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ABSTRACT 

Many conditions of chronic inflammation, such as ulcerative colitis, predispose an individual to 

developing cancer. The predisposition of chronically inflamed tissue to neoplasia and malignancy is 

referred to as immunocarcinogenesis. Colitis is characterized by relapsing episodes of inflammation and 

ulceration in the colonic mucosa. Macrophages play an important role in regulating the immune 

response in colitis, and secrete proinflammatory factors that may promote colitis-associated cancer. 

Extracellular vesicles (EVs) have been shown to mediate colitis and colon cancer progression, and there 

is accumulating evidence suggesting that the activation states of macrophages influence EV secretion 

and signaling effects in inflammation and cancer. Macrophages in the ulcerated colonic submucosa are 

exposed to increased levels of bacterial endotoxins, so we sought to model EVs from colitis in culture 

using EVs from lipopolysaccharide (LPS)-activated macrophages. To investigate the impact of EVs from 

macrophages on mediating colitis-associated cancer, we characterized EVs from LPS-activated 

macrophages, treated colon cells and tumors with isolated macrophage EVs, and analyzed the 

inflammatory and pro-tumorigenic effects in vitro and in vivo. Our results provide evidence that EVs 

released from LPS-activated macrophages increase inflammation in the colonic epithelium, can promote 

cell growth, lead to anchorage-independent growth, induce pro-tumorigenic protein expression in 

transformed cells, and significantly alter the local immune environment. These findings suggest that 

macrophage-derived EVs may serve as key mediators between colonic inflammation and cancer 

development, and identify specific EV proteins as potential therapeutic targets to interrupt the 

progression of colitis-associated malignancy. 
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CHAPTER 1: 

INTRODUCTION 
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MOTIVATION 

Chronic inflammation precedes more than 20 percent of cancers1. More than 3 million 

Americans are inflicted with inflammatory bowel disease (IBD)2, and patients suffering from IBD have a 

3-4-fold increased risk of colorectal carcinoma (CRC)3. Early detection of neoplastic lesions in IBD is 

difficult because colonoscopy is not sensitive enough to detect precancerous dysplasia that is typically 

indistinguishable from the surrounding inflamed mucosa4. The inflammation-dysplasia-cancer sequence 

in ulcerative colitis (UC), a form of IBD, is characterized by chronic inflammation via ulcers in the lining of 

the large intestine5. UC typically begins with increased expression of proinflammatory cytokines and 

transcription factors such as TNF-, STAT3 and NF-B, and subsequent dysplasia with p53 mutations, 

and carcinoma often progresses with the accumulation of mutations in several signaling pathways 

including K-ras and APC 6, 7. Interestingly, these mutations are often found in the opposite sequence of 

that which occurs in sporadic colon cancer8 . Chemopreventive agents investigated for use in IBD-

associated CRC include treatments targeting immune cell-secreted soluble factors such as 

proteins/cytokines and lipids/prostaglandins9, 10, as well as downstream signaling pathways including 

anti-inflammatory drugs such as aspirin11, 12, 5-aminosalicylates13 , inhibitors of cyclooxygenase14  and 

lipoxygenase activity15 or reactive oxygen species (ROS) scavengers16  and other antioxidants17. However, 

the success of these clinical trials has been inconsistent for decades18, and CRC still accounts for 15 

percent of deaths in IBD patients19. These studies suggest there may be other immune cell-secreted 

mediators that play key roles in predisposing chronically inflamed tissues to transformation. In my 

project, I have aimed to elucidate novel potential therapeutic targets and biomarkers of IBD-associated 

CRC. 

RATIONALE 

In acute inflammation, tissue damage leads to cell loss and stem cell stimulation, while activated 

immune cells secrete signaling molecules intended for pathogen destruction and wound healing. These 

signals promote cell motility, proliferation, chemotaxis, and survival. However, in chronic inflammation 

these signals are continuously delivered to cells in the surrounding tissues 9, 10, with the potential to 

induce a contiguous field of preneoplastic cells.  

Field cancerization, or field effect, refers to the presence of expanded populations of cells that 

have undergone initiation and/or acquired various molecular and phenotypic alterations that have not 

yet developed into microscopically detectable neoplasia20, 21. The theory of field cancerization suggests 

that regions, or ‘fields’, of tissues contain cells expressing preneoplastic biomarkers that represent an 

intermediate stage between normal tissue and microscopically detectable transformation22. Biomarkers 
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of field effect are clinically detectable21, 23 and can predict local neoplasia24. These biomarkers of field 

cancerization are often not microscopically detectable and may include a single underlying oncogenic 

mutation 23, chromatin disorder25, 26 and other epigenetic alterations27, 28, cytoskeletal disorganization29, 

dysregulated expression of proteins30, metabolites31, microRNAs32, and decreased apoptosis33. Chronic 

inflammatory conditions are known to promote field cancerization; when this process is mediated by 

chronic inflammation, we call this field effect immunocarcinogenesis. In ulcerative colitis patients, for 

example, inflammation-induced field effect biomarkers include chromosomal instability34 , founder 

mutations in p53 and K-ras genes 23, aneuploidy35, and epigenetic changes such as DNA methylation36. 

Chronic inflammation-associated cancer thus parallels the established multi-step carcinogenesis model 

where cells with various nanoscopic alterations (genetic, epigenetic, metabolic, or molecular) expand 

under inflammatory conditions to form a cancerization field, which then progresses to microscopically 

detectable neoplasia with additional changes22. The goal of this project is to elucidate signaling 

mediators in chronic inflammation that promote field cancerization and precede neoplastic 

transformation and tumorigenesis.  

I propose that extracellular vesicles (EVs) are a candidate signaling driver that effectively 

predispose gut epithelium to malignant transformation, i.e., mediate immunocarcinogenesis, and that 

these EVs may further promote tumor progression. EVs are membrane-bound vesicles involved in 

intercellular communication known to transfer bioactive cargo. EVs contain a high information content 

comprised of nucleic acids, proteins, and lipids37 that can change the phenotypes of other cells at a 

distance, i.e., in the absence of direct cell-cell contact. Importantly, EV communication can be specific or 

non-specific38, received by fusion with plasma membrane, endocytosis, phagocytosis, or cell surface 

protein interactions39; this communication potentiates EV-mediated transfer of aberrant signals from 

chronically activated immune cells to surrounding cells such as gut epithelial cells, mediating 

pathological tissue states. In fact, EVs have been reported to be involved in maintaining intestinal 

homeostasis, as well as the pathogenesis and progression of IBD40, 41 and CRC42. EVs have been shown to 

mediate interactions between various cell types, including immune-immune, tumor-immune, stroma-

immune, immune-tumor and immune-stromal cell EV in intercellular signaling43. For example, EVs from 

granulocytic myeloid-derived suppressor cells (g-MDSCs) can suppress CD4 T cell proliferation in vitro, 

and attenuate DSS-induced colitis in vivo in mice44. Dendritic cell (DC)-secreted EVs can activate CD8+ 

cytotoxic T lymphocyte (CTL) cells to a certain degree via antigen presentation in the absence of direct 

cell-cell contact45. Cancer cell EVs can serve as a chemoattractant to direct cell migration and immune 
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cell recruitment, driving immunosuppressive pro-tumorigenic immune phenotypes46. Mast cell EVs have 

been shown to increase EMT of lung airway epithelial cells47.  

Furthermore, EVs are relatively stable in the bloodstream and can travel long distances in the 

body in animal models (high range of influence)48 and likely in humans. EV stability, relative lack of 

specificity in delivery to cells, high information content and range of influence suggests that immune 

cell-secreted EVs may promote motility and survival in surrounding cells present within the colonic 

epithelium such as epithelial cells and fibroblasts. Under conditions of chronic inflammation, these 

recipient cells may lose growth regulation and become uncontrolled, characteristic of premalignancy40, 

49. This EV transfer may occur over extended periods of time in chronic inflammation leading to a 

prolonged premalignant state susceptible to malignant transformation. 

Macrophages play a key role in IBD50 and CRC51, and immune-epithelial cell EV crosstalk aids in 

regulating intestinal homeostasis and driving disease progression in IBD40 and CRC52, 53. Colon tumor-

residing macrophages, tumor-associated macrophages (TAMs) and TAM-derived EVs are known to 

enhance colon cancer progression54, 55 . However, macrophages are differentially activated in the 

context of colitis, and different pathways for activating macrophages has been shown to affect EV 

profiles and functional signaling effects in recipient immune and cancer cells (See “EVs secreted by 

activated macrophages”, Chapter 2 Introduction). It is known that macrophage EVs are involved in 

mediating the polar states of colonic homeostasis (normal) and inflammation40. However, EVs released 

by macrophages in colitis and their potential role in driving colitis-associated cancer has yet to be fully 

investigated. In chapters 2 and 3 of my dissertation, I attempt to elucidate the contents and signaling 

effects of EVs from macrophages in colitis, and their role in mediating colitis-associated cancer. I utilize a 

pre-established model of macrophages in colitis, i.e., lipopolysaccharide (LPS)-activated macrophages, 

isolate and characterize secreted macrophage EVs, and characterize these macrophage EV signaling 

effects in recipient colon cells, colonic epithelium, and in the tumor microenvironment. 

FOUNDATIONAL THESIS OF THIS WORK 

Hypothesis and Overview: Because immune cell-derived EVs may deliver aberrant signals to the 

intestinal epithelium, I hypothesized that in colitis, activated macrophages secrete EVs that promote 

colitis-associated cancer by creating a highly susceptible premalignant state. To test this hypothesis, I 

modeled macrophage behavior in colitis by activating macrophage cell lines with LPS, as has been 

previously preported56. I then isolated EVs from these LPS-activated macrophages and characterized 

their contents and downstream signaling effects on recipient colon cells and in the tumor 

microenvironment. I hypothesized that EVs from LPS-activated macrophages would contain pro-
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tumorigenic contents that increase the capacity of recipient colon cells to grow, transform, and promote 

colitis-associated cancer. I have tested this hypothesis by completing the following specific aims. 

1. Elucidating the signaling effects of EVs from LPS-activated macrophages on colonic epithelium, 

and identifying potential molecular EV mediators of the changes observed in colonic epithelium. 

i. Characterizing the effects of EVs from LPS- and non-activated macrophages on colonic 

epithelial inflammation and tumorigenesis in mice.  

ii. Comparing the protein content profiles in EVs from LPS- and non-activated 

macrophages. 

2. Elucidating the effects of EVs from LPS-activated macrophages on colon epithelial cell growth 

capacity, protein expression, and tumor progression 

i. Characterizing effects of EVs from LPS-activated macrophages on colon cell growth in 

monolayer, anchorage-independent growth in soft agar, and inflammatory/tumorigenic 

protein and transcript expression. 

ii. Characterizing the effects of EVs from LPS-activated macrophages on mouse tissue 

before and after induction of colon cancer.  

In parallel to my research on LPS effects on macrophages and secreted particles in the environment of 

colitis, I have also examined macrophage responses to biomaterials known to induce chronic 

inflammation in the absence of LPS through regulation of immunometabolism, i.e., how metabolic 

reprogramming of immune cells drives their inflammatory response. In these collaborative studies, we 

attempted to investigate the mechanism by which polylactic acid (PLA), an otherwise excellent 

candidate for biodegradable bone implants, induces excessive amounts of chronic inflammation in vivo. 

Previously, PLA implant-induced chronic inflammation was thought to occur from lactate increasing 

tissue acidity. Dr. Chima Maduka, a former graduate student in the Contag lab, hypothesized that PLA 

induces inflammation and fibrosis due to PLA breakdown products signaling to recipient cells such as 

macrophages and fibroblasts. We tested this hypothesis through the following aims: 

1. Characterizing the effects of PLA breakdown products on fibroblasts and macrophage activation 

in vitro culture; 

2. Characterize how PLA breakdown products influence the immune infiltrate surrounding in vivo 

subcutaneous implants.  

