycolysis long-term in colon cancer cells, 

despite our initial 24 hour MFA results.       
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IL4 enhances metastatic colon tumor growth, but not glucose uptake in metastases. 

Our in vitro data indicates that IL4 can induce glucose uptake and metabolism in 

colon cancer cells, and that IL4-induced colon cancer growth is dependent upon 

glycolysis.  We then explored whether IL4 promotes metastatic colon tumor growth, and 

glucose uptake within colon metastases in the liver.  Basal levels of glucose uptake 

within the liver are high, limiting the ability of positron emission tomography (PET) to 

distinguish glucose uptake between tumor versus normal tissue.  While PET with 18F-

Table 4.1: List of genes whose expression was upregulated or downregulated greater  
than 2.5 fold in response to IL4 treatment.  MC38 cells were treated with vehicle or 
20 ng/mL IL4 for 24 hours.  Expression changes in mRNA were detected by a 
commercial real-time PCR array. 
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deoxyglucose (18FDG) has been used to examine glucose uptake in murine livers 

bearing human tumors [158], this type of analysis has been mainly limited to the 

examination of glucose uptake within the whole liver, and not individual tumors.  We 

partnered with Medillumine to test computed tomography (CT) contrast agents that 

would allow for the identification of colon metastases in the liver by CT, and allow us to 

examine glucose uptake within them by PET.       

 We performed experimental metastasis assays with MC38 cells in C57Bl/6 WT 

and IL4 KO mice, and allowed metastases to develop in the liver over a period of 14 

days. Fenestra LC, a human CT contrast agent (Medillumine), was then injected 

intraperitoneally (i.p.) 24 hours prior to PET/CT.  Unfortunately, the agent proved to be 

toxic, resulting in the deaths of several mice. The preliminary results from this study 

were therefore severely limited by the number of surviving mice, making it impossible to 

distinguish a significant difference in glucose uptake, quantified as 18FDG uptake, 

between WT and IL4 KO mice bearing MC38 liver metastases (Fig. 4.10).  Based on  
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this result we did not quantify differences in tumor burden using the CT data.  Still, we 

were able to conclude that contrast CT could be used to identify colon metastases in 

murine livers, and enable the calculation of glucose uptake by PET within them.  

 Given that the Fenestra LC contrast agent proved to be toxic to C57Bl/6 mice, we 

tested a second contrast agent, Mvivo Bis (Medillumine), in non-tumor bearing C57Bl/6 

mice.   This contrast agent is composed of starch coated bismuth nanoparticles, and 

was tested via tail vein or intraperitoneal (i.p) injection.  Mvivo Bis did provide excellent 

liver contrast when injected by tail vein (no contrast was seen with i.p. injections), but 

	  
Figure 4.10: Glucose uptake calculated in MC38 colon liver metastases of WT and 
IL4 knockout mice calculated from PET/CT images.  MC38 cells were injected via the 
tail vein into WT or IL4 KO C57Bl/6 mice.  Liver metastases were allowed to develop 
over a period of 14 days before mice were injected intraperitoneally with Fenestra LC 
contrast agent and subjected to PET/CT.  A) Combined PET/CT images 
representative of a WT and IL4 KO mouse.  Mouse orientation for the coronal view is 
shown in the upper right, with a heat map key for 18FDG uptake representing glucose 
uptake below.  Livers are indicated with dotted white lines.  B) 18FDG concentration 
representing glucose uptake in the liver metastases of WT or IL4 KO mice calculated 
from PET/CT images.  Uptake in tumors identified by CT was normalized to uptake in 
muscle tissue for each mouse p = ns. 
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we had mixed results with toxicity.  All mice survived the initial Mvivo Bis study, but 

when a second lot of Mvivo Bis was tested via tail vein, it was associated with the 

deaths of several mice.  We therefore abandoned large studies with CT contrast 

agents, and proceeded by normalizing glucose uptake within whole livers by PET to 

liver tumor burden by histology for each mouse.      

 First, we had to ensure that the loss of host IL4 on its own would not result in 

basal changes in glucose uptake within the liver.  To test this, we subjected 3 WT and 4 

IL4 KO mice to PET and measured basal glucose uptake, quantified as 18FDG uptake.  

We found no difference in glucose uptake between WT and IL4 KO livers (Fig. 4.11A). 

 	  
Figure 4.11: Host IL4 promotes metastatic colon tumor growth, but not glucose uptake 
in vivo.  A) Non-tumor bearing WT and IL4 KO mice were subjected to PET scanning.  
The concentration of glucose uptake in the whole liver represented by the concentration 
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of 18FDG uptake was quantified for each mouse.  B) Quantification of tumor burden from 
H&E stained images (examples shown) of livers from WT and IL4 KO mice bearing 
MC38 metastases.  C) Representative PET/CT images of one WT and one IL4 KO 
mouse bearing MC38 liver metastases.  Contrast in the liver was provided by a tail vein 
injection of Mvivo Bis.  Mouse orientation for the axial view is shown in the upper right, 
with a heat map key for 18FDG uptake representing glucose uptake below.  Livers are 
indicated with dotted white lines.  D) Quantification of glucose uptake in the livers of WT 
and IL4 KO mice bearing MC38 tumors by PET.  Glucose uptake in the liver is 
represented as 18FDG concentration, and this was normalized to 18FDG uptake in the 
muscle of each mouse before being divided by the corresponding liver tumor burden to 
normalize for tumor load.  One value for an IL4 KO mouse, 11.4, was out of range and 
is not depicted in this graph*p < .05. 
	  
   
We then repeated experimental metastasis assays with MC38 cells in WT and IL4 KO 

C57Bl/6 mice, and allowed liver metastases to develop over 10 days.  Mvivo Bis was 

injected via tail vein into only 3 KO and 2 WT mice within this study prior to PET/CT in 

case of toxicity issues.  At necropsy, liver tumor burden per mouse was calculated from 

hematoxylin and eosin stained liver sections.  There was a significant reduction in 

metastatic colon tumor burden in the livers of mice lacking IL4, indicating that IL4 

promotes metastatic colon tumor growth in vivo (Fig. 4.11B).  However, there was not a 

significant difference in glucose uptake, quantified as 18FDG uptake  PET, between WT 

and IL4 KO mice bearing MC38 liver metastases when glucose uptake in the liver was 

normalized to the tumor burden for each mouse (Figure 4.12C, 4.12D).  While host IL4 

promotes metastatic colon tumor growth in the liver, it does not appear to promote 

glucose uptake as a mechanism to support this growth.  

 

Discussion 

Unlike the majority of normal epithelial cells, many epithelial cancers including 

colon cancer, express type II IL4 receptors consisting of the IL4Rα and IL13Rα1 
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subunits [37,104]. We have recently shown that the IL4/IL4Rα signaling axis is a strong 

promoter of enhanced proliferation and survival, and metastatic mammary tumor 

growth in vivo [31,145]. Proliferation and survival are two pro-growth phenotypes that 

are supported by increased glucose uptake and metabolism in both cancer cells and 

IL4-activated lymphocytes [6,47,59,159].  We have shown that IL4 is capable of 

inducing glucose uptake and metabolism in mammary cancer cells, which could 

potentially support survival and/or proliferation in vivo [145].  While IL4 has also been 

shown to promote several pro-metastatic phenotypes in colon cancer cells including 

proliferation, survival, migration, and invasion [11,40,69], the contribution of IL4 to the 

growth of colon tumor metastases has not been explored.  Here, we extend the function 

of IL4 in driving metastatic tumor growth, to a second lethal epithelial cancer, colon 

cancer, and examine whether IL4-induced glucose metabolism supports metastatic 

colon tumor growth.  

 Using a 2-NBDG glucose analog uptake assay, we found that IL4 promotes 

glucose uptake in 2 murine and 2 human colon cancer cell lines that express IL4Rα and 

vary in mutational status.  While our results were significant at 6 and 24 hours post IL4 

exposure, we acknowledge that they were modest.  Nearly 100% of the cells were 

positive for 2-NBDG uptake at the time of analysis, which could have made differences 

difficult to distinguish.  Furthermore, we have demonstrated the physiological 

importance of glucose metabolism in supporting IL4-induced colon cancer growth.  IL4-

induced growth was significantly attenuated with the pharmacological inhibition of 

glycolysis with 3-bromopyruvate (3BP), and by glucose deprivation in all 4 colon cancer 

cell lines.  However, when examining IL4-induced alterations in glucose metabolism by 
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metabolic flux analysis (MFA), we were only able to show an increase in glycolysis, 

evidenced by an increase in the production of mitochondrial pyruvate from glucose after 

6 (but not 24) hours of IL4 treatment in MC38 murine colon cancer cells.  