We characterized the effects of breakdown products of PLA on recipient macrophages and fibroblasts, 

and identified lactate as a signaling driver of chronic inflammation via immunometabolism, i.e., how 

metabolic reprogramming of immune cells drives their inflammatory response. Inhibiting glycolysis in 
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recipient macrophages with various glycolytic inhibitors decreased the inflammatory response to 

implants in vitro and in vivo. This finding revealed a mechanism of how PLA drives chronic inflammation 

that has the potential to revolutionize the field of biodegradable implants by identifying new targets for 

therapy, and here serve as a sterile model of chronic inflammation.  

By conducting both of these studies, I was able to compare and contrast immune cell populations in 

two very distinct forms of chronic inflammation that derive from two orthogonal molecular mediators of 

inflammatory responses.   

CHAPTER SUMMARIES 

Chapter 2: I discovered that EVs from LPS-activated macrophages modeling colitis contain elevated 

levels of a protein known to promote colitis-associated cancer, whereas EVs from non-activated 

macrophages modeling colonic homeostasis contained elevated levels of a protein known to suppress 

colitis-associated cancer. I also discovered that macrophage-secreted EVs increase inflammation in the 

colonic epithelium of mice harboring the APCmin/+ tumor suppressor mutation, but not in healthy wild-

type mice.  

Chapter 3: I discovered that EVs from LPS-activated macrophages modeling colitis increase colon cancer 

cell growth, anchorage-independent growth, and expression of pro-tumorigenic IL-17 signaling proteins. 

I also discovered that EVs from LPS-activated macrophages mediate the tumor immune 

microenvironment through preconditioning tumor sites before tumor induction as well as through 

directly signaling to the tumor immune microenvironment inducing differential expression of immature 

and immunosuppressive myeloid cell populations. 

Chapter 4: I contributed to the discovery that PLA breakdown products, lactate monomers and/or 

oligomers, induce macrophage and fibroblast activation through increasing glycolysis, and consequently 

that macrophage activation can be mitigated through local delivery of glycolytic inhibitors. These 

findings were later further validated in rat studies, and have the potential to revolutionize the field of 

bioimplants. 

Chapter 5: Our studies revealed that EVs from LPS-activated macrophages significantly increased 

inflammation in orthotopic models of APCmin/+ mice, and altered the tumor immune microenvironment 

in our subcutaneous model of colitis-associated cancer. We also observed that LPS and lactic acid 

activation of macrophages produced distinct metabolic signatures, with LPS favoring glycolysis while 

lactic acid enhanced both glycolysis and mitochondrial respiration. These findings highlight potential 

mechanisms by which inflammatory mediators could promote cancer in predisposed tissues. Further 
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studies with targeted manipulation of specific EV cargo proteins could validate these mediators as 

potential therapeutic targets to reduce cancer risk in patients with colitis.  
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CHAPTER 2: 

EXTRACELLULAR VESICLES FROM LIPOPOLYSACCHARIDE-ACTIVATED MACROPHAGES INDUCE COLONIC 

INFLAMMATION IN APCMIN/+ MICE AND UPREGULATE PROTEINS KNOWN TO PROMOTE COLITIS-

ASSOCIATED CANCER 
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INTRODUCTION 

The colon contains one of the largest populations of macrophages in the body, and these cells 

play a prevalent role in regulating tissue homeostasis57 and mediating colitis-associated cancer58. 

Macrophage polarization is plastic, and generally exists within a spectrum between a proinflammatory 

state (M1) to a pro-regenerative state (M2). Macrophage activation occurs in response to many 

different signals, such as those from invading microbes and/or their secreted signaling molecules, or 

from surrounding epithelial or submucosal stromal cells59. The plasticity of macrophage polarization is 

especially apparent during disease states. For example, in colitis-associated cancer, macrophages 

secrete both proinflammatory and immunosuppressive cytokines such as TNF- (M1), IL-6 (M2), and IL-1 

that contribute to disease progression60. In the context of cancer, M1 macrophages typically exhibit 

cytotoxic and phagocytic properties, and activate T cell responses contributing to anti-cancer immune 

surveillance; in contrast, M2 macrophages generally function as immunosuppressive cells that promote 

tumor development and progression22. How macrophage plasticity can be modulated is a focus of 

immunotherapy in cancer treatment. 

 

Table 2.1 Macrophage markers and associated polarization states. 

Macrophage marker Associated polarization state 
CD14 M0/M1 

CD86 M1 

CXCL10 M1 

IL-12 M1 

IL-23 M1 

MHC II M1 

TNF-α M1 

Arg M2 

CCL22 M2 

CD163 M2 

CD200R M2 

CD206 M2 

FN1 M2 

IL-6 M2 

IL-10 M2 

 

Interestingly, EVs have even been shown to affect macrophage polarization and inflammation. 

In the IBD model of DSS-treated mice, visceral adipose tissue secreted EVs containing miR-155 that 

increased CD86 (a M1 proinflammatory cell surface marker) and decreased CD206 (a M2 pro-
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regenerative cell surface marker) expression on macrophages61. In the same model, stromal cell-derived 

EVs contain TNF-α-stimulated gene/protein 6 and increased CD206 and Arg1 (M2) expression in 

macrophages62. Bone marrow-derived mesenchymal stem cell-derived EVs decreased macrophage 

expression of CD86, IL-12 (M1) and TNF- (M1), and increased expression of CD163 (M2), CD200R (M2) 

and IL-10 (M2) 56. Endothelial cell-derived EVs can decrease macrophage responsiveness to 

lipopolysaccharide (LPS) by downregulating NF-B activity, TNF-α and IL-1β production, and increasing 

IL-10 production63. DLD-1 CRC EVs contain miR-145 that decreased TNF-α and IL-12p40 (M1) and 

increased IL-10 and CD206 expression in macrophages64. SW620 CRC-derived EVs contain miR-21-5p and 

miR-200a that decrease MHC II (M1) and increase CD206 and PD-L1 expression in macrophages65. 

HCT116 CRC-derived EVs containing CD133 increased THP1 macrophage expression of CCL22 and FN1 

(M2 markers) mRNA, and decreased CD86 expression66. Additionally, HCT116 CRC cells were found to 

secrete oncogenic p53 in EVs, and oncogenic p53-containing EVs effectively increased THP1 macrophage 

expression of tumor-supportive IL-1β, TNF-α, IL-6, and MMP967. SW480 CRC EVs decreased MHC II and 

increased CD14 and CXCL10 (M1) expression in THP1s; SW620 CRC EVs increase THP1 CD14 expression 

and secretion of IL-6 (M2), CXCL10 (M1), IL-23 (M1) and IL-1068. Building on these published reports, we 

explored how differential activation of macrophages is known to affect secreted EV profiles.  

EVs secreted by activated macrophages 

EVs from tumor-associated or tumor-educated macrophages have been shown to enhance 

colon cancer progression54, 55. Tumor-associated macrophages (TAMs) have been observed to secrete 

relatively large numbers of EVs in MC38 CRC tumors, i.e., 60% of tumor EVs were derived from TAMs, 

suggesting that EVs from TAMs may influence the biology of the TME without requiring direct cell-cell 

contact69. Importantly, macrophage-secreted EVs do not always reflect the phenotype of the source 

cells; interestingly, TAMs from MC38 tumors resembled a M2-like phenotype, whereas the EVs secreted 

by these source TAMs resembled more of those from a M1-like phenotype69. Moreover, TAM-derived 

EVs with M1-like profile were associated with improved prognosis in patients with CRC69. 

Most studies utilize EVs from macrophages in culture due to the challenging nature of isolating 

derivative cell subtype-derived EVs in the highly complex environment of chronic inflammation. By 

comparing mass spectrometry proteomic analyses of EVs from whole MC38 tumors with EVs from 

macrophage-depleted MC38 tumors, Cianciaruso et al. was able to identify proteins present in EVs from 

macrophages in MC38 tumors69. Importantly, similarities were reported in protein contents of these EVs 

from macrophages in MC38 tumors relative to EVs secreted from cultured bone marrow-derived 
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macrophages (BMDMs) stimulated with IFN plus LPS, or IL-4, in culture69. This implies that EVs from 

macrophages stimulated in culture are representative of EVs from macrophages in vivo MC38 tumors. 

Macrophage polarization state can differentially affect EV profiles as revealed by their RNA and 

protein contents. For example, RNA sequencing revealed that CD68 and CD163-expressing macrophages 

harvested from CRC patient tissues (considered TAMs) secreted EVs containing high levels of pro-

tumorigenic miR-21-5p and miR-155-5p55. Relative to THP1 monocytes and primary human monocytes, 

IL-4-treated THP1 macrophages and primary human macrophages secreted EVs containing upregulated 

levels of immunosuppressive and pro-tumorigenic hsa-miR-21-5p, hsa-miR-24-3p, hsa-miR-29a-3p, hsa-

miR-146b-5p, and hsa-miR-660-5p70. In another study, LPS and IFN induced expression of iNOS and 

CD68 in THP1 macrophages, whereas IL-4 induced expression of Arg1 and CD206 in THP1 

macrophages71; IL-4-treated THP1 macrophages secreted EVs containing upregulated levels of pro-

tumorigenic miR-501-3p71 and miR-22372. IL-4-treated primary mouse peritoneal macrophage EVs 

expressed increased levels of anti-inflammatory lncRNA MEG373. Tobacco smoke extract treatment of 

primary human monocyte-derived macrophages and THP1 macrophages increase cell and EV production 

of pro-tumorigenic MMP-1474. Guo et al. reported that IL-4 and IL-13 treatment of THP1 macrophages 

increased cell expression of M2 biomarkers CD163, CD206, Arg1 and IL-10, whereas it decreased 

expression of the M1 biomarkers iNOS, TNF-α, and IL-1β75. Pro-tumorigenic miR-186-5p, miR-135b-3p, 

and miR-1911-5p were upregulated in EVs from these M2-polarized THP1 macrophages as well as in EVs 

from the plasma of CRC patients in publicly available GEO datasets75. Mass spectrometry analyses were 

also performed on THP1 macrophage-derived EVs with and without interaction with the yeast Candida 

albicans, a common gastrointestinal microbe and opportunistic pathogen, revealing differential 

expression levels of proteins involved in signaling pathways related to immune response, signaling, and 

cytoskeletal reorganization76. PBMC-derived macrophages and dendritic cells secreted EVs that carried 

the enzymes LTA4H and LTC4S, both involved in proinflammatory leukotriene biosynthesis77; patients 

with IBD have elevated levels of leukotrienes, which increases the risk for developing cancer78.  

In murine Raw264.7 macrophages, IL-4 treatment increased Arg-1, CD163, and CD206 

expression, while co-culture with CT26 CRC cells increased IL-10 expression79. In the same study, EVs 

from Raw264.7 macrophages treated with IFN and LPS induced an increased expression of CD68 and 

decreased expression of CD163 in recipient IL-4-treated Raw264.7 cells and recipient Raw264.7 cells co-

cultured with CT26 CRC cells79.  

EVs from M2-like macrophages are typically considered to be pro-tumorigenic, whereas EVs 

from M1-like macrophages are generally deemed to have proinflammatory and antitumor properties. 
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For example, EVs from Raw264.7 macrophages treated with 100 ng/ml LPS expressed increased levels of 

proinflammatory iNOS, TNF-, and IL-6 mRNA (measured by RT-qPCR) compared to EVs from non-

treated Raw264.7 macrophages80. MonoMac-1 cells treated first with PMA and LPS, and then with GM-

CSF expressed the M1 biomarkers IFN, IL-6 and TNF-; MonoMac-1 cells treated with PMA and LPS, 

followed by M-CSF and dexamethasone expressed the M2 biomarker CD163 in both cells and EVs81. 