Akt is phosphorylated by IL4 in MC38 cells, and could mediate the rapid increase 

in glucose uptake and glycolysis in response to IL4 at 6 hours.  This result is consistent 

with our previous studies in mammary cancer cells indicating that IL4 can result in the 

phosphorylation of Akt in addition to Erk and mTor [31].  However, the argument for 

early IL4-induced changes in glycolysis is weakened by the fact that downstream TCA 

cycle progression remained unchanged.  One possible explanation for this is that the 

high concentration of glucose tracer in the media (25 mM) for MFA could have made it 

difficult to distinguish the effects of IL4 above basal glucose metabolism.  In support of 

this, the majority of labeled glucose was already being converted to lactate via Warburg 

glycolysis at 6 hours prior to the addition of IL4.  

Overall, we were unable to identify large and numerous changes in glycolysis, 

the progression of the TCA cycle in the mitochondria, or the production of lactate in the 

cytosol in response to IL4 by metabolic flux analysis at either the 6 or 24 hour time 

point.  Unlike the 6 hour MFA study where 100% of glucose in the media was 

isotopically labeled, only 50% of glucose in the media of the 24 hour study was labeled. 

It is possible that the 1:1 ratio of labeled to unlabeled glucose was not enough to identify 

changes in metabolic pathways during the 24 hour study, as the 13C enrichments did 

appear to decrease from 24-72 hours.  In addition, the labeled tracer in both MFA 

experiments was competing with unlabeled carbons that could have come from the 4 

mM concentration of glutamine in the media.  We did confirm that the tracer substrate 
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did not run out completely.  It remains to be seen whether omitting unlabeled glucose or 

glutamine completely and/or lowering the total concentration of glucose from 25 mM 

would have enabled us to detect greater changes in glucose metabolism in response to 

IL4 by MFA. 

We have previously found that IL4 increases glucose consumption and lactate 

production over a period of 8 days in mammary cancer cells [145], and have achieved 

the same result in preliminary studies with RKO colon cancer cells. This supports the 

concept that imperfect experimental conditions in the longer-term MFA study could have 

contributed to the absence of IL4-induced changes in glucose metabolism.  In 

mammary cancer cells, the upregulation of long-term glucose metabolism was 

accompanied by an increase in the protein and mRNA expression of glucose 

transporter 1 (Glut1) [145].  We have shown that IL4 activates the transcription factor, 

Stat6, in murine mammary [31] and colon cancer cells.  Stat6 is known to mediate IL4-

enhanced glucose metabolism [5] and the induction of pro-glycolysis genes such as 

GLUT1 and HK2 [66] in B cells.  These data prompted us to test for changes in glucose 

metabolism in response to IL4 after 24 hours of exposure by examining the expression 

of genes that regulate multiple glucose metabolism pathways, including the pentose 

phosphate pathway (PPP). This pathway supports the reduction of reactive oxygen 

species through NADPH production and enhances nucleic acid synthesis [160].  

Notably, changes in this pathway are not thoroughly identified by MFA with the 13C6 D-

glucose tracer we used. 

IL4 altered the mRNA expression of 10 genes that regulate glycolysis, oxidative 

phosphorylation, or the PPP greater than 2.5 fold in MC38 cells.  The activity of the 
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majority of these genes is depicted in a schematic of metabolic pathways in Figure 4.12. 

Notably, the initial 4 enzymes that control the first 4 steps of glycolysis were upregulated 

by IL4, including HK and phosphofructokinase which regulate the only 2 rate-limiting 

steps (Fig. 4.12).  This data suggests that IL4 may be capable of inducing glycolysis 

long-term in colon cancer cells, and is consistent with the ability of IL4 to induce HK2 

expression in B cells [66].  The activity of HK leads to the generation of pyruvate, which 

can be converted to lactate via lactate dehydrogenase, or fed into the TCA cycle for the 

generation of ATP through downstream oxidative phosphorylation.  Unlike the study in B 

cells [66], we were unable to identify an increase in the expression of lactate 

dehydrogenase in colon cancer cells after IL4 treatment. 
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Increased lactate production and increased TCA cycle progression for oxidative 

phosphorylation are not mutually exclusive.  IL4 has also been shown to increase 

mitochondrial oxidative phosphorylation in B lymphoma cells [138].  Consistent with this 

concept in colon cancer cells, Il4 treatment resulted in the downregulation of pyruvate 

dehydrogenase kinase and the upregulation of dihydrolipoamide S-succinyl transferase 

(Fig. 4.12).  The downregulation of pyruvate dehydrogenase kinase favors oxidative 

phosphorylation by directing carbons from pyruvate to enter the TCA cycle rather than 

	  
Figure 4.12: IL4 induces global changes in the transcription of genes that regulate 
glucose metabolism in murine colon cancer cells.  Overall, IL4 influenced the 
expression of genes controlling glycolysis (blue), TCA cycle progression (green) and 
the pentose phosphate pathway (purple). Enzymes that regulate steps within these 
pathways are shown in red.  Enzymes that are upregulated in response to IL4 are in 
bold red.  One enzyme, pyruvate dehydrogenase kinase, was downregulated in 
response to IL4.  Asterisks indicate rate-limiting enzymes. 
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to lactate production [161].  The upregulation of dihydrolipoamide S-succinyl transferase 

by IL4 could also indicate an increase in TCA cycle progression, as this enzyme is a 

component of the α-ketoglutarate dehydrogenase complex which is thought to be a 

determinant of flux into the TCA cycle, and produces NADH for electrons in the 

respiratory chain [162].           

The PPP consumes glucose-6-phosphate, the initial product of glycolysis that is 

produced by HK.  Typically, the PPP is critical for supplying ribose-5 phosphate for the 

rapid synthesis of nucleic acids during proliferation [163].  Ribose-5 phosphate is 

generated from ribulose-5 phosphate by ribulose-5 isomerase.  However, it has been 

shown that in colon cancer, the PPP is used as a method to convert glucose to 

pyruvate, thereby augmenting glycolysis [164].  Our results are consistent with this 

finding as the addition of IL4 lead to the upregulation of ribulose-5-phosphate epimerase 

(Fig. 4.12).  This enzyme converts ribulose-5 phosphate in the PPP to xylulose-5 

phosphate, which is fed back into the glycolytic pathway.  

The only 3 enzymes that were upregulated with IL4 treatment that are not 

included in the schematic in Figure 4.12 are glucose-1 dehydrogenase, glycogen 

synthase 3 alpha, and phosphoenolpyruvate carboxykinase.  Glucose-1 dehydrogenase 

catalyzes the oxidation of the first hydroxyl group of glucose [165].  Glycogen synthase 

3 alpha is a serine/threonine kinase that regulates multiple processes including 

gluconeogenesis, and can phosphorylate a large variety of substrates including 

glycogen synthase, beta-catenin, cyclin D1, and C-myc [166]. In addition to glycogen 

synthase 3 alpha, the expression of phosphoenolpyruvate carboxykinase has been 

linked to gluconeogenesis [167]. 
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 Unlike the MFA analysis, the transcriptional analysis of genes that regulate 

glucose metabolism in response to IL4 indicated that IL4 has the potential to increase 

glycolysis, the progression of the TCA cycle, and the pentose phosphate pathway in 

colon cancer cells.  Given that we were also able to demonstrate that IL4 induces 

glucose uptake in colon cancer and that IL4-induced colon cancer growth is dependent 

upon glycolysis in vitro, we proceeded to examine whether IL4-induced glucose uptake 

was associated with IL4-induced metastatic colon tumor growth in vivo.  

The goal was to identify MC38 colon metastases in the liver by contrast 

computed tomography (CT), and measure glucose uptake within them via positron 

emission tomography (PET).  However, two CT contrast agents we tested, Fenestra LC, 

and Mvivo Bis proved to have toxicity issues.  We therefore resorted to examining 

glucose uptake by PET in the whole liver, and normalized this uptake to tumor burden 

calculated from hematoxylin and eosin stained liver sections upon necropsy.  Using this 

method with WT and IL4 KO mice bearing MC38 tumors, we were able to demonstrate 

that IL4 significantly promotes the metastatic growth of colon metastases in the liver.  