These EVs from LPS-treated MonoMac-1 macrophages interfered with neuronal signaling suggesting 

they may contribute to the pathogenesis of neuroinflammatory disease81. Treating J774A.1 

monocyte/macrophages with 1 µg/ml LPS increased cell secretion of IL-6, whereas dexamethasone 

treatment increased secretion of IL-10; microarray analysis of these M1-like and M2-like J774A.1 EVs 

showed that J774A.1 cells treated with LPS secreted EVs that were functionally antiproliferative due to 

the miR-29a-3p they contained82. Ding et al. performed small RNA sequencing on EVs from IFN and LPS-

treated THP1 macrophages; these M1-like EVs were found to express anti-migratory and anti-invasive 

miR-146a-5p and miR-146b-5p83. Small RNA sequencing by a different group showed that EVs from THP1 

macrophages stimulated with IFN and LPS contained increased levels of proinflammatory miR-1246 

compared to EVs from M0 THP1 macrophage84. In a model of myocardial infarction, Chen et al. 

Identified lncRNA MALAT1 in the LncDisease database85 as an effective proinflammatory component 

within EVs from murine bone marrow-derived macrophages (BMDMs) treated with IFN and LPS86. 

MALAT1 is also commonly dysregulated in colorectal cancer87, can mediate the Wnt/-catenin signal 

pathway88, and is associated with a poor prognosis of CRC patients89.  

However, the effects of EVs from M2-like and M1-like macrophages are very complex and are 

thus not always “completely” pro-tumorigenic or antitumorigenic, respectively. For instance, peripheral 

blood mononuclear cell (PBMC)-derived macrophages treated with GM-CSF followed by IL-4 expressed 

elevated M2 markers CCL13, MRC1, and CD209; PBMC-derived macrophages treated with M-CSF 

followed by LPS and IFN expressed elevated M1 markers CXCL11 and CCR7; small RNA sequencing 

showed EVs from LPS and IFN-treated PBMC-derived macrophages expressed increased levels of miRs 

involved in IL-6 proinflammatory signaling, proliferation, and activation of MYC and mTOR pathways 

involved in cancer initiation and progression90. EVs from these IL-4-treated PBMC-derived macrophages 

contained increased levels of miRNAs involved in pro-tumorigenic signaling pathways including MAP3K3, 

NF-B, oxidative stress, and repression of MYC-responsive genes90. Contents of EVs from IFN and LPS-

treated J774A.1 cell were compared to EVs from untreated and IL-4-treated J774A.1 cells via miRNA-Seq 

analysis, revealing differential expression of miRNAs involved in the tumor-related factors Wnt, HIPPO, 

and MAPK91. These EVs from IFN and LPS-treated J774A.1 cells, as well as EVs from GM-CSF and IFN-



   

 

 13 

activated peritoneal macrophages and bone marrow-derived macrophages, expressed high levels of 

proinflammatory miR-15591, 92, which has been shown to be upregulated in CRC tissues and may be 

involved as an oncogene in colon carcinogenesis93. Both IFN and LPS-activated Raw264.7 and THP1 

macrophages secrete EVs that express miR-222 94, which promotes migration and invasion of CRC cell 

lines95. These observations support a significant role of EVs from activated macrophages in mediating 

colitis and colon cancer, potentiating their role in mediating colonic immunocarcinogenesis. 

Experimental model 

Gram negative bacterial lipopolysaccharide (LPS) stimulates monocytes and macrophages 

through the toll-like receptor 4 (TLR4)96. TLR4-deficient mice have been found to be protected against 

colitis-associated neoplasia in the AOM/DSS mouse model96, 97, suggesting that LPS plays a significant 

role in this pathogenesis. Further evidence stems from the finding that bovine milk EVs reduce LPS-

activated Raw264.7 expression of TLR4, MyD88, p65, iNOS, COX-2, and NLRP3 in vitro, and mitigate DSS-

induced colitis in mice by inhibiting TLR4-NF-B and NLRP3 signaling pathways, both of which are 

activated by LPS98. The increased permeability of the intestinal mucosa that is characteristic of ulcerative 

colitis allows for the influx of gram-negative bacterial components, including LPS, into the submucosal 

connective tissue; more so, in patients with IBD, LPS is absorbed into the blood where it can be detected 

in the plasma99. 

LPS activates TLR4 through a complex involving CD14 and MD-2, triggering MyD88-dependent 

and TRIF-dependent pathways that ultimately activate NF-kB, MAP kinases, and IRF3, leading to 

proinflammatory cytokine production100. These signaling cascades likely influence EV biogenesis, cargo 

selection, and EV secretion from macrophages101. In ulcerative colitis, gram-negative bacteria represent 

a significant proportion of microbes that infiltrate the ulcerated colonic submucosa where they 

encounter resident macrophages102, making LPS stimulation a relevant model for macrophage activation 

in this disease. The LPS used in our studies was derived from E. coli (0111:B4), a well-characterized 

endotoxin widely used in research settings, shown to use TLR4 as its only receptor103. While this 

provides consistent experimental conditions, future studies could employ LPS from colonic E. coli 

strains, particularly those belonging to the B2 phylogenetic group that frequently colonize patients with 

ulcerative colitis102, to better represent in vivo conditions of colitis-associated cancer. 

Thus, macrophages activated with LPS were utilized as the source cells for EVs as a feasible 

model of macrophage EVs in the environment of colitis56 that may lead to progression of dysplasia and 

immunocarcinogenesis. LPS-induced macrophage activation was verified, and subsequently secreted EVs 

were isolated and characterized. Because the activation status of source macrophages may not be fully 
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reflected in their secreted EVs69, we characterized the contents of isolated EVs as well as their signaling 

effects. Mass spectrometry was utilized to profile protein contents of LPS-activated macrophage EVs as 

compared to non-activated macrophage EVs, to model resident macrophage EVs present in tissues as 

mediators of homeostasis. The effects of these inflammatory EVs upon injection into the rectal 

submucosa in mice with or without the tumor suppressor mutation APCmin/+ was also characterized. 

Keywords: extracellular vesicles, tumor-associated macrophages, lipopolysaccharide 

METHODS 

Murine Cell Culture 

Raw264.7 cells (ATCC) were cultured as directed by the manufacturer. Primary bone marrow-

derived macrophages (BMDMs) were sourced from female C57Bl/6J mice (Jackson Laboratories) aged 6–

10 weeks and cultured as previously described104, 105. Immortalized BMDMs (iBMDMs) were a gift from 

Dr. Andrew Olive’s Laboratory at Michigan State University, J2-immortalized with c-myc and raf/mil 

oncogenes, as previously described106, and were cultured in DMEM medium supplemented with 10% 

heat-inactivated fetal bovine serum (FBS) and 1% antibiotics (100 U/ml penicillin, 100 μg/ml 

streptomycin). Note that macrophages can become activated in overconfluent and acidic culture 

conditions. 

Murine macrophage activation 

Murine macrophage cell lines were seeded into a T150 cm2 plate at a density of 4×106 Raw 264.7 

cells/plate or 6×106 iBMDM cells/plate in DMEM medium supplemented with 1% extracellular vesicle 

(EV)-depleted FBS and antibiotics and incubated for 24 hours (h) before stimulation. Primary BMDMs 

from each mouse were seeded into four 10 cm dishes in DMEM with 10% EV-depleted FBS, antibiotics, 

and 10 ng/ml M-CSF (Prospec Bio, Cat. No. CYT-439), and incubated for 5 days (d); BMDMs were washed 

1x with PBS before stimulation. 

Macrophages were subsequently stimulated with final concentrations of 0-500 ng/ml lipopolysaccharide 

(LPS, Sigma Aldrich, Cat. No. L2630) in DMEM with 1% EV-depleted FBS and antibiotics. After 48 h 

treatment, conditioned medium was removed for EV isolation and cells were treated with TRIzol for RNA 

isolation.  

Human macrophage cell culture, differentiation, and activation  

The human acute promonocytic leukemia THP1 cell line (ATCC) was cultured as directed by the 

manufacturer in RPMI medium supplemented with 10% heat-inactivated FBS and 1% antibiotics (100 

U/ml penicillin, 100 μg/ml streptomycin) at 37°C in a humidified atmosphere containing 5% CO2. Note 

that macrophages can become activated in overconfluent and acidic culture conditions. 
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THP1 monocytes were seeded into T150 cm2 plates at a density of 2×107 cells/plate in complete RPMI 

medium and allowed to incubate for 24 h. Cells were then treated with a final concentration of 50 ng/ml 

phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich, Germany) for 48 h to induce differentiation into 

adherent macrophage-like cells. After 48 h, THP1-derived macrophages were gently washed with PBS to 

remove dead and undifferentiated cells and stimulated with 0-500 ng/ml LPS in RPMI medium 

supplemented with 1% EV-depleted FBS and antibiotics. After treatment for 48 h, conditioned medium 

was removed for EV isolation and cells were treated with TRIzol for RNA isolation. 

Reactive Oxygen Species detection assay 

Activated and non-activated murine macrophages were incubated with 5 µM of CellROX Green reagent 

(Thermo, Cat. No. C10444)107 according to manufacturer’s instructions for 30 min, washed 3 times, and 

their fluorescence was measured in a Molecular Devices SpectraMax M3 spectrophotometer at 

excitation/mission (ex/em) maxima 485/520 nm to quantify oxidative stress via reactive oxygen species 

(ROS) production levels. 

Griess assay to detect NO 

Conditioned medium (CM) from macrophages that had undergone different treatments was harvested 

at various time points. Nitric oxide (NO) production was measured in the medium as nitrite using the 

Griess reaction, as previously described108. In short, 100 µl CM and a serial dilution of NO standards of 

known concentration in complete medium to generate a standard curve were seeded in a standard 96-

well plate. Subsequently, 100 µl of a 1:1 mixture of Griess A reagent (0.1% N-1-naphthylethylenediamine 

dihydrochloride in DI H2O) and Griess B reagent (1% sulfanilamide and 5% phosphoric acid in DI H2O) 

was added to each well. Light absorption of plate wells at 550 nm was then measured in the Molecular 

Devices SpectraMax M3 spectrophotometer and experimental sample NO levels were determined 

relative to the standard curve. 

Cytokine Measurement  

After THP1-derived macrophage differentiation and stimulation, supernatants were collected and 

clarified by centrifugation and tested for cytokine production by the TNF-α DuoSet ELISA Development 

kit (R&D Systems, Cat. No. DY210) according to the manufacturer’s instructions. Cytokine concentrations 

were determined using a standard curve prepared with recombinant human TNF- provided in the kit. 

Absorbance was measured using the Molecular Devices SpectraMax M3 spectrophotometer. 

Experiments were performed with three independent macrophage preparations, each with appropriate 

vehicle controls. The statistical significance of the differences between untreated and LPS-treated 
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macrophages was determined via one-way ANOVA followed by Tukey’s post-hoc analysis using 

GraphPad Prism.  

EV Isolation via differential ultracentrifugation    

Non-activated and LPS-activated macrophage cells were incubated at 37°C for 48 h to allow for EV 

production. Cell supernatants were centrifuged first at 600g for 10 min to remove any cells, and then at 

2,000g for 20 min to remove apoptotic bodies and cell debris. Supernatants containing EVs and soluble 

factors (e.g., secreted proteins) were transferred into new tubes and centrifuged at 100,000g for 90 min 

to concentrate EVs109. The pelleted EVs were then resuspended with PBS and recentrifuged for greater 

purity before final resuspension in 200 µl PBS. 

EV-depletion of FBS  

Heat-inactivated fetal bovine serum (FBS) was ultracentrifuged in PET Thin-Walled ultracentrifuge tubes 

(Thermo Scientific, Cat. No. 75000471) with a Sorvall WX+ Ultracentrifuge equipped with an AH-629 

rotor at 100,000g for 16 h at 4°C to pellet any EVs present in FBS. The supernatant was used as EV-

depleted FBS. 