However, when the uptake of glucose in the liver by PET was normalized to metastatic 

tumor burden in these mice, we were unable to demonstrate that the loss of IL4 had any 

significant affect on glucose uptake within the colon metastases.  There was a large 

amount of variation in glucose uptake among the IL4 KO mice, even though we did 

demonstrate that the loss of IL4 did not affect basal glucose uptake in murine livers.  

Unfortunately, the resolution of structures in the body with PET is not as high as CT, 

and this could have contributed to the variation.  
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Although we have demonstrated that IL4 promotes metastatic colon tumor 

growth in vivo, we are unable to provide a strong argument that this is supported by IL4-

induced glucose metabolism.  However, glucose is just 1 of 2 major carbon and nitrogen 

sources that cancer cells are abnormally dependent on.  In addition to glucose, 

glutamine uptake and metabolism supports the proliferation and survival of cancer cells 

and IL4-activated lymphocytes [5,6,59,60,65].  We have shown that IL4 is capable of 

inducing glutamine metabolism in breast cancer cells, and that IL4-induced breast 

cancer growth is dependent upon glutamine, but not glucose metabolism [145].  When 

screening 6 colon cancer cell lines for use in our studies, we found that glucose 

deprivation inhibited IL4-induced growth in all of them, while glutamine deprivation did 

not in 2 of the lines examined.  We therefore reasoned that the increased metabolism of 

glucose was the more important phenotype in colon cancer cells.  However, it is 

possible that as with breast cancer, IL4 may be able to induce glucose and glutamine 

uptake, but that the metabolism of glutamine is more important for supporting cancer-

acquired phenotypes.  We have preliminary data indicating that IL4 induces glutamine 

uptake in human RKO colon cancer cells. 

The contribution of IL4/IL4Rα signaling to allergic disorders including asthma, 

has lead to the production of anti-IL4/IL4Rα FDA approved therapies that are being 

improved upon for the treatment of cancer [144].  However, cancers often acquire 

resistance to therapies targeting a single receptor, resulting in disease recurrence.  

Circumventing possible tumor resistance to IL4/IL4R targeted therapies in the future 

requires a better understanding of the mechanisms activated by IL4 that mediate 

enhanced tumor growth and metastasis.   
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We have demonstrated that a reduction in IL4Rα-activated Akt and Erk in 

mammary cancer cells is associated with reduced metastatic tumor growth in vivo [31].  

We have also demonstrated that IL4 activates Akt in colon cancer cells.  However, 

these pathways have been traditionally difficult to inhibit safety in patients, particularly in 

combination.  Therefore, there is a need to identify novel mechanisms, such as IL4-

induced glutamine metabolism, that supports tumor growth and metastasis in response 

to IL4.  Especially, now that it is possible to safely target tumor cell metabolism in 

patients as an anti-cancer therapy [168]. 
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CHAPTER VI 

 

SUMMARY  

 

IL4Rα Promotes Mammary Tumor Metastasis6 
 

While most normal epithelial cells do not express IL4Rs, epithelial cancer cells 

including breast cancer cells upregulate the type II IL4R consisting of the IL4Rα and 

IL13 receptor alpha 1 (IL13Rα1) chains [11,104,169].  Significantly, IL4 ligand is also 

upregulated in the microenvironment of several epithelial tumor types including breast 

cancer [106].  Hijacking this traditionally immune IL4/IL4R signaling axis may give 

cancer cells several important growth advantages. 

Similar to immune functions, Il4/IL4R signaling may directly promote the survival 

and proliferation of cancer cells.  In fact, IL4/IL4R signaling has been shown to increase 

survival via the upregulation of anti-apoptotic proteins (PED, cFLIP, Bcl-xL and Bcl-2) to 

promote human breast and colon tumor growth in nude mice [11].  However, those 

studies did not examine the contribution of specific IL4/IL4R-induced anti-apoptotic 

pathways in models with intact immune systems, or consider how enhanced 

proliferation could contribute to tumor growth. Notably, IL4/IL4R signaling enhances the 

proliferation of several cancer types including breast cancer in vitro, and prostate cancer 

cells in vivo [33].  

IL4/IL4R signaling regulates pro-tumorigenic growth phenotypes in epithelial 

cancer cells, but could it promote metastasis? Our goal was to determine whether 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
6 This section has been adapted from an author’s view published as: Katherine Venmar and Barbara 
Fingleton (2014) Lessons from immunology: IL4 directly promotes mammary tumor metastasis, 
Oncoimmunology, 3(9), e955373 [189]. 
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IL4/IL4R signaling could promote the survival and proliferation of mammary cancer cells 

for enhanced metastatic colonization and outgrowth in the lung and liver.  We answered 

this question by performing shRNA-mediated knockdown (KD) of IL4Rα, in two murine 

mammary cancer cell lines, R221a and 4T1, and testing metastatic ability in immune 

competent murine models.   

Experimental metastasis assays with control and IL4Rα KD mammary cancer 

cells revealed that IL4Rα is a strong promoter of metastatic mammary tumor growth in 

both the lung and liver.  IL4Rα-induced metastatic growth ability was attributed to 

increased survival and colonization ability and increased proliferation and outgrowth 

ability.  Using IL4 knockout mice, we also showed that IL4 ligand drives enhanced lung 

metastatic tumor growth [31]. However, our finding that IL4 knockout mice injected with 

IL4Rα KD cells had a greater reduction in tumor burden than either IL4 knockout or 

IL4Rα KD alone could implicate a role for IL13 in vivo.  Although IL4 is the prototypical 

ligand for the IL4 receptor, it is possible that IL13, the only other cytokine known to bind 

and activate type II IL4Rs, may also play a role in promoting tumor growth [30].  

 

Mechanisms of IL4/IL4R-induced mammary cancer metastasis. 

Both the type I and type II IL4R are bound and activated upon IL4 binding the 

IL4Rα chain.  But, downstream signaling cascades controlling growth may differ 

between the two receptor types. In lymphoid cells, Il4 induces proliferation and survival 

through two main pathways downstream of the type I IL4R; 1) the insulin receptor 

substrate protein (IRS)/PI3K/Akt pathway, and 2) the Jak/signal transducer and 

activator of transcription factor (Stat6) pathway [8].  However, type II IL4R signaling in 
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response to IL4 in epithelial cancer cells remains largely unresolved, with the exception 

of Stat6 activation.  

IL4-activated Stat6 has been shown to mediate enhanced proliferation, and 

resistance to apoptosis in vitro [11,41]. Yet, analysis of human breast cancer tissue 

revealed that total Stat6 is actually decreased in invasive breast ductal carcinomas 

compared to ductal carcinomas in situ [116]. One caveat to this study is that only Stat6 

protein expression was examined and not functional activation or nuclear localization.  

While it is possible that invasive breast tumors could have increased Stat6 function, we 

sought to elucidate other potentially novel IL4/IL4R-activated pathways that mediate 

metastatic tumor growth.  

It is known that IRS1/2 activation by IL4/IL4R can result in the activation of 

downstream MAPK/Erk and/or PI3K/Akt in some non-hematopoietic cells [8]. Both Erk 

and Akt have been implicated in inducing proliferation and survival in a variety of 

cancers.  We found that both were phosphorylated in response to IL4 in addition to 

Stat6 in mammary cancer cells in vitro.  Interestingly, Akt was strongly phosphorylated 

at serine 473 in both the R221a and 4T1 cell lines, implicating a possible role for 

upstream mTORC2 activation. mTOR was phosphorylated at serine 2481 in response 

to IL4, indicating an active mTORC2 complex.  In vitro, pharmacologic blockade of each 

of the effector proteins (Akt, Erk, or mTOR) abrogated IL4-induced colony formation, 

indicating that all three pathways mediate IL4-enhanced colonization ability.  In addition, 

we also saw a reduction in pAkt serine 473 and pErk levels in IL4Rα KD lung 

metastases compared to control, confirming the relevance of IL4/IL4Rα-activated pAkt 

and pErk in vivo [31].   
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IL4 Enhances Metabolism in Breast Cancer Cells Through IL4Rα to Support 

Tumor Growth 

In addition to the promotion of metastatic mammary tumor growth, we have also 

established that IL4Rα promotes mammary tumor growth at the primary site. This was 

determined following orthotopic injection of IL4Rα knockdown or sh-control R221a or 

4T1 murine mammary cancer cells.  These models did not allow for the analysis of 

spontaneous tumor formation, but we did find reductions in tumor latency and growth 

after the loss of IL4Rα expression.  Interestingly, in the less aggressive PyMT-derived 

R221a line, the loss of IL4Rα nearly abolished tumor growth at the primary site.  This 

stark result was reproducible, and was not due to a reduction in tumor take [145].  

Further analysis of mammary tumors originating from the 4T1 cell line, demonstrated 

that IL4Rα expression was associated with an increase in proliferation, but had no 

significant impact on survival [145]. This data supports previous studies in colon cancer 

where IL4Rα-induced proliferation but not survival promoted the growth of allografted 

colon tumors in the cecum [40]. Therefore, IL4Rα-enhanced proliferation may be the 

most important driver of epithelial tumor growth at primary sites. 

Given that IL4Rα is a strong promoter of mammary tumor growth in vivo, at both 

primary and metastatic tumor sites, we tested for IL4 enhanced growth in vitro using 

both murine 4T1 and human MDA-MB-231 human breast cancer cells.  Treatment with 

IL4 resulted in a significant dose-dependent increase in cell number or growth in both 

cell lines, and this required the presence of IL4Rα [145]. With an in vitro model for IL4-

induced tumor growth, we sought to determine whether IL4-induced glucose and/or 

glutamine uptake could serve as a novel mechanism to support this growth.   
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Enhanced survival in B cells is dependent upon IL4/IL4Rα-induced glucose 

metabolism [5,138], and this is regulated in part by the upregulation of GLUT1 

expression in response to IL4 for increased glucose uptake [66].  We therefore explored 

the possibility that IL4 could regulate enhanced glucose metabolism in mammary 

cancer cells by testing for IL4/IL4Rα-induced expression of Glut1.  We found that IL4 

treatment increased both the protein and mRNA expression of Glut1 in 4T1 mammary 

cancer cells. Glut1 expression was also significantly reduced in IL4Rα knockdown 4T1 

mammary tumors compared to sh-control, and significantly reduced in 4T1 lung 

metastases in IL4 knockout mice compared with wild-type [145].  These results indicate 

that the IL4/IL4Rα signaling axis mediates enhanced Glut1 expression at primary and 

metastatic mammary tumor sites. 

Although not tested directly, the upregulation of Glut1 may support increased 

glucose metabolism in response to IL4 in mammary cancer cells.  We found that IL4 

treatment resulted in both long- (8 days) and short- (24 hours) term increases in glucose 

consumption in murine 4T1 cells [145].  Increased glucose consumption in long-term 

studies correlated with increased lactate production indicating that aerobic glycolysis 

may also be enhanced in response to IL4.  It is possible that the transcriptional 

upregulation of Glut1 serves to support increased glucose consumption and metabolism 

long term, but there may also be a role for IL4 in promoting the more rapid translocation 

of Glut1 to the cell membrane to support the rapid uptake of glucose measured at 24 

hours.  In support of this concept, we have shown that Akt is phosphorylated in 

response to IL4 in 4T1 cells [31].  IL4-activated Akt could drive the translocation of 

glucose transporters to the cell surface for rapid increases in glucose uptake and 
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metabolism [130–132].   

Unlike the data obtained in 4T1 murine mammary cancer cells, were unable to 

find changes in GLUT1 expression or glucose uptake and metabolism following IL4 

treatment in human MDA-MB-231 breast cancer cells.  This does not mean that IL4 

cannot induce glucose metabolism in human breast cancer cells, but could indicate that 

acquisition of the second major carbon and nitrogen source, glutamine, may be more 

important.  Glucose and/or glutamine dependence can be cell type specific, and may 

also fluctuate depending on which processes the cell is currently trying to support.  

Knowing that enhanced glutamine metabolism can also support cancer proliferation and 

survival for increased growth, we sought to determine if IL4 is capable of inducing 

glutamine uptake in murine and human breast cancer cells. 

In both murine and human breast cancer cells, long-term treatment with IL4 

resulted in significant increases in glutamine consumption.  This was paired with the 

enhanced protein and mRNA expression of the glutamine transporter, ASCT2, in 

response to IL4, providing a possible mechanism for IL4-enhanced glutamine uptake.  

In addition, inhibition of glutamine metabolism with compound 968 blocked IL4/IL4Rα-

induced growth in both cell lines, indicating that IL4-induced breast cancer growth is 

dependent on glutamine metabolism.  We did examine the ability of a glycolysis inhibitor 

to block IL4-induced growth, but were unable to obtain significant results in either cell 

line.  Collectively, our data demonstrates that in breast cancer IL4-induced glutamine 

metabolism may be the predominant metabolic phenotype that supports IL4/IL4Rα-

enhanced tumor growth [145]. 
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IL4 Promotes Colon Cancer Growth and Metastasis 

 We have identified the IL4/IL4Rα signaling axis as a strong promoter of breast 

cancer growth and mammary cancer metastasis [31].  We have also demonstrated that 

IL4 can reprogram glucose and glutamine metabolism in mammary and breast cancer 

cells [145], and previous studies have shown that colon cancer growth is dependent 

upon glucose metabolism [146,147].  We then sought to examine whether IL4 could 

induce metastatic tumor growth in a second epithelial cancer expressing IL4Rα, colon 

cancer, and if IL4-induced glucose metabolism could support this enhanced metastatic 

tumor growth in vivo.   

 We began by demonstrating that IL4 promotes glucose uptake in 2 murine and 2 

human colon cancer cell lines of varying mutational statuses and origins by flow 

cytometry.  It is possible that IL4-activated Akt or Stat6 could mediate IL4-induced 

glucose uptake.  Consistent with our findings in mammary cancer cells [145], both 

effector proteins were activated in response to IL4 in murine colon cancer cells.   

Indicating that IL4-induced colon cancer growth is dependent upon glycolysis, 

inhibition of glycolysis with an inhibitor of HK2, 3-bromopyruvate (3-BP), blocked IL4-

induced growth in the same 4 cell lines. Using a PCR array for genes related to glucose 

metabolism, we also found that IL4 upregulated the expression of at least 10 enzymes 

regulating glycolysis, TCA cycle progression, and the pentose phosphate pathway 

greater than 2.5 fold in murine colon cancer cells.  Most notably, Il4 induced the 

expression of 4 enzymes regulating the 10-step progression of glycolysis, including HK2 

and phosphofructokinase, two enzymes that control each of the only two rate-limiting 

steps.  Supporting the importance of enhanced glycolysis in response to IL4, we also 
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observed an increase in ribulose-5 epimerase of the pentose phosphate pathway.  This 

enzyme catalyzes the epimerization of ribulose-5 phosphate to xylulose-5 phosphate, 

which is fed back into the glycolytic pathway for the production of pyruvate [163]. 

 Despite these findings, we were unable to demonstrate large or numerous 

changes in glycolysis or the progression of the TCA cycle by metabolic flux analysis 

(MFA) in the same murine colon cancer cell line. We believe that experimental 

conditions are largely to blame for the absence of changes in glucose metabolism in 

response to IL4 by MFA, but this remains to be explored.  Our only noteworthy finding 

from MFA was that IL4 did increase the metabolism of glucose to pyruvate 6 hours after 

exposure, hinting that IL4 was increasing glycolysis.  However, we did not identify any 

changes in downstream metabolites, weakening this result.  Still, we had shown that IL4 

could induce glucose uptake in colon cancer cells, and that glucose metabolism was 

necessary to support IL4-induced growth.  These results prompted us to continue to 

examine IL4-induced glucose uptake as a possible mechanism that supports metastatic 

colon cancer growth in vivo via PET/CT. 