Nanoparticle Tracking Analysis (NTA) 

The size and concentration of extracellular vesicles were measured using a ZetaView® (Particle Metrix) 

Nanoparticle Tracking Analyzer, following the manufacturer's instruction. EVs were diluted in PBS 

between 400- and 10,000-fold to obtain a concentration within the recommended measurement range. 

ZetaSizer (Dynamic Light Scattering) Analysis* 

*Protocol written and optimized with Dr. Neil Robertson 

Particle concentration of extracellular vesicles (EVs) was measured using the Malvern Pananalytical 

ZetaSizer Nano-ZS, as previously described110. In short, a serial dilution of EVs of known concentrations 

were recorded as standards, and a linear curve was generated of concentration (particles/ml) versus 

average count rate (kcps). Concentration of EVs in experimental samples was determined by measuring 

the Ave count rate as generated by the DLS instrument, divided by the attenuation factor to determine 

the actual particle concentration. 

TEM imaging  

Samples were prepared as previously described111. In short, EVs were fixed in 2% paraformaldehyde 

(PFA), immobilized on a carbon-coated EM grid, and negative stained with 1% uranyl acetate. Grids were 

imaged with a JEOL 100CXII transmission electron microscope operating at 100 kV, and images were 

captured on a Matataki Flash sCMOS digital camera. 
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Protein Gel Electrophoresis & Immunoblotting 

EV protein concentrations were determined with the Pierce BCA Protein Assay Kit (Thermo Fisher, Cat. 

No. 23225) using albumin standards according to the manufacturer’s protocol. EVs containing 5-20 µg 

protein were mixed with 4X sample buffer (Expedeon, NXB31010), 10X reducing buffer (Thermo, NP004) 

and deionized water to a volume of 10-20 µl, and samples were subsequently heated at 90°C for 5 min. 

Samples and Precision Plus Protein All Blue Standards (BioRad, 1610373) were loaded into Mini-

PROTEAN TGX Stain-free Precast gels (BioRad, 4568093) and run with Tris/Glycine SDS Running Buffer 

(BioRad, 1610732) in the BioRad Mini-PROTEAN Tetra System at 100V for 60-80 min.  

PVDF membranes were soaked in methanol for 2 min, washed in DI water, and soaked in 1X Trans-Blot 

Turbo Transfer Buffer (BioRad, 10026938) for 2 min. Filter paper was also soaked in Transfer buffer for 2 

min. Blot and gel were then arranged in the following order: bottom (anode), filter paper, membrane, 

gel, filter paper, top (cathode), as the electric current moves from the cathode toward the anode and 

thus transfers the proteins from gel to membrane. Semi-dry membrane transfer was performed in the 

BioRad Trans-Blot Turbo Transfer System using the StandardSD protocol (25V, 1.0A, 30 min). 

After transfer, membranes were blocked in 3-5% non-fat dry milk in TBST for 1 h at RT, or overnight at 

4°C. All antibodies used for Western blot detection are listed in Table A.1. Membranes were stained with 

primary antibody in blocking buffer (BioRad, Cat. No. 12010020) overnight at 4°C. Membranes were 

then washed 3 times for 3 min with TBST and subsequently stained with secondary antibody in blocking 

buffer for 1-2 h at RT. Blots were again washed 3 times for 3 min with TBST. Blots were incubated with 

HRP substrate working solution for 1 minute using the Pierce ECL Western Blotting Substrate kit 

(Thermo, 32209) and imaged in the ChemiDoc MP Imaging System (BioRad). Bands on captured blot 

images were quantified using ImageJ software using the protein standards as reference. 

EV proteomics sample preparation** 

**Protocol was written with Dr. Douglas Whitten, adapted from Pierce TR0049.0 (www.piercenet.com) 

Acetone precipitation of proteins for mass spectrometric analysis: Four volumes ice-cold 100% acetone 

were added to 1 volume protein solution, and samples were incubated overnight at -20°C. Samples were 

then pelleted at 14,000 g for 10 min and washed with 80% acetone/20% water and re-centrifuged. 

Supernatants were removed and sample tubes with pelleted protein were placed in a fume hood to 

allow the residual acetone to evaporate (5-10 min). Sample pellets were resuspended in 100 µl of 100 

mM Tris in water (pH 8.5), and stored at -20°C until further use. 

Proteolytic digestion: Protein samples, in 100 mM Tris, were mixed with 100 mM Tris-HCl (pH 8.5) 

supplemented to 6% (w/v) sodium deoxycholate (SDC) to a final volume of 270 µl112. Samples were then 
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reduced and alkylated by adding Tris(2-carboxyethyl)phosphine (TCEP) and chloroacetamide at 10 mM 

and 40 mM respectively, and incubated for 5 min at 45°C with shaking at 2000 rpm in an Eppendorf 

ThermoMixer C. Trypsin/LysC enzyme mixture, in 50 mM ammonium bicarbonate, was added at a 1:100 

ratio (wt/wt) and the mixture was incubated at 37°C overnight with shaking at 1500 rpm in the 

Thermomixer. Final concentration of the digestion buffer was 100 mM Tris-HCl, 4% SDC and the volume 

of each digest was ~300 µl. After digestion, SDC was removed by phase extraction using ethyl acetate113. 

The samples were acidified to 1% TFA and subjected to C18 solid phase clean up using StageTips114 to 

remove salts. Purified peptides were then dried by vacuum centrifugation and re-suspended to 20 µl in 

2% acetonitrile/0.1% trifluoroacetic acid. 

LC/MS/MS Analysis of EVs and soluble secreted factors** 

EV samples were injected automatically using a Thermo EASY-nLC 1000 (Cat. No. LC120) onto a C18 

trapping column (Thermo Acclaim PepMap RSLC 0.1mm x 20mm) and washed for ~5 min with buffer A 

(0.1% Formic Acid in water). Bound peptides were then eluted over 35 min onto a resolving column 

(Thermo Acclaim PepMap RSLC 0.075mm x 250mm) with a gradient of 5% Buffer B (B) to 10% Buffer B 

(B) in 2 min, ramping from 10%B to 25%B at 20min, 25%B to 40%B at 24 min, 40% B to 90%B at 25 min 

and held at 90%B for the duration of the run (Buffer B = 80% Acetonitrile/0.1% Formic Acid in water) at a 

constant flow rate of 300 nl/min. Column temperature was maintained at a constant temperature of 

50°C using an integrated column oven (PRSO-V1, Sonation GmbH, Biberach, Germany). 

Eluted peptides were sprayed into a ThermoScientific Q-Exactive mass spectrometer using a FlexSpray 

ion source. Survey scans were taken in the Orbi trap (35,000 resolution, determined at m/z 200) and the 

top 15 ions in each survey scan are then subjected to automatic higher energy collision induced 

dissociation (HCD) with fragment spectra acquired at 17,500 resolution.  

Data analysis: The resulting MS/MS spectra were converted to peak peptide lists using MaxQuant 

software115, 116 (v1.6.3.4, www.maxquant.org). The peptide list was compared against a protein database 

containing either all mouse or human sequences available from Uniprot (www.uniprot.org, downloaded 

2023-01-31 or 2023-04-18, respectively), appended with common laboratory contaminants 

(downloaded from www.thegpm.org, cRAP project) using the Andromeda117, 118 search algorithm, a part 

of the MaxQuant environment. The MaxQuant output was then analyzed using Scaffold, v5.2.2 

(www.proteomesoftware.com) to probabilistically validate protein identifications. Assignments 

validated using the Scaffold 1% FDR (False Discovery Rate) confidence filter are considered true. Search 

parameters for all databases were as follows: allow up to 2 missed tryptic sites, fixed modification of 
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Carbamidomethyl Cysteine, variable modification of Oxidation of Methionine, peptide tolerance of +/- 

4.5ppm, MS/MS tolerance of +/- 20ppm, FDR calculated using randomized database search.  

In vivo inflammation studies 

APCmin/+ mice and C57Bl/6 mice were purchased from Jackson Labs and kept in the Stanford animal 

facilities with approval from the Institutional Animal Care and Use Committee (protocol No. 27715). 100 

µl of saline (PBS) or EVs from non-activated and LPS-activated iBMDM cells were injected into the rectal 

submucosa of 16-week-old male mice, guided by the Pentax EB-1170K pediatric bronchoscope, 3 times 

in 7 d. At the end of the week, mice were sacrificed via cervical dislocation under anesthesia with 2-3% 

isoflurane and underwent post-mortem dissection to remove colon tissues. 

Hematoxylin and eosin (H&E) staining 

Colonic tissues were rinsed with cold PBS, fixed in 4% paraformaldehyde, dehydrated, paraffin-

embedded, and sliced into 10 μm sections. Next, the sections were stained with hematoxylin and eosin 

(Sigma-Aldrich, MHS1)119. The severity of inflammation was subsequently determined by experienced 

pathologists using a double-blind method. The scoring criteria for the degree of inflammatory cell 

infiltration was: score of 0, normal; score of 3 dense inflammatory infiltrate. The scoring criteria for crypt 

architecture: score of 0, normal; score of 0.5, rare clear regions with loss of crypt; score of 3, severe 

crypt distortion with loss of entire crypts. The scoring criteria for muscle thickening: score of 0, base of 

crypt sits on the muscularis mucosae; score of 3, marked muscle thickening present.  

Statistical analysis  

Statistical analyses were performed using Prism software (10.1.1, GraphPad Inc.). Statistical significance 

was determined via unpaired t-test for data with two groups, and via one-way ANOVA for data with 

multiple groups, followed by Tukey’s post-hoc test. Two-way ANOVA was used to analyze data with 

more than one independent variable, followed by Tukey’s post-hoc test. Data are expressed as mean +/- 

standard deviation (SD); comparisons with p<0.05 were considered significant findings. 

RESULTS 

Characterization of macrophage activation and secreted EVs 

First, I cultured J774A.1 and Raw264.7 macrophage lines that originated from Balb/c mice 

known to have a Th2 dominant T cell repertoire. I found the laboratory stocks of J774A.1 cells did not 

secrete reactive nitrogen species (RNS) or reactive oxygen species (ROS) upon treatment with 1, 10, 100, 

500 or 1000 ng/ml LPS at 12, 18, or 24 h (data not shown); this is most likely because previous lab 

member cultures of macrophages were desensitized to lipopolysaccharide (LPS) due to sustained 

stimulation120 or because I was using DMEM medium as opposed to RPMI-1640121.  
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Next, I stimulated Raw264.7 cells with combinations of different concentrations of LPS and 

interferon- (IFN), and quantified optimal activation levels over time with assays measuring cell 

secretion of ROS (Figure 2.1a,b) and RNS (Figure 2.1c,d), i.e., nitric oxide (NO). Morphological changes of 

LPS-activated Raw264.7 cells can be seen in Figure 2.1e.  

 

Figure 2.1 Raw264.7 (Raw) murine macrophages secrete reactive oxygen species (ROS) and reactive 
nitrogen species (RNS) when treated with different concentrations of lipopolysaccharide (LPS) and 
interferon-gamma (IFNg) at different timepoints. When activated with 10-2000 ng/ml LPS and/or 10-50 
ng/ml IFNg, Raw cells secrete detectable levels of ROS at 12 h (a) and 16 h (b). When activated with 10-
500 ng/ml LPS, Raw cells secrete detectable levels of RNS at 18 h (c) and 24 h (d). (e) Representative 
images showing morphology of non-activated and LPS-activated Raw cells in culture; scale bar, 50 
um. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, mean (SD); n=4, two-way ANOVA followed by 
Tukey’s post-hoc test (a,b) and n=2, one-way ANOVA followed by Tukey’s post-hoc test (c,d). RFU, 
relative fluorescence units. 
 