 We were unable to use contrast CT to identify colon metastases in the liver and 

quantify glucose uptake by PET within them.  We attempted to use 2 separate CT 

contrast agents, Mvivo Bis and Fenestra LC, but each proved to have toxicity issues in 

mice.  Therefore, we quantified glucose uptake in the whole liver by PET, and then 

normalized this uptake to histological tumor burden at necropsy.  After histological 

analysis, were able to demonstrate that host IL4 promotes metastatic colon tumor 

growth in the liver, evidenced by a significant increase in tumor burden in wild-type 

versus IL4 knockout mice.  However, we were unable to associate IL4-induced glucose 
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uptake with this enhanced growth.  Limitations in the resolution of PET scanning could 

have contributed to this negative result. However, in future studies, it may be more 

prudent to examine IL4-induced glutamine uptake as a mechanism that supports 

metastatic colon tumor growth. We have preliminary data demonstrating that IL4 can 

induce glutamine uptake in human RKO colon cancer cells, and that IL4-induced murine 

and human colon cancer growth is dependent upon the availability of glutamine in vitro.   

 

Main Conclusions 

We have shown that the IL4/IL4R signaling axis is a strong promoter of epithelial 

cancer growth and metastasis, and have identified mechanisms downstream of the 

IL4/IL4R interaction that regulate this growth [31] (Fig. 5.1).  In mammary cancer cells,  

IL4-activated Akt, Erk, and mTOR mediated enhanced colonization ability in vitro, and 

activated Akt, Erk, and Stat6 were associated with IL4Rα-enhanced metastatic 

mammary tumor in vivo.  IL4 also activates Akt and Stat6 in colon cancer cells.  In 

addition to the activation of these effector proteins, IL4 enhanced glucose uptake and 

metabolism in mammary [145] and colon cancer cells in vitro.  The induction of glucose 

uptake in mammary cancer cells may occur through IL4-induced Glut1 expression.  

However, we were unable to demonstrate that IL4-induced glucose uptake supports 

IL4-enhanced metastatic colon tumor growth in the liver, even though enhanced colon 

tumor growth in response to IL4 was dependent upon glucose metabolism in vitro.  IL4-

induced glutamine metabolism was necessary to support mammary and breast cancer 

growth in vitro, and the increased expression of ASCT2 in response to IL4 may mediate 

this increase in glutamine uptake [145].  IL4-induced glutamine uptake and metabolism 
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has the potential to support the growth of breast and colon metastases in vivo, but this 

remains to be explored. 

  

	  
Figure 5.1: The IL4/IL4R signaling axis in epithelial cancer cells is a strong promoter 
of epithelial tumor growth and metastasis.  IL4 can be produced by epithelial tumor 
cells themselves, or by immune cells in the tumor microenvironment, including 
activated Th2 cells.  IL4 binds the type II IL4R on breast and colon cancer cells 
resulting in Akt and Stat6 activation.  In mammary cancer cells, we have also shown 
that IL4 activates Erk and mTor downstream of IL4Rα.  Each of these three pathways 
mediates IL4-enhanced colonization ability.  In vivo, we have shown that epithelial 
IL4Rα expression promotes enhanced mammary and colon cancer growth at primary 
tumor sites, and the enhanced metastatic tumor growth in response to IL4.  IL4 is 
also capable of enhancing the protein and mRNA expression of glucose transporter, 
GLUT1, and glutamine transporter, ASCT2, in association with increased glucose 
and glutamine uptake in mammary cancer cells.  Glutamine metabolism is necessary 
to support IL4-induced growth in breast cancer. 
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CHAPTER VI 

 

IMPLICATIONS AND FUTURE DIRECTIONS 

 

Implications: Inhibition of the IL4/IL4R Interaction in Cancer Patients 7 

Apart from its regulatory roles in the immune system, the abnormal expression of 

IL4 receptor (IL4R) on epithelial cancer cells has guided the delivery of toxins fused to 

IL4 to reduce the growth of solid tumors for many years.  Collectively, our results 

demonstrate that the IL4/IL4R signaling axis on epithelial cancer cells directly promotes 

3 hallmarks of cancer for the promotion of tumor growth and metastasis: survival for 

colonization, proliferation for outgrowth, and the reprogramming of cellular metabolism.  

But, is it plausible to target IL4 or the IL4R to attenuate metastatic tumor growth?  

Due to its roles in promoting asthmatic and allergic responses, the IL4/IL4R 

signaling axis is already the target of several FDA approved therapies including STAT6 

inhibitors, IL4 neutralizing antibodies, and IL4Rα antagonists.  However, each of these 

current therapies inhibit the function of both the type I IL4 receptor found on 

hematopoietic cells and the type II IL4 receptor found on myeloid cells and other non-

hematopoietic cells including epithelial cancer cells.  This raises the question of whether 

a therapy designed to target the type II IL4R would be therapeutically effective against 

metastatic tumors, while limiting toxicity to normal immune populations expressing the 

type I receptor, particularly lymphoid populations. A type II IL4R selective therapy 

(MDNA57) currently in development by Medicenna Therapeutics Inc, will test this idea 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
7	  This section has been adapted from a review published as: Katherine Venmar Bankaitis and Barbara 
Fingleton (2015) Targeting IL4/IL4R for the treatment of epithelial cancer metastasis, Clinical and 
Experimental Metastasis [144].	  
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[73].  Notably, this therapy would target both epithelial cancer cells and other cells within 

the tissue microenvironment that express the type II IL4R. 

Two recent studies have demonstrated that the IL4/IL4R signaling axis in the 

tissue microenvironment and on epithelial cancer cells themselves promotes metastatic 

tumor growth.  In the first study, the systemic neutralization of IL4 by a monoclonal 

antibody was shown to reduce metastatic lung tumor burden in a murine model of 

spontaneous mammary cancer [70].  Our data showing that the metastatic growth of 

4T1 mammary tumors in the lung was also significantly attenuated in IL4 knockout mice 

is in agreement with this finding [31]. The earlier study suggests that IL4 produced by 

CD4(+) T lymphocytes acting through tumor associated macrophages (TAMs) in the 

TME is critical for the reduction in metastatic tumor growth [70], while our study 

demonstrated that loss of  IL4Rα on the tumor cells themselves lead to a more profound 

reduction in lung metastatic tumor growth compared with systemic loss of host IL4 [31].  

These results highlight the importance of understanding the roles of IL4 in the immune 

system in addition to how it directly promotes the metastasis of epithelial cancer cells. 

Importantly, the selective targeting of the type II IL4R would not only affect 

epithelial cancer cells, but also myeloid populations including TAMs, and MDSCs. 

These IL4-responsive populations promote tumor growth, angiogenesis, and 

metastasis, and suppress antitumor immune responses [45,100–103].  The inhibition of 

TAMs and MDSCs in conjunction with the inhibition of epithelial IL4R by anti-type II IL4 

receptor therapies may result in the dramatic reduction of metastatic epithelial tumor 

growth. 

In the setting of epithelial cancer and metastasis, we must acknowledge that 
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inhibition of the type II IL4R would also likely also affect IL13 signaling, but this too may 

be advantageous. IL13 is upregulated in primary breast cancer tissue [170] and in the 

peripheral blood of patients with pancreatic, esophageal, and gastric cancer [171].  

While studies focusing on the implications of IL13 signaling in epithelial cancer cells are 

limited, it has been shown to have both pro-tumorigenic and pro-metastatic roles as we 

have previously reviewed [30].  These results are encouraging, as therapies capable of 

targeting the type II IL4R would likely also impact IL13 signaling.  However, more work 

needs to be done in order to fully understand the implications of targeting the IL4R in 

terms of IL13 signaling as IL13 can also signal through two other receptors [30].  

 

Future Directions 

Examining the contribution of IL13 and IL13Rα2 signaling to epithelial tumor growth. 

Therapeutic targeting the type II IL4R consisting of the IL4Rα and IL13Rα1 

subunits would result in the inhibition of both IL4 and IL13 signaling.  This may be 

beneficial for patients with epithelial cancers as outlined above. However, how IL13 

regulates tumor growth through this receptor is not well known, and IL13 does not 

always activate the same signaling pathways as IL4 [172,173].  In addition, IL13 can 

bind IL13 receptor α 2 (IL13Rα2), which has both a soluble form that is thought to act 

as a decoy receptor, and a membrane-spanning form that is capable of signal 

transduction in response to IL13 [172].  Tumors of the colon, pancreas, ovary, and brain 

have been shown to express IL13Rα2 [174–177], and elevated levels of IL13 have been 

detected in the peripheral blood of pancreatic, esophageal, and gastric cancer patients 

[171], and in primary breast cancer tissue (23).   
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Should the type II IL4R no longer be able to bind ligand due to therapeutic 

inhibition, IL13 could still bind and signal through IL13Rα2 to promote tumor growth. 