Raw264.7 cells were thus utilized for my in vitro mouse cell experiments moving forward. I then 

isolated EVs from conditioned medium of non-activated and LPS-activated Raw264.7 cells growing in a 

flask for 48 h, i.e., sufficient time for EV secretion, and analyzed their particle count via the Nanoparticle 

Tracking Analyzer (Figure 2.2a,b). TEM images of individual particles of Raw264.7 EVs exhibited typical 

cup-shaped and rounded morphology and a size range of approximately 100-150 nm in diameter, 

representative of EVs (Figure 2.2c,d). Immunoblotting verified EVs from non-activated and LPS-activated 

Raw264.7 cells to express the EV biomarker Alix (Figure 2.2e)122. Thus, according to the MISEV 2018 
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standards122, the particles we isolated from the conditioned medium of non-activated and LPS-activated 

Raw264.7 macrophages are verified as EVs. 

 

 

Figure 2.2 Characterization of extracellular vesicles (EVs) from Raw264.7 (Raw) murine macrophages 
that are non-activated or activated with 100 ng/ml lipopolysaccharide (LPS). (a) Size distribution curves 
of EVs from non-activated and LPS-activated Raw cells. (b) Transmission electron microscopy (TEM) 
images of EVs from non-activated (left) and LPS-activated (right) Raw cells; X60k scale bar, 100 nm. (c) 
Immunoblot analysis of EVs from non-activated and LPS-activated Raw cells.  
 

During the first year of the COVID pandemic, the NTA ZetaView broke for several months. As 

necessity fosters innovation, I improvised to use the ZetaSizer, which uses dynamic light scattering (DLS) 

to determine particle size and zeta potential123, as opposed to the ZetaView which employs nanoparticle 

tracking analysis (NTA) for size, concentration, and zeta potential measurements124. Dr. Neil Robertson 

in Dr. Anna Moore’s lab had the idea of using EVs of known concentration (that I had previously counted 

on the NTA before it broke) as standards to determine the particle count of my newly isolated EVs. So, I 

created a linear standard curve of concentration (particles/ml) on the x-axis and ave count rate (kcps) on 

the y-axis (r2 > 0.99). Using the average count rate of unknown samples, I could then calculate their 

concentration until the NTA was fixed. 

Next, I investigated human cells as a more clinically relevant model. I confirmed LPS activation of 

THP1 monocytes by measuring cell culture secretion of the proinflammatory cytokine TNF- with an 

ELISA. Interestingly, seeding 18 million cells in a T75 flask caused cells to secrete more TNF-, indicating 

macrophage proinflammatory activation, as compared to cells in flasks seeded with a lower number of 

cells, i.e., 17 million cells (Figure 2.3a). This may be because cell interactions at different confluency 

affects macrophage activation levels125, or because more cells secreted more detectable levels of TNF-.  



   

 

 22 

THP1 cells are promonocytes that grow in suspension culture and can be differentiated into 

macrophages that develop different characteristics such as granularity and differentiation-dependent 

cell surface markers 126. M1-activated THP1 cells (via LPS and/or IFN stimulation) have been found to 

lack expression of ROS or nitric oxide like murine macrophages127 but they do consistently secrete 

proinflammatory cytokines such as TNF-. After many attempts, Dr. Meena Sudhakaran generously 

helped me optimize THP1 differentiation with phorbol 12-myristate 13-acetate (PMA) in the Contag Lab 

(see methods; note that treating THP1 cells on the day after seeding to acclimate in suspension will 

produce more reproducible results). To confirm PMA-induced differentiation of THP1 cells into 

macrophages, I used flow cytometry to detect the relative expression per cell of the activation marker 

CD11b at 48 h and 72 h in response to differing concentrations of PMA (Figure 2.3b). CD11b was not 

expressed on THP1 promonocytes but was expressed on approximately 60-75% of differentiated THP1-

derived cells. To confirm activation of THP1-derived macrophages, I analyzed their TNF- secretion using 

an ELISA. THP1 cells differentiated into macrophages upon exposure to 50 ng/ml PMA for 48 h or 72 h 

and when subsequently stimulated with 500 ng/ml LPS, secreted over 12000 ng/ml TNF- on average, 

over 11-times more than untreated THP1 monocytes (Figure 2.3d).  

To determine if there was a temporal component to this TNF- secretion profile, I treated THP1 

monocytes with 0, 100, or 200 ng/ml PMA for 48 h and then stimulated the cells with 500 ng/ml LPS for 

4 or 24 h. I found that LPS-activated THP1 macrophages secrete more TNF- at 24 h than at 4 h (Figure 

2.3c). I then did a LPS concentration titration measuring TNF- secretion from THP1 cells differentiated 

into macrophages through exposure to 50 ng/ml PMA for 72 h, and then stimulated with lower, more 

physiologically relevant concentrations of LPS. I found that 10, 50, and 100 ng/ml LPS also induced 

proinflammatory activation of THP1 macrophages (Figure 2.3e). I also found that at these LPS 

concentrations, adding 20 ng/ml IFN to THP1 macrophages did not significantly increase secretion of 

the proinflammatory cytokine TNF- (Figure 2.3f). So, I ultimately decided to differentiate THP1s into 

macrophages with 50 ng/ml PMA for 48 h, and stimulate with 100-500 ng/ml LPS for 48 h for THP1-

secreted EV isolation and administration onto colon cells. 
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Figure 2.3 THP-1 human macrophages secrete more TNF- upon lipopolysaccharide (LPS) treatment 
than THP1 monocytes. (a) Seeding a higher number (18x106, denoted 18e6) of THP1 monocytes/T150 

cm2 flask significantly increases TNF- secretion upon activation with 500 ng/ml LPS compared with 
seeding 17x106 (17e6) THP1 monocytes/flask. (b) Flow cytometric quantification and representative 
image (below) of THP1 macrophages after differentiation with phorbol 12-myristate 13-acetate (PMA) at 
different concentrations and times; percent differentiated cells was determined by quantifying the 
relative CD11b-PE antibody expression per cell measured by mean fluorescence intensity (MFI). (c) TNF-

 secretion of non-activated and LPS-activated THP1 monocytes and macrophages at 4 h and 24 h. (d) 

Comparison of TNF- secretion levels of THP1 monocytes and macrophages differentiated with 50 

ng/ml PMA for 48 h, and subsequently activated with LPS. (e) Comparison of TNF- secretion levels from 
THP1 macrophages differentiated with 50 ng/ml PMA for 72 h and subsequently activated with different 

concentrations of LPS for 48 h. (f) Comparison of TNF- secretion levels from THP1 macrophages 
differentiated with 50 ng/ml PMA for 72 h and subsequently activated with different concentrations of 
LPS and/or interferon-gamma (IFNg) for 48 h. Not significant (ns), *p<0.05, **p<0.01, ***p<0.001, 
***p<0.0001, mean (SD); n=3-6, two-way ANOVA followed by Tukey’s post-hoc test (a,c,d,f) and n=3-12, 
one-way ANOVA followed by Tukey’s post-hoc test (b,d,e). 
 

I then verified these THP1 macrophage EVs first by characterizing them via NTA (Figure 2.4a,b). 

Next, TEM images showed distinctive individual particles of THP1 macrophage EVs of a size range of 

approximately 100-150 nm in diameter, representative of EVs (Figure 2.4c,d). Immunoblotting showed 

EVs from non-activated and LPS-activated Raw264.7 cells expressed the EV biomarkers Alix and GAPDH 

(Figure 2.4e). 
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Figure 2.4 Characterization of extracellular vesicles (EVs) from THP1-differentiated macrophages (M) 
that are non-activated or activated with lipopolysaccharide (LPS). (a,b) Size distribution curves of EVs 
from non-activated (a) and LPS-activated (b) THP1 macrophages. (c,d) Transmission electron microscopy 
(TEM) images of EVs from non-activated (c) and LPS-activated (d) THP1 macrophages; X30k scale bar, 
200 nm; X50k scale bar, 100 nm. (e) Immunoblot analysis of EVs from non-activated and LPS-activated 
THP1 macrophages.  
 

I was very excited to advance my studies using macrophages derived from a human leukemia 

cell line to more physiologically relevant monocytes and macrophages derived from induced pluripotent 

stem cells (iPSCs), to characterize EV communication with iPSC-derived 3D human colonic organoids 

(HCOs). However, reviewers of my F31 fellowship application for this project pointed out that it is very 

difficult to replicate the complexity of the tumor microenvironment in culture, and strongly 

recommended an in vivo model. So, I shifted my investigations into primary bone marrow-derived 

macrophages (BMDMs) from mice. 

We harvested primary BMDMs from the bone marrow of C57Bl/6 mice and cultured them in 10 

ng/ml M-CSF in DMEM supplemented with 10% FBS and antibiotics for 5-7 d. To confirm activation, I 

stimulated the BMDMs with different concentrations of LPS for 1 h (all not detected, data not shown), 

12 h (Figure 2.5a), and 4 d (Figure 2.5b), and quantified optimal activation levels over time with assays 

measuring cell secretion of RNS. 

I then seeded BMDMs with or without 100 ng/ml LPS and isolated EVs via differential 

ultracentrifugation. EVs from non-activated and LPS-activated BMDMs were counted, characterized and 

imaged in the NTA (Figure 2.6a,b). TEM images showed individual particles of approximately 120-150 

nm in diameter, representative of EVs (Figure 2.6c,d). Immunoblotting verified EVs from non-activated 

and LPS-activated BMDMs to express the EV biomarker Alix (Figure 2.6e). 
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Figure 2.5 Reactive nitrogen species (RNS) are secreted by primary bone marrow derived macrophages 
(BMDMs) and immortalized BMDMs (iBMDMs) treated with lipopolysaccharide (LPS) at different 
concentrations and timepoints. (a,b) BMDMs were treated with different concentrations of LPS for 12 h 
(a) and 4 days (b). mean (SD), n=3, one-way ANOVA followed by Tukey’s post-hoc test. iBMDMs were 
treated with 0 or 100 ng/ml LPS for 48 h. ***p<0.001, ****p<0.0001, mean (SD), n=12, unpaired t-test. 
 

The number of EVs I was able to obtain from harvesting bone marrow was extremely low 

making the experiments impractical, considering the large number of EVs required. So, Dr. Meena 

Sudhakaran suggested I try immortalized BMDMs. Dr. Andrew Olive generously provided me with a vial 

of J2-immortalized iBMDM cells, which turned out to be essential for my in vitro and in vivo 

experiments. First, I stimulated the iBMDMs with different concentrations of LPS and quantified RNS 

nitrite secretion (Figure 2.5c). I found these iBMDM cells secreted approximately 5 times more nitrite 

than the BMDMs secreted after 4 d (Figure 2.5). This is most likely due to the concentration of cells 

seeded; the BMDMs were cultured at a lower density meaning there was a lower cell-to-media ratio and 

fewer cells were present to secrete RNS into the conditioned medium (CM) used for NO detection. In 

the literature, these iBMDM cells are reportedly similar to BMDM cells with regards to morphology, 

biomarker expression, and metabolism through M1 and M2 polarization states128, 129.  

Next, iBMDM EVs were counted, characterized and imaged in NTA (Figure 2.7a,b). TEM images 

showed individual particles of approximately 100-150 nm in diameter, representative of EVs (Figure 

2.7c,d). Immunoblotting verified EVs from non-activated and LPS-activated iBMDMs to express the EV 

biomarkers Alix, Flot1, and CD81 (Figure 2.7e). The observed increase in Flot1 expression and decrease 

in CD81 expression in EVs after LPS stimulation may reflect changes in the subpopulations of EVs being 

secreted during inflammation, specifically an increase in microvesicle secretion (which contain more 

Flot1) and a decrease in exosomes (typically CD81-rich)130. 
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Figure 2.6 Characterization of extracellular vesicles (EVs) from primary bone marrow-derived 
macrophages (BMDMs) that are non-activated or activated with lipopolysaccharide (LPS). (a,b) Size 
distribution curves of EVs from non-activated BMDMs (a) and LPS-activated BMDMs (b). (c,d) 
Transmission electron microscopy (TEM) images of EVs from non-activated (c) and LPS-activated (d) 
BMDMs; X50k scale bar, 100 nm. (e) Immunoblot analysis of EV biomarkers in EVs from non-activated 
and LPS-activated BMDMs.  
 

 

Figure 2.7 Characterization of extracellular vesicles (EVs) from immortalized bone marrow-derived 
macrophages (iBMDMs) that are non-activated or activated with lipopolysaccharide (LPS). (a,b) Size 
distribution curves of EVs from non-activated (a) and LPS-activated iBMDMs (b). (c,d) Transmission 
electron microscopy (TEM) images of EVs from non-activated (c) and LPS-activated (d) iBMDMs; X30k 
scale bar, 200 nm; X50k scale bar, 100 nm. (e) Immunoblot analysis of EVs from non-activated and LPS-
activated iBMDMs. 
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EVs from LPS-activated macrophages express protein profiles distinct from EVs from non-activated 

macrophages 

Next, I wanted to know if there was a difference in protein contents between EVs from non-

activated and LPS-activated macrophages. I also compared the protein profiles of soluble factors (SFs), 

which I defined as the cell-secreted free-floating proteins and other soluble factors remaining in the 

supernatant after ultracentrifuge isolation of EVs from conditioned medium (CM). To test my hypothesis 

that EVs from LPS-activated macrophages mediate colitis-associated cancer, I performed proteomics 

analysis comparing protein contents in EVs from LPS-activated iBMDM EVs with EVs from non-activated 

iBMDM EVs. I was particularly interested in proteins that may be involved in proinflammatory and pro-

tumorigenic signaling effects. So, I profiled the protein contents of non-activated and LPS-activated 

iBMDM and THP1 macrophage EVs and SFs via mass spectrometry, with generous help from Dr. Maryam 

Sayadi with the data analysis. 

 

Figure 2.8 Mass spectrometry detected presence of biomarkers of extracellular vesicles (EVs) expressed 
on EVs from non-activated and LPS-activated immortalized bone marrow-derived macrophages 
(iBMDMs) but not soluble factors (SFs) as expected. (a-c) Expression of tetraspanin CD9 (a), tetraspanin 
CD81 (b), and multi-pass membrane protein Alix (c) on EVs from non-activated iBMDMs (EV,non), EVs 
from LPS-activated iBMDMs (EV,LPS), SFs from non-activated iBMDMs (SF,non), and SFs from LPS-
activated iBMDMs (SF,LPS) as detected by mass spectrometry. **p<0.01, ****p<0.0001, mean (SD), n=4, 
one-way ANOVA followed by Tukey’s post-hoc test. 
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Analyzing this data, I first looked at expression levels of several individual EV biomarkers. As 

expected, EVs from both non-activated and LPS-activated iBMDMs expressed known biomarkers of EVs 

including the tetraspanins CD9, CD81, and the multi-pass membrane protein Alix, whereas mass 

spectrometry did not detect these EV biomarkers in SFs secreted from iBMDMs (Figure 2.8).  

Next, we compared expression levels of all proteins identified in mass spectrometry analysis 

between two conditional groups at a time. EVs from LPS-activated iBMDMs (denoted EVLPS) contained a 

significant number of differentially expressed proteins as compared to EVs from non-activated iBMDMs 

(EVnon), as seen by the purple and green bars remaining separate on Figure 2.9a. Principal component 

(PC) analysis confirmed the differential expression of population of proteins present in these conditions 

were significantly different from each other as visualized by the PC graph in Figure 2.9e. We then 

generated a volcano plot showing the significantly up- and down-regulated proteins in EVs from LPS-

activated iBMDMs relative to EVs from non-activated iBMDMs (Figure 2.9f). We also compared relative 

large-scale protein expression of SFs from iBMDMs that were non-activated and LPS-activated (Figure 

2.9b). Surprisingly, we found that overall, these protein populations were not significantly different as 

can also be visualized in PC analysis (Figure 2.9g). Because this is the fraction that theoretically contains 

cell-secreted proteins such as cytokines, that are being investigated at therapeutic targets in the clinic, 

we ran a volcano plot to show up- and down-regulated proteins expressed in SFLPS as compared with 

SFnon (Figure 2.9h). Heat map analysis also showed that SFs and EVs have different protein profiles 

compared with each other, when secreted by either LPS-activated or non-activated iBMDMs (Figure 

2.9c,d).  
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Figure 2.9 Mass spectrometry analysis of extracellular vesicles (EVs) and soluble factors (SFs) from 
immortalized bone marrow-derived macrophages (iBMDMs) that are non-activated or activated with 
100 ng/ml lipopolysaccharide (LPS). (a) Heat map showing differentially expressed proteins in EVs from 
LPS-activated iBMDMs (EVLPS) and EVs from non-activated iBMDMs (EVnon). (b) Heat map showing limited 
differential expression of proteins in SFs from LPS-activated iBMDMs (SFLPS) compared with SFs from 
non-activated iBMDMs (SFnon). (c) Heat map showing differential expression of proteins in SFLPS 
compared with EVLPS. (d) Heat map showing differential expression of proteins in SFnon compared with 
EVnon. (e) Principal component (PC) analysis of proteins from EVLPS and EVnon. (f) Volcano plot showing 
up- (red) and down-regulated (blue) proteins expressed in EVLPS relative to EVnon as reference; fold 
change set to 2, p < 0.1. (g) PC analysis of proteins from SFLPS and SFnon. (h) Volcano plot showing up- 
(red) and down-regulated (blue) proteins expressed in SFLPS relative to SFnon; fold change set to 2, p < 0.1. 
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Figure 2.10 Mass spectrometry shows extracellular vesicles (EVs) from lipopolysaccharide (LPS)-
activated immortalized bone marrow-derived macrophages (iBMDMs) express upregulated levels of 
argininosuccinate synthase 1 (ASS1) and downregulated levels of gelsolin (GSN) protein relative to non-
activated iBMDM EVs. (a) Functional annotation chart showing pathway enrichment analysis determined 
a list of signaling pathways (Terms) found to be differentially expressed in LPS-activated iBMDM EVs 
relative to non-activated iBMDM EVs via the KEGG database; also shown in table includes related terms 
(RT) i.e. related pathways, the number of proteins detected that participate in a particular pathway 
(count), percent involved proteins / total proteins (%), p-value showing significance, and Benjamini 
correction refers to false discovery rate. (b) Proteins of interest differentially expressed in LPS-activated 
iBMDM EVs and MC38 colon cells treated with LPS-activated iBMDM EVs; table shows fold change (FC) 
of expression in LPS-activated iBMDM EVs compared with non-activated iBMDM EVs (FC(EV)) and FC of 
expression in MC38 cells treated with EVs from LPS-activated iBMDMs compared with MC38 cells 
treated with EVs from non-activated iBMDMs (FC(MC38)).  
 

We performed Pathway Enrichment Analysis on this data and discovered several pathways 

significantly up- or down-regulated in EVLPS (Figure 2.10a) suggesting many potential therapeutic targets. 

Of these, we chose to investigate proteins that were found to be up- and down-regulated in LPS-

activated iBMDM EVs and similarly in a colon cancer cell line (MC38) that was treated with these iBMDM 

EVs (see Chapter 3, Figure 3.9-3.12). Interestingly, Argininosuccinate synthase (ASS1) was detected to be 

upregulated in LPS-activated iBMDM EVs, and Gelsolin (GSN) was detected to be downregulated in EVs 

from LPS-activated iBMDMs relative to EVs from non-activated iBMDMs (Figure 2.10b). These proteins 

are also known to play a role in colitis-associated cancer. 
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Figure 2.11 Comparison of mass spectrometry detected expression of markers involved in colitis-
associated cancer on extracellular vesicles (EVs) and soluble factors (SFs) from non-activated and LPS-
activated immortalized bone marrow-derived macrophages (iBMDMs). (a-d) Expression of major 
histocompatibility complex I (MHC I, a), K-ras (b), interleukin 1 receptor antagonist (IL1Ra, c), and EGF 
like repeats and discoidin domains 3 (EDIL3, d) on EVs from non-activated iBMDMs (EV,non), EVs from 
LPS-activated iBMDMs (EV,LPS), SFs from non-activated iBMDMs (SF,non), and SFs from LPS-activated 
iBMDMs (SF,LPS) as detected by mass spectrometry. Not significant (ns), *p<0.05, ***p<0.001, 
****p<0.0001, mean (SD), n=4, one-way ANOVA followed by Tukey’s post-hoc test (a,b,d significance 
only shown between groups containing non-zero values). 
 

From these mass spectrometry data, we also investigated relative expression levels of several 

markers previously reported to mediate or be associated with inflammation and colitis-associated 

cancer, namely major histocompatibility complex I (MHC I), K-ras, interleukin 1 receptor antagonist 

(IL1Ra), and EGF like repeats and discoidin domains 3 (EDIL3). Notably, mass spectrometry detected EVs 

from LPS-activated iBMDMs to contain downregulated expression of MHC I and EDIL3, and upregulated 

expression of IL1Ra (Figure 2.11). No significant change was detected in K-ras expression levels between 

EVs from non-activated and LPS-activated iBMDMs. Mass spectrometry results detected MHC I, K-ras, 

and EDIL3 proteins to be expressed in EVs from iBMDMs but not detectable by mass spectrometry in SFs 

(Figure 2.11). 
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Figure 2.12 Mass spectrometry detected presence of biomarkers of extracellular vesicles (EVs) 
expressed on EVs from non-activated and LPS-activated THP1-derived macrophages but not soluble 
factors (SFs) as expected. (a) Expression of multi-pass membrane protein Alix on EVs from non-activated 
THP1 macrophages (EV,non), EVs from LPS-activated THP1 macrophages (EV,LPS), SFs from non-
activated THP1 macrophages (SF,non), and SFs from LPS-activated THP1 macrophages (SF,LPS) as 
detected by mass spectrometry. (b) Expression of interleukin-4-induced-1 (IL4I1), that can facilitate 
colon cancer progression, in all conditions. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, mean (SD), 
n=4, one-way ANOVA followed by Tukey’s post-hoc test. 
 

We also performed mass spectrometry analysis on EVs and SFs from THP1-differentiated 

macrophages with and without LPS activation. This data showed the EV biomarker Alix to be expressed 

in EVs from both non-activated and LPS-activated THP1 macrophages, but not in SFs from either 

condition (Figure 2.12a). Furthermore, we looked at another protein reported to facilitate colitis-

associated cancer, namely interleukin-4-induced-1 (IL4I1). Mass spectrometry detected a significantly 

upregulated expression of IL4I1 in EVs from THP1 macrophages activated with LPS as compared to EVs 

from non-activated THP1 macrophages (Figure 2.12b). Expression of IL4I1 was not detectable in EVs or 

SFs from non-activated THP1 macrophages, but one sample of the SFs from LPS-activated THP1 

macrophages showed slightly, but not significantly, elevated expression. 

EVs from iBMDMs induce short-term colonic inflammation in APCmin/+ mice 

Next, to determine the effects of injecting these inflammatory EVs orthotopically into the colons 

of mice, we consulted with Dr. Stephan Rogalla, a gastroenterologist at Stanford University with 

research expertise in advanced endoscopic techniques and early disease detection in vivo. The small 

diameter, thinness, and lack of visibility of the murine rectal submucosa131 makes it challenging to inject. 

So, Dr. Rogalla generously hosted me at Stanford where we performed endoscopy-guided injections to 

visualize injections and ensure successful injection into the rectal submucosa specifically.  

Interestingly, a group in Montreal investigated the oncogenic potential of cancer patient sera on 

fibroblasts in culture. They found that exosomes from the serum of breast cancer patients were taken 
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up by BRCA1 K/O fibroblasts at significantly (~6.6 times) higher rates than wildtype (WT) fibroblasts, and 

they concluded that tumor suppressor genes may block uptake of transformation-promoting EVs132. 