Treatment of cells with IL13 and the increased expression of IL13Rα2 has also been 

correlated with enhanced survival and metastatic ability in several other epithelial 

cancer types [30].  We have also shown that the loss of IL4Rα, a component of the type 

II IL4R, on mammary tumor cells themselves yields greater reductions in metastatic 

mammary tumor growth than the loss of host IL4 [31].  This indicates that there may be 

a role for IL13 in supporting metastatic tumor growth in vivo.  It possible that in the 

absence of type II IL4R signaling (tested experimentally by the loss of IL4Rα), that IL13 

signaling through IL13Rα2 could increase as a compensatory mechanism to support 

tumor growth, or that simultaneously targeting IL13Rα2 in addition to the type II IL4 

receptor could have an additive effect in reducing tumor growth and metastasis.  

Therefore, it may be worthwhile to examine the contribution of IL13 to tumor growth 

specifically using IL13 knockout mice or Lebrikizumab (Roche/Genentech), a 

humanized anti-IL13 antibody, and to further delineate the importance of each receptor 

using knockdown studies, including studies with dual IL4R and IL13Rα2 knockdown in 

epithelial tumor cells.   

 

Analysis of IL4/IL4R-regulated changes in metabolism that support tumor growth. 

It is common knowledge that therapies targeting a single receptor can eventually 

fail when cancer cells acquire resistance, and patients succumb to disease.  It is 

therefore critical to understand which mechanisms the targeted receptor utilizes to 

support tumor growth in order to circumvent this resistance.  It is now possible to safely 
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target tumor cell metabolism in patients as an anti-cancer therapy [168].  Given that 

effector proteins activated in response to IL4 including ERK, AKT, and mTOR have 

been traditionally difficult to target therapeutically due to developed resistance or toxicity 

when targeted in combination.  Understanding mechanisms of IL4-induced metabolism 

that support tumor growth and metastasis in more detail may become of even greater 

importance in the future.  

Collectively, our studies in breast and preliminary studies in colon cancer indicate 

that IL4-induced glutamine uptake and metabolism could support epithelial tumor 

metastasis, but we have not yet explored this.  It could be worthwhile to examine 

whether IL4 treatment results in changes in pathways related to glutamine metabolism 

by metabolic flux analysis (MFA), and whether IL4 promotes glutamine uptake in breast 

and colon cancer metastases in vivo via PET with a glutamine tracer.  

In vivo metabolic studies utilizing radioisotopes such as 18FDG for PET only allow 

for the examination of the uptake of one nutrient without obtaining information about the 

metabolism of the labeled probe. Fortunately, MFA can also be performed in tumors 

grown in vivo by infusing tumor bearing mice with a variety of 13C-labeled substrates 

and assessing 13C enrichment within the tumor by mass spectrometry and applied 

models of flux analysis [159].   This method has already been applied to study acetate 

metabolism in glioma metastases [178], and could be applied to mice bearing IL4Rα 

knockdown tumors, or to IL4 knockout mice bearing wild-type tumor cells to examine 

the contribution of glutamine, glucose, or other nutrients not yet explored, to both 

primary and metastatic tumor growth downstream of IL4/IL4R.   
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Possible regulation of tumor metabolism via changes in glycosylation in response to IL4. 

 It is well known that glycoproteins can be added to amino acids to modify their 

functions, and that changes in glycosylation are associated with the transformation of 

normal cells into neoplastic lesions [179].  Recently, it has been shown that the 

glycosylation of the glycolysis-related enzyme phosphofructokinase 1 inhibits its activity, 

resulting in more glucose flux through the pentose phosphate pathway, and thereby 

conferring a growth advantage to cancer cells [180].  This was the first study implicating 

the glycosylation of a metabolic enzyme as a possible new anti-cancer target.  

However, little is known about how this glycosylation is regulated, and whether the 

function of other metabolic enzymes or transporters is controlled by glycosylation in 

cancer. 

Our studies indicate that IL4 treatment not only results in the enhanced protein 

and mRNA expression of the main cancer-related glucose transporter, glucose 

transporter 1 (Glut1), in murine mammary cancer cells, but it also increases the 

glycosylation of Glut1 as visualized by western blots performed prior to or after 

treatment with a deglycosylating enzyme [145]. Our preliminary studies also indicate 

that IL4 treatment results in the glycosylation of GLUT1 in RKO human colon cancer 

cells, but it does not influence GLUT1 protein expression. The IL4-induced glycosylation 

of GLUT1 was associated with increased glucose uptake in both the mammary and 

colon cancer cells. These findings may be significant as the N-linked glycosylation of 

GLUT1 at ASN45 is important for maintaining transporter structure, glucose affinity, and 

glucose transport activity [181].  GLUT1 glycosylation has also been associated with 

tumorigenicity [182].  It is possible that IL4-induced glycosylation of GLUT1 could 
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promote pro-tumorigenic effects in epithelial cancer cells including the facilitation of 

enhanced glucose uptake for the support of survival and rapid proliferation.  Such 

changes regulated by glycosylation could be advantageous as they occur more rapidly 

than IL4-induced transcription of GLUT1.   

Glycosylation is regulated by complex mechanisms including the expression, 

localization, and activity of glycosyltransferases [183].  Further experiments are needed 

to delineate how IL4 is regulating the glycosylation of GLUT1, and mass spectrometry 

could be used to determine whether this occurs at ASN45.  The effect of IL4 on 

transporter activity could also be explored using kinetic studies measuring glucose 

uptake.  More specifically, it would be very interesting to elucidate whether IL4 can 

regulate the expression or function of N-acetylglucosaminyltransferase-V.  This enzyme 

has been associated with the promotion of epithelial cancer metastasis since 1987 

[184], and has recently been associated with the glycosylation and function of GLUT1 

[185].  However, little is known regarding how this enzyme is regulated in cancer.  

Beyond GLUT1, the ability of IL4 to induce global changes in glycosylation could also 

be initially examined using a commercially available kit for glycoprotein carbohydrate 

estimation.    

In addition to the glycosylation of GLUT1, it is also possible that IL4 can induce 

other changes in glycosylation in epithelial cancer cells.  During the polarization of 

CD4(+) T cells to Th2 cells, IL4 has been shown to downregulate alpha1,3-

fucosyltransferase VII.  Fucosyltransferases transfer an L-fucose sugar to an acceptor 

substrate such as a core N-acetylglucosamine (GlcNac) sugar for N-linked glycosylation 

or to a protein for O-linked glycosylation [186].  IL4 has also been shown to upregulate 
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core 2 beta1,6 N-acetylglucosaminyltransferase (C2GnT) in airway epithelial cells which 

is used for mucin biogenesis [187].  Mucins are O-glycysylated, and their hypersecretion 

occurs in response to IL4 and IL13.  IL4 regulates the degree of mucin O-glycosylation 

in LS174T colon carcinoma cells by regulating the expression of 8 different N-

acetylgalactosamine (GalNAc) transferases (ppGalNAcTs) [188]. This data 

demonstrates that IL4 is capable of inducing broad changes in glycosylation in colon 

cancer cells, and raises the possibility that these changes could be physiologically 

relevant for regulating cancer-related phenotypes. 

 

IL4-induced migration and invasion for the promotion of colon cancer metastasis. 

In order to metastasize, cancer cells must lose their adhesion to the basement 

membrane and migrate into the extracellular matrix and tissues surrounding the primary 

tumor site.  IL4 has been shown to enhance migration and invasion in human HT29 

colon cancer cells in vitro [69]. We also have preliminary RNA-sequencing (RNA-seq) 

data demonstrating that IL4 could enhance migration and invasion in human RKO colon 

cancer cells.  RNA expression of 4 of the top 10 genes significantly changed after 24 

hours of IL4 treatment were related to enhanced migration and invasive ability.  These 

included the genes for pragmin, EPLIN, myoferlin, and E4BP4. 

Collectively, pragmin, EPLIN, myoferlin, and E4BP4 regulate attachment to the 

extracellular matrix via adhesion proteins such as integrins, signaling molecules, 

scaffolding proteins, and actin-binding proteins.  It is possible that the induction of these 

genes by IL4 could promote migration and/or invasion in colon cancer cells for 

enhanced metastatic ability.  This possibility could be explored initially in vitro, after 
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treating parental colon cancer cells, and cells with experimental knockdown or 

overexpression of these genes, with IL4 in transwell migration assays with matrigel, and 

later in vivo using experimental metastasis assays in IL4 KO mice. 

 

Testing anti-IL4R therapies in humanized mice. 

While the therapeutic inhibition of the type II IL4 receptor for the treatment of 

metastatic epithelial cancers holds promise in patients [144], the selectivity of type II 

IL4R inhibitors in complicated tumor microenvironments in vivo as opposed to their 

selectivity with purified receptors in vitro remains to be explored.  Given that cytokine 

and inhibitor interactions with the IL4R are species specific, immunocompromised mice 

bearing a humanized immune system could be used to examine the selectivity of these 

agents for the type I or type II IL4R. 

MDNA57, an anti-type II IL4R, and MDNA56, an anti-type I IL4R agent are 

currently being developed by Medicenna for use in cancer patients [73].  These 

inhibitors are fusion proteins linked to a pro-apoptotic payload, and upon their 

interaction with the type I or type II IL4R, they will induce cell death. Using NSG hu-

CD34+ mice, the selectivity of these type I and type II IL4R inhibitors could be examined 

by determining their ability to reduce leukocyte populations bearing the type I IL4R, and 

induce death in tumor and myeloid populations bearing the type II IL4R by flow 

cytometry.  Additional studies with the type II selective agent could be performed in 

humanized mice to examine the impact of type II IL4R inhibition on metastasis in vivo, 

beginning with breast and colon tumor models, but potentially expanding the therapeutic 

benefit to other types of epithelial cancers expressing IL4 receptors. 
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Approximately 80% of cancers are epithelial in origin [68], and given that 

IL4/IL4R signaling regulates the growth of many epithelial cancer types [30,144], our 

findings in conjunction with future experiments could have a large impact on limiting 

metastatic disease.  Inhibiting the IL4/IL4R signaling axis may also thwart tumor growth 

the primary site, as loss of IL4Rα in murine mammary and colon cancer cells in 

orthotopic and allograft models also resulted in significant reductions in tumor growth 

[40,145]. Excitingly, targeting the type II IL4R specifically to limit tumor growth and 

metastasis may be safe and effective in patients.  However, there is a need for a deeper 

understanding of the implications of inhibiting IL13 signaling, how effective anti-type II 

IL4R therapies are against human metastases in vivo, and what mechanisms support 

IL4/IL4Rα-induced tumor growth, especially if tumors become resistant to anti-IL4R 

therapies. 
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APPENDIX 
 
Appendix A: List of mass isoptomer distributions and average (Avg) atomic percent 
enrichment (APE) values with standard deviations (STDEV) for metabolites examined 
by metabolic flux analysis in MC38 cells.  MC38 cells were cultured with 25 mM 13C6 
glucose with BSA-PBS vehicle control or 10 ng/mL murine IL4 for 6 hours prior to 
analysis.  M values for mass isoptomer distributions represent the isotopic labeling of 
individual carbons within a metabolite.  8 mM norvaline was included as an internal 
standard for mass spectrometry. 
	  
Metabolite GC/MS ID No Label Ctl Vehicle IL4 

 
  AVG STDEV AVG STDEV AVG STDEV 

Pyruvate Pyr 174 (M0) 1.00819 0.00308 0.36224 0.00131 0.27169 0.00259 

 
Pyr 175 (M1) -0.00964 0.00006 0.00243 0.00598 0.01491 0.00294 

 
Pyr 176 (M2) 0.00063 0.00224 -0.01642 0.00061 -0.01377 0.00021 

 
Pyr 177 (M3) 0.00051 0.00107 0.64998 0.00321 0.72317 0.00009 

 
APE -0.00228 0.00184 0.63984 0.00380 0.71896 0.00099 

 
  

 
  

 
  

 
  

 
  

 
  

 
  

 
  

Lactate Lac 233 (M0) 0.99960 0.00201 0.19282 0.00121 0.19025 0.00206 

 
Lac 234 (M1) -0.00020 0.00323 -0.04069 0.00002 -0.04033 0.00062 

 
Lac 235 (M2) -0.00122 0.00055 0.84396 0.00170 0.84784 0.00224 

 
APE -0.00132 0.00171 0.82361 0.00170 0.82767 0.00227 

 
  

 
  

 
  

 
  

 
  

 
  

 
  

 
  

Lactate Lac 261 (M0) 1.00236 0.00118 0.17995 0.00058 0.17834 0.00132 

 
Lac 262 (M1) -0.00174 0.00136 0.00478 0.00013 0.00521 0.00017 

 
Lac 263 (M2) -0.00043 0.00010 -0.01780 0.00012 -0.01781 0.00016 

 
Lac 264 (M3) 0.00012 0.00000 0.83344 0.00037 0.83563 0.00142 

 
APE -0.00075 0.00046 0.82317 0.00039 0.82549 0.00143 

 
  

 
  

 
  

 
  

 
  

 
  

 
  

 
  

Alanine Ala 232 (M0) 1.00083 0.00087 0.23796 0.00056 0.23074 0.00122 

 
Ala 233 (M1) 0.00010 0.00150 -0.05113 0.00077 -0.04996 0.00036 

 
Ala 234 (M2) -0.00077 0.00068 0.81218 0.00092 0.81794 0.00021 

 
APE -0.00072 0.00102 0.78662 0.00100 0.79296 0.00028 

 
  

 
  

 
  

 
  

 
  

 
  

 
  

 
  

Alanine Ala 260 (M0) 1.00303 0.00010 0.23150 0.00202 0.22498 0.00150 

 
Ala 261 (M1) -0.00065 0.00032 0.00800 0.00008 0.00842 0.00053 

 
Ala 262 (M2) -0.00216 0.00024 -0.02312 0.00017 -0.02261 0.00002 

 
Ala 263 (M3) -0.00025 0.00030 0.78284 0.00080 0.78864 0.00048 

 
APE -0.00191 0.00036 0.77009 0.00081 0.77637 0.00051 
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Glycine Gly 218 (M0) 1.00242 0.00120 0.85673 0.00183 0.85587 0.00091 

 
Gly 219 (M1) -0.00160 0.00050 0.14454 0.00240 0.14572 0.00093 

 
APE -0.00160 0.00050 0.14454 0.00240 0.14572 0.00093 

 
  

 
  

 
  

 
  

 
  

 
  

 
  

 
  

Glycine Gly 246 (M0) 1.00279 0.00076 0.84859 0.00036 0.84919 0.00184 

 
Gly 247 (M1) -0.00106 0.00081 0.00679 0.00048 0.00617 0.00150 

 
Gly 248 (M2) -0.00170 0.00008 0.14509 0.00023 0.14507 0.00012 

 
APE -0.00223 0.00041 0.14849 0.00033 0.14816 0.00076 

 
  

 
  

 
  

 
  

 
  

 
  

 
  

 
  

Norvaline Nva 186 (M0) 0.98542 0.00028 0.98548 0.00019 0.98538 0.00019 

 
  

 
  

 
  

 
  

 
  

 
  

 
  

 
  

 
  

 
  

 
  

 
  

Norvaline Nva 260 (M0) 0.99789 0.00128 0.99604 0.00018 0.99697 0.00014 

 
  

 
  

 
  

 
  

 
  

 
  

 
  

 
  

Norvaline Nva 288 (M0) 1.00173 0.00111 1.00315 0.00131 1.00267 0.00040 

 
  

 
  

 
  

 
  

 
  

 
  

 
  

 
  

Succinate Suc 289 (M0) 0.97020 0.00912 0.74181 0.00088 0.83285 0.00203 

 
Suc 290 (M1) 0.03669 0.00510 0.17054 0.00134 0.05603 0.00585 

 
Suc 291 (M2) 0.00040 0.00529 0.07327 0.00227 0.08806 0.00192 

 
Suc 292 (M3) -0.00561 0.00101 0.01224 0.00105 0.01589 0.00122 

 
Suc 293 (M4) -0.00222 0.00034 0.00536 0.00102 0.00957 0.00026 

 
APE 0.00294 0.00305 0.09382 0.00175 0.07953 0.00199 

 
  

 
  

 
  

 
  

 
  

 
  

 
  

 
  