Colon cancer EVs were also found to increase transformation in BRCA K/O fibroblasts133. In colitis-

associated colon cancer, two of the most common tumor suppressor gene mutations occur in the TP53 

gene and the adenomatous polyposis coli (APC) gene in sequence8. The APCmin/+ mouse strain is 

heterozygous for an APC mutation, highly susceptible to spontaneous intestinal adenoma formation and 

a well-established model for colonic tumorigenesis134 involving inflammation135.  

Dr. Rogalla generously provided several wildtype (WT) C57Bl/6J mice and APCmin/+ mice (16 

weeks old) for my experiments. We injected WT and APCmin/+ mice with 100 µl saline (PBS), or EVs from 

iBMDMs that were non-activated or LPS-activated into the rectal submucosa three times over the span 

of one week. Prior to injection, fecal matter was cleaned out for visualization, and the inside of the 

rectum was sufficiently lubricated with a needle-less syringe containing PBS before inserting the 

bronchoscope containing a camera and an injection needle. The length of the tube holds approximately 

3 ml of fluid, so the tube was front loaded to avoid wasting EV solution. We took up 50-100 µl of fluid 

from the head of the endoscope and inserted the endoscope into the mouse. Mice that experienced 

abdominal swelling caused by perforations were immediately humanely euthanized (this partially 

accounts for the low sample size in our experiments). Figure 2.13 shows images of successful injections, 

where the needle was inserted into the rectal submucosa (left images) and fluid was injected (right 

images). After injections on day 7, mice in the following treatment groups remained eligible for 

characterization: WT mice injected with PBS (n=4), WT mice injected with EVs from LPS-activated 

iBMDMs (n=1), APCmin/+ mice injected with PBS (n=2), APCmin/+ mice injected with EVs from non-activated 

iBMDMs (n=1), and APCmin/+ mice injected with EVs from LPS-activated iBMDMs (n=4). 16-week-old 

APCmin/+ mice are not easily available and increasing the sample size in these studies was not feasible. 
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Figure 2.13 Endoscopy images showing before (left) and after (right) injecting 100 µl of treatment into 
the rectal submucosa of mice; guided by pediatric bronchoscope.  
 

One week post injection, mice were sacrificed and the colon tissues were harvested for analysis. 

Dr. Victoria Watson, DVM , PhD, DACVP (College of Veterinary Medicine, Michigan State University) 

performed histopathology analyses on inflammatory changes in these tissues. H&E sections showed 

inflammatory effects of iBMDM EVs on APCmin/+ mouse colons (Figure 2.15) but not WT mice (Figure 

2.14). Specifically, no change was found in inflammation score, submucosa depth, thickness of 

muscularis mucosa, or of the lamina propria in WT mice (Figure 2.14d-g). Notably, despite a limiting 

sample size, there were significant increases in inflammation score of colons from APCmin/+ mice injected 

with non-activated and LPS-activated iBMDM EVs relative to PBS controls (Figure 2.15d), indicating that 

the injections themselves were not inducing inflammation, and that macrophage-secreted EVs have a 

proinflammatory effect regardless of whether the cells have been stimulated with LPS. We concluded 

that the preexisting APC tumor suppressor mutation allowed for LPS-activated macrophage EVs to have 

a proinflammatory effect on the mouse colons even in the short time span of 1 week. The lack of effects 
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in WT mice may be due to short-term protective immune mechanisms that combat macrophage EV 

effects. In clinical cases of colitis-associated cancer, it may take years for tumors to form; one week may 

not have been long enough to induce an effect in WT mice. However, the first “hit”, i.e., the underlying 

APCmin mutation, appears to have allowed for proinflammatory signaling effects induced by the iBMDM 

EVs. An increased sample size and further immunophenotyping characterization will be helpful in 

identifying the exact mechanism for why non-activated iBMDM EVs and LPS-activated iBMDM EVs both 

played proinflammatory roles. More in-depth histopathological analyses of the APCmin/+ mouse colon 

tissue showed that injections of EVs from non-activated and LPS-activated iBMDMs mildly increased 

thickening of the submucosa, a hallmark of colonic inflammation (Figure 2.15e). Thickness of the 

muscularis mucosa was very mildly increased in APCmin/+ mouse colons injected with LPS-activated 

iBMDM EVs (Figure 2.15f), and no significant change was seen in lamina propria depth (Figure 2.15g).  

Tables 2.2 and 2.3 show even deeper characterization of inflammation in these EV-injected 

mice. Other methods we utilized to quantitatively and qualitatively describe tissue inflammation 

included crypt architecture, muscle thickening, luminal bacteria, epithelial injury, and degree of 

inflammatory cell infiltration (descriptions and scores in Table 2.2), as well as description of 

inflammatory cells found present in the tissue section and a description of histological effects from this 

inflammatory infiltrate (Table 2.3). In APCmin/+ mice, rare, clear regions with loss of crypts was found in 

the non-activated iBMDM EV-injected condition, whereas one of the four LPS-activated iBMDM EV-

injected mice showed a more severe crypt loss (score of 1). None of the WT mice showed changes in 

crypt architecture, and none of the mice of either genotype showed signs of muscle thickening (Table 

2.2). There were few or many clusters of luminal bacteria found in the WT mice, however, most of the 

APCmin/+ mice appeared to have rare or no luminal bacteria present (Table 2.2). Epithelial injury (% of 

mucosa length) was found in the colon tissue from APCmin/+ mouse injected with non-activated iBMDM 

EVs (Figure 2.15b), with the injury (likely an ulcer) spanning appx 19% of the length of the mucosa.  

We used non-injected WT mice as reference for relatively normal amounts of inflammation in 

this study (Table 2.3). In APCmin/+ mice injected with PBS, lymphocytes were mostly within normal limits, 

with mucus in lumen, and one mouse showed a couple of dilated lymphatics in deep mucosa and one 

nodular aggregate of gut-associated lymphatic tissue (GALT). This seemed to be relatively similar to the 

WT mice. APCmin/+ mice injected with non-activated iBMDM EVs interestingly showed presence of 

neutrophils and less so macrophages, lymphocytes and plasma cells in the submucosa as well as in the 

muscle/serosa (Table 2.3). APCmin/+ mice injected with EVs from LPS-activated iBMDMs exhibited dilated 

vessels in the deeper mucosa of a couple of tissues, one of which also had dilated crypts. Three of four 
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of these mice had a GALT aggregate or a large region of GALT (Table 2.3). WT mice injected with PBS or 

EVs from LPS-activated iBMDMs also contained some GALT aggregates, low numbers of lymphocytes 

and plasma cells, and a few mildly dilated blood vessels. 

 

 
Figure 2.14 Rectal submucosal injections of extracellular vesicles (EVs) from immortalized bone marrow-
derived macrophages (iBMDMs) activated with lipopolysaccharide (LPS) do not increase short-term 
colonic inflammation in wildtype (WT, C57Bl/6) mice. (a-c) Representative H&E-stained images of WT 
mouse colon with no injections (a, Ctrl) or injected with PBS (b) or LPS-activated iBMDM EVs (c); X10 

scale bar, 100 m. (d-g) Pathological quantifications showing inflammation score (scale 0-3, d), depth of 

submucosa in m (e), muscularis mucosa thickness in m (f), and depth of mucosal lamina propria in m 
(g). Not significant (ns), n=1-4, one-way ANOVA followed by Tukey’s post-hoc test. 
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Figure 2.15 Rectal submucosal injections of extracellular vesicles (EVs) from immortalized bone marrow-
derived macrophages (iBMDMs) activated with lipopolysaccharide (LPS) increased colonic inflammation 
in mice with APCmin mutation. (a-c) Representative H&E-stained images of colons from APCmin mice 
injected with PBS (a), non-activated iBMDM EVs (EVnon, b), and LPS-activated iBMDM EVs (EVLPS, c); X10 

scale bar, 100 m. (d-g) Pathological quantifications showing inflammation score (scale 0-3, d), depth of 
submucosa in um (e), muscularis mucosa thickness in um (f), and depth of mucosal lamina propria in um 
(g). Not significant (ns), *p<0.05; n=1-4, one-way ANOVA followed by Tukey’s post-hoc test (p-values 
shown for p<0.3).  
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Table 2.2 Scale or description of crypt architecture, muscle thickening, luminal bacteria, epithelial injury, 
and degree of inflammatory cell infiltration from histopathology analysis of H&E-stained colon tissues of 
given injection conditions. APCmin/+ mouse model (APCmin), wild type (WT), saline (PBS), extracellular 
vesicles (EVs), extracellular vesicles from non-activated macrophages (EVnon), lipopolysaccharide (LPS), 
extracellular vesicles from LPS-activated macrophages (EVLPS).  

Mouse Condition Crypt architecture 
(0 - 3) 

0: normal 

0.5: rare, clear 
regions with loss 
of crypt 

3: severe crypt 
distortion, loss of 
entire crypts  

Muscle 
thickening (0 – 3) 

0: base of crypt 
sits on 
muscularis 
mucosae 

3: marked 
muscle 
thickening 

Luminal 
bacteria 

Epithelial 
injury 

(% of 
mucosa 
length) 

Degree of 
inflammatory 
cell 
infiltration  

(0 – 3) 

0: normal 

3: dense 
inflammatory 
infiltrate 

APCmin PBS 0 0 none 0 0 

APCmin PBS 0 0 rare 0 0 

APCmin EVnon 0.5 0 none 19.178 2 

APCmin EVLPS 1 0 rare 0 1 

APCmin EVLPS 0 0 none 0 0 

APCmin EVLPS 0 0 none 0 1 

APCmin EVLPS 0 0  0 1 

WT No 

injection 
0 0 none 0 0 

WT No 
injection 

0 0 few 
clusters 

0 0 

WT No 
injection 

0 0 none 0 0.5 

WT PBS 0 0 none 0 0 

WT PBS 0 0 few 
clusters 

0 0 

WT PBS 0 0 many 
clusters 

0 0 

WT PBS 0 0 rare 0 0 

WT EVLPS 0 0 few 
clusters 

0 0 
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Table 2.3 Description of inflammatory infiltrate and inflammation from histopathology analysis of H&E-
stained colon tissues of given injection conditions. Phosphate buffered saline solution (PBS), 
extracellular vesicles (EV), non-activated iBMDMs (non), lipopolysaccharide (LPS), within normal limits 
(WNL), plasma cells (PC), lamina propria (LP), gut-associated lymphatic tissue (GALT), submucosa (SM). 

Mouse Condition Inflammation Description 

APCmin PBS mostly lymphocytes WNL Couple of dilated lymphatics in deep 
mucosa, one nodular aggregate of 
GALT, strands of mucus in lumen 

APCmin PBS mostly lymphocytes WNL Mucus in lumen 

APCmin EVnon SM contains scattered neutrophils, 
fewer macrophages and lymphocytes 
and PC, similar population in 
muscle/serosa 

 

APCmin EVLPS low numbers of lymphocytes in LP, 
perivasc mixed mononucs in SC, 
mixed inflammation in serosa 

Dilated vessels in deeper mucosa and 
SM. Dilated crypts, large region of 
GALT 

APCmin EVLPS low numbers of lymphocytes and PC 
in LP 

One GALT aggregate 

APCmin EVLPS aggregate of neutrophils in lumen, 
mild increase PC in LP 

Dilated vessels in deeper mucosa 

APCmin EVLPS low numbers of lymphs in LP, perivasc 
mixed mononucs in SC, mixed 
inflammation in serosa, few 
neutrophils in lumen 

Large region of GALT 

WT No 
injection 

mostly lymphocytes WNL Few minimally dilated lymphatics in 
deep mucosa, couple of dilated 
lymphatics in submucosa, mucus in 
lumen, 1 nodule GALT 

WT No 
injection 

mostly lymphocytes WNL Mucus in lumen 

WT No 
injection 

low numbers lymphs in LP, very rare 
neutrophils  

Mucus in lumen, few mildly dilated 
lymphatics in deep mucosa  

WT PBS low numbers of lymphocytes in LP  Dilated blood vessels focally in SM 

WT PBS low numbers of lymphocytes and PC 
in LP 

Dilated blood vessels focally in SM 

WT PBS low numbers of lymphocytes and PC 
in LP 

One GALT aggregate, one dilated 
lacteal SM 

WT PBS  One large GALT aggregate, few dilated 
lacteals at base of mucosa 

WT EVLPS low numbers of lymphocytes in LP Clusters of bacteria in mucus in 
lumen, mesenteric fat in section 
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We cannot directly compare thickness and size of colon tissues between WT (C57Bl/6) and 

APCmin/+ mice due to their significant size difference. To quantitatively compare the inflammatory 

response of APCmin/+ mice to WT mice upon rectal submucosal injections of iBMDM EVs, we compared 

the fold change in submucosa depth, muscularis thickness, and depth of lamina propria (Figure 2.16). 

We found that APCmin/+ mice exhibited a moderately increased thickness in tissue from each of these 

parameters. 

 

Figure 2.16 Rectal submucosal injections of extracellular vesicles (EVs) from immortalized bone marrow-
derived macrophages (iBMDMs) activated with lipopolysaccharide (LPS) increased colonic inflammation 
in mice with APCmin mutation but not WT mice. (a) Fold change of submucosal depth measured in colons 
from mice injected with LPS-activated iBMDM EVs (EVLPS) relative to control mice of same mutation 
status injected with PBS. (b) Fold change of muscularis mucosa thickness in colons from mice injected 
with EVLPS relative to control mice of same mutation status injected with PBS. (c) Fold change of depth of 
mucosal lamina propria in colons from mice injected with EVLPS relative to control mice of same 
mutation status injected with PBS. P-values are shown for p<0.3; n=1-4, unpaired t-test.  
 

Overall, we found EVs from LPS-activated macrophages differentially expressed proteins that 

are thought to play a role in colitis-associated cancer, and EVs from iBMDMs increased colonic 

inflammation in mice with an underlying mutation in the APC tumor suppressor gene within one week.  

DISCUSSION 

I conclude from the data presented in this chapter that lipopolysaccharide (LPS) activation 

induces macrophages to secrete extracellular vesicles (EVs) with unique protein contents, some of which 

are known to mediate colitis-associated cancer, and that macrophage-secreted EVs have inflammatory 

effects in vivo on colonic epithelium. I discovered LPS-activated macrophages differentially upregulated 

and downregulated expression of EV proteins (as a model for macrophages active in the context of 

colitis) relative to non-activated macrophages that may facilitate colitis-associated carcinogenesis.  

In chronic ulcerations, breakage in the intestinal lining allows for luminal contents such as 

bacteria and bacterial components (e.g., LPS) to enter the mucosa, and in response the number of 
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macrophages increases in this environment136. Because there are significantly fewer macrophages and 

thus macrophage-secreted EVs present in homeostatic conditions, we expect that the proteins 

upregulated in EVs from LPS-activated macrophages, as compared to those in EVs from non-activated 

macrophages, will have a stronger effect in mediating colitis-associated cancer. 

Differential macrophage activation 

Toll-like receptors (TLRs) are a family of innate immune receptors known as pattern recognition 

receptors (PRRs) because they recognize and bind to pathogen-associated molecular patterns (PAMPs) 

present on common microbes and induce an innate immune response137. Gram-negative 

lipopolysaccharide (LPS) is the main activator of TLR4, and induces intestinal inflammation138. 

Importantly, LPS-induced TLR4 signaling has been shown to increase colitis-associated carcinogenesis, 

cancer progression and metastasis139. Moreover, TLR4 is overexpressed in patients with colitis-

associated cancer, and promotes colitis-associated neoplasia in mice140. TLR4 signaling utilizes accessory 

proteins such as CD14 and LBP to activate a series of transcription factors including nuclear factor 

kappa-light-chain-enhancer of activated B cells (NF-κB), activator protein-1 (AP-1), and signal transducer 

and activator of transcription 3 (STAT3), resulting in increased production of factors such as nitric oxide 

synthase 2 (iNOS) and tumor necrosis factor-alpha (TNF-α). LPS/TLR4-induced secretion of iNOS and 

TNF-α has been shown to be upregulated in colitis-associated cancer patients141. Importantly, LPS also 

induces negative regulatory pathways of inflammation including anti-inflammatory IL-10 signaling142. 

TLR4 also induces activity of the cyclooxygenase-2 (COX2) enzyme, which, which given the substrate 

arachidonic acid, increases prostaglandin E2 (PGE2) production143. Both COX2 and PGE2 have been highly 

implicated in driving colitis-associated cancer, and elevated expression of COX2 prevalent in CRC tissue 

is associated with worse prognosis14. Selective COX2 inhibitors and non-steroidal anti-inflammatory 

drugs have been of the most promising chemopreventive therapeutics in patients with colitis at risk of 

cancer14. However, these studies have been inconsistent for decades18, suggesting there are other 

signaling mediators involved. This is why we decided to investigate the role of another signaling factor 

known to mediate colitis and colon cancer—extracellular vesicles (EVs).  

Many studies have looked at EVs from macrophages that had been activated with LPS in 

combination with interferon-gamma (IFN). IFN is recognized by the IFN-receptor (IFNGR) heterodimer 

on macrophages and colonic epithelial cells. The signaling response includes activation of the STAT1 

transcription factor and consequent secretion of proinflammatory cytokines and iNOS144. IFN has been 

shown to be necessary for the development of colitis in DSS-treated mice145. IFN strongly augments the 

inflammatory effects of LPS through various proposed mechanisms including increasing CD14 
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expression146 and/or by promoting TLR4-induced NF-κB activation147. For example, stimulating Mono-

Mac-6 monocytes with LPS and IFN in combination resulted in secretion of threefold-increased levels of 

TNF-α as compared to stimulation with LPS alone146. However, IFN has also been shown to negatively 

regulate the LPS response by repressing TLR4-activated STAT3 induction of anti-inflammatory IL-10 

production148. This suggests that treating macrophages with LPS in conjunction with IFN may affect 

macrophage signaling and potentially macrophage-secreted EV components and signaling effects. In this 

chapter, I focused on characterizing EVs from macrophages activated with LPS alone. I used mass 

spectrometry to identify differential expression of proteins in secreted EVs from macrophages upon LPS 

activation. We identified two main proteins were of interest—argininosuccinate synthase 1 and 

gelsolin—as they were differentially expressed in EVs from LPS-activated immortalized bone marrow-

derived macrophages (iBMDMs) and in MC38 colon cancer cells treated with these EVs (chapter 3). Both 

of these proteins have a known role in facilitating colitis-associated cancer. 

Argininosuccinate Synthase 1 

ASS1 is an enzyme active in the urea and citrulline NO cycles that utilizes ATP to convert 

citrulline and aspartate into argininosuccinate. It is the rate-limiting enzyme for arginine biosynthesis 

and subsequent nitric oxide (NO) synthesis149. Arginine plays an important role in intestinal epithelial cell 

growth and repair150, metabolism151, and immune function149. Arginine availability can also regulate 

activity of nitric oxide synthase 2 (iNOS)152. Interestingly, iNOS, which produces NO from arginine 

(product of ASS1), is over-expressed in colitis-associated cancer153. In the normal colonic epithelium NO 

can serve as a homeostatic regulator, but if it is chronically upregulated it can initiate and maintain 

IBD154 and promote colorectal cancer (CRC)153, 155. Specifically, endogenous NO expressed in enterocytes 

alleviates colitis and colitis-associated cancer, whereas immune cell-derived NO activates macrophages 

and increases inflammation156. These divergent effects of NO depend on specific co-factors; enterocyte-

derived NO is typically produced with NO synthase-stabilizing BH4 and anti-inflammatory cytokines that 

regulate apoptosis and epithelial barrier integrity (by upregulating tight junction proteins), while 

immune cell-derived NO is secreted with pro-inflammatory cytokines, NF-kB activation, and increased 

ROS—factors that collectively promote DNA damage and transformation153, 155, 156.  

ASS1 is upregulated in hyperproliferative intestinal epithelium150, an important early step in 

cancer development and progression. ASS1 is also upregulated during colitis in enterocytes, which 

express a shift from oxidative phosphorylation to glycolysis157. In contrast, inhibiting arginine synthesis 

ameliorates colitis and colitis-associated cancer156. Colorectal cancer has been characterized by ASS1 

overexpression, which is regulated by proinflammatory cytokines156, 158. Inhibition of ASS1 also lowers 
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levels of fumarate, reported as a tumor-suppressive metabolite, which decreases glycolytic activity, lipid 

metabolism, and proliferation in human SW620 CRC cells151. 

Notably, ASS1 is upregulated in APC-mutated mouse intestinal epithelium organoids and human 

CRC cell lines150. Notably, ASS1 only contributes to growth of APC-mutated organoids under low-arginine 

conditions150, but this is not the case in mice with intestinal APC & ASS mutations, probably due to liver 

(wt) compensation. This idea of compensation is reflected in human CRC cell studies. Because ASS1 is a 

predictive biomarker for sensitivity to arginine deprivation therapy159, heightened expression of ASS1 in 

CRC makes it a poor candidate for arginine deprivation therapy160. However, this is likely due to 

ornithine transcarbamylase (OTC), which converts ornithine into citrulline (needed for ASS to make 

arginine); inhibiting OTC, which is only expressed in liver and intestinal cells, makes CRC become 

arginine auxotrophic and thus a potential candidate for arginine deprivation therapy160, 161. Prior to OTC 

activity in the Urea cycle, arginase 1 (Arg1) competes with iNOS to convert arginine instead into 

ornithine152. Serum arginase is a marker of disease progression in colorectal cancer patients, and 

inhibiting Arg1 in CT26 colon cancer cells decreased migration and metastasis162. Interestingly, tumor 

associated macrophages (TAMs) have been found to express varying proportions of iNOS (M1 marker) 

and Arg1 (M2 marker) depending on cancer type and stage163.  

Moreover, EVs from LPS-activated iBMDMs are not the only myeloid cell-derived EVs that 

increase expression of enzymes that regulate arginine metabolism. Granulocytic myeloid-derived 

suppressor cells (g-MDSCs, Ly6G+ CD11b+) isolated from Lewis lung adenocarcinoma mouse tumors 

contained Arginase-1 (Arg1) activity, implying murine g-MDSC-secreted EVs contain Arg144. This suggests 

that EVs from active myeloid cell subtypes may cooperatively regulate (or, in disease, dysregulate) 

enzymes involved in arginine metabolism in recipient cells. 

Gelsolin 

We found GSN was downregulated in EVs from LPS-activated iBMDMs (EVLPS) relative to EVs 

from non-activated iBMDMs (EVnon). This correlates with clinical findings; GSN is decreased in colon 

cancer tissues 164, low fecal GSN has been proposed as a biomarker for inflammatory bowel disease 165, 

and low serum GSN levels has been proposed as a diagnostic biomarker colon cancer164.  

GSN is an actin-binding protein involved in capping, severing and monomer binding 166. GSN functions as 

a tumor suppressor in several ways. Secreted GSN downregulated expression of MMP2 and MMP9164, 

and upregulating in vitro expression of GSN in human colon cancer cells decreased their proliferation 

and invasiveness167. GSN inhibits STAT3 signaling, which is thought to be required for colitis-associated 

cancer168, 169. Moreover, tumor-educated macrophages have been shown to decrease GSN expression in 
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cancer cells. After co-culture with gastric cancer cells, U937 leukemia monocytes secrete CCL5 that 

signals via the CCR5/Jak2/STAT3 pathway to increase DNA methyltransferase-1 (DNMT1) expression in 

recipient gastric cancer cells, leading to DNA hypermethylation of the GSN promoter, effectively 

reducing GSN expression and increasing cell migration170.  

Aside from scavenging bacteria and clearing apoptotic cells, macrophages secrete