Serine Ser 288 (M0) 0.99781 0.00027 0.64037 0.00102 0.63806 0.00030 

 
Ser 289 (M1) -0.00061 0.00247 0.16624 0.00073 0.17213 0.00128 

 
Ser 290 (M2) 0.00332 0.00223 0.19343 0.00106 0.18983 0.00168 

 
APE 0.00302 0.00255 0.27655 0.00112 0.27590 0.00180 

 
  

 
  

 
  

 
  

 
  

 
  

 
  

 
  

Serine Ser 302 (M0) 0.99822 0.00114 0.73600 0.00083 0.73914 0.00019 

 
Ser 303 (M1) 0.00106 0.00050 0.01978 0.00062 0.01954 0.00005 

 
Ser 304 (M2) 0.00133 0.00009 0.24348 0.00062 0.24100 0.00045 

 
APE 0.00186 0.00027 0.25337 0.00070 0.25077 0.00045 

 
  

 
  

 
  

 
  

Serine Ser 362 (M0) 1.00740 0.00011 0.64419 0.00003 0.64291 0.00284 
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Ser 363 (M1) -0.00294 0.00154 0.16364 0.00184 0.16867 0.00007 

 
Ser 364 (M2) -0.00383 0.00155 0.19429 0.00058 0.18949 0.00371 

 
APE -0.00530 0.00173 0.27611 0.00109 0.27383 0.00371 

 
  

 
  

 
  

 
  

 
  

 
  

 
  

 
  

Serine Ser 390 (M0) 1.00756 0.00218 0.64341 0.00079 0.64097 0.00429 

 
Ser 391 (M1) -0.00411 0.00116 0.10766 0.00034 0.10865 0.00345 

 
Ser 392 (M2) -0.00302 0.00113 0.05831 0.00045 0.06146 0.00047 

 
Ser 393 (M3) 0.00050 0.00017 0.19102 0.00188 0.18983 0.00020 

 
APE -0.00289 0.00087 0.26578 0.00191 0.26702 0.00121 

 
  

 
  

 
  

 
  

 
  

 
  

 
  

 
  

Asparagine Asn 417 (M0) 0.91247 0.01138 0.91074 0.00083 0.91407 0.00153 

 
Asn 418 (M1) 0.09852 0.01088 0.10158 0.00033 0.09991 0.00279 

 
Asn 419 (M2) -0.00393 0.00335 -0.00618 0.00136 -0.00421 0.00170 

 
Asn 420 (M3) -0.00278 0.00341 -0.00174 0.00136 -0.00304 0.00024 

 
Asn 421 (M4) -0.00390 0.00136 -0.00390 0.00193 -0.00755 0.00090 

 
APE 0.01669 0.00431 0.01709 0.00229 0.01305 0.00143 

 
  

 
  

 
  

 
  

 
  

 
  

 
  

 
  

alpha- Akg 346 (M0) 1.01592 0.00168 0.84566 0.00385 0.84926 0.00580 
ketoglutarate Akg 347 (M1) 0.00163 0.00383 0.01518 0.00323 0.01204 0.01245 

 
Akg 348 (M2) -0.00978 0.00579 0.11196 0.00342 0.11290 0.00137 

 
Akg 349 (M3) -0.00755 0.00028 0.00915 0.00516 0.01286 0.00329 

 
Akg 350 (M4) -0.00088 0.00058 0.01683 0.00083 0.01388 0.00195 

 
Akg 351 (M5) 0.00066 0.00002 0.00122 0.00195 -0.00095 0.00394 

 
APE -0.00816 0.00249 0.06799 0.00401 0.06544 0.00533 

 
  

 
  

 
  

 
  

 
  

 
  

 
  

 
  

Malate Mal 419 (M0) 1.00551 0.00631 0.78623 0.00133 0.78284 0.00347 

 
Mal 420 (M1) 0.00095 0.00387 0.01902 0.00231 0.02113 0.00244 

 
Mal 421 (M2) -0.00599 0.00223 0.10152 0.00082 0.10288 0.00083 

 
Mal 422 (M3) 0.00115 0.00018 0.08228 0.00058 0.08298 0.00010 

 
Mal 423 (M4) -0.00051 0.00025 0.01200 0.00089 0.01067 0.00070 

 
APE -0.00240 0.00150 0.12922 0.00121 0.12963 0.00102 

 
  

 
  

 
  

 
  

 
  

 
  

 
  

 
  

Aspartate Asp 302 (M0) 1.00270 0.00231 0.83534 0.00036 0.83559 0.00042 

 
Asp 303 (M1) -0.00072 0.00163 0.05081 0.00046 0.05120 0.00006 

 
Asp 304 (M2) -0.00016 0.00144 0.11540 0.00002 0.11444 0.00046 

 
APE -0.00052 0.00166 0.14081 0.00023 0.14004 0.00046 
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Aspartate Asp 390 (M0) 1.01067 0.00067 0.78203 0.00039 0.78102 0.00005 

 
Asp 391 (M1) -0.00678 0.00075 0.06463 0.00005 0.06726 0.00164 

 
Asp 392 (M2) -0.00353 0.00111 0.10941 0.00039 0.10920 0.00270 

 
Asp 393 (M3) 0.00074 0.00031 0.04578 0.00022 0.04312 0.00084 

 
APE -0.00388 0.00084 0.14026 0.00034 0.13834 0.00206 

 
  

 
  

 
  

 
  

 
  

 
  

 
  

 
  

Aspartate Asp 418 (M0) 1.00561 0.00250 0.77234 0.00113 0.77212 0.00059 

 
Asp 419 (M1) -0.00287 0.00180 0.02060 0.00062 0.02071 0.00035 

 
Asp 420 (M2) -0.00265 0.00089 0.11239 0.00069 0.11203 0.00065 

 
Asp 421 (M3) 0.00003 0.00038 0.08224 0.00039 0.08271 0.00040 

 
Asp 422 (M4) 0.00020 0.00015 0.01258 0.00029 0.01209 0.00022 

 
APE -0.00182 0.00071 0.13561 0.00056 0.13532 0.00050 

 
  

 
  

 
  

 
  

 
  

 
  

 
  

 
  

Glutamate Glu 330 (M0) 1.00148 0.00128 0.83327 0.00089 0.82904 0.00024 

 
Glu 331 (M1) -0.00120 0.00124 0.01181 0.00068 0.01357 0.00045 

 
Glu 332 (M2) -0.00025 0.00031 0.11949 0.00033 0.12196 0.00011 

 
Glu 333 (M3) 0.00019 0.00017 0.02078 0.00023 0.02093 0.00041 

 
Glu 334 (M4) 0.00004 0.00007 0.01452 0.00008 0.01483 0.00028 

 
APE -0.00025 0.00037 0.09280 0.00030 0.09490 0.00043 

 
  

 
  

 
  

 
  

 
  

 
  

 
  

 
  

Glutamate Glu 432 (M0) 1.00687 0.00007 0.83420 0.00034 0.83081 0.00005 

 
Glu 433 (M1) -0.00375 0.00034 0.01093 0.00012 0.01211 0.00020 

 
Glu 434 (M2) -0.00381 0.00045 0.11542 0.00034 0.11707 0.00045 

 
Glu 435 (M3) 0.00077 0.00010 0.01454 0.00013 0.01492 0.00025 

 
Glu 436 (M4) 0.00015 0.00003 0.01823 0.00001 0.01828 0.00021 

 
Glu 437 (M5) -0.00011 0.00001 0.00662 0.00001 0.00686 0.00020 

 
APE -0.00181 0.00020 0.07828 0.00016 0.07969 0.00035 

 
  

 
  

 
  

 
  

 
  

 
  

 
  

 
  

Citrate Cit 459 (M0) 0.99571 0.00121 0.28300 0.00053 0.28774 0.00114 

 
Cit 460 (M1) 0.00851 0.00070 -0.08842 0.00196 -0.09365 0.01088 

 
Cit 461 (M2) -0.00099 0.00057 0.58672 0.00410 0.59835 0.02112 

 
Cit 462 (M3) -0.00434 0.00014 0.04549 0.00550 0.04221 0.00207 

 
Cit 463 (M4) -0.00262 0.00197 0.09710 0.00603 0.09433 0.00516 

 
Cit 464 (M5) -0.00032 0.00064 0.06506 0.00325 0.06126 0.00283 

 
Cit 465 (M6) 0.00623 0.00021 0.01811 0.00151 0.01456 0.00094 

 
APE 0.00314 0.00145 0.34064 0.00594 0.33343 0.00850 
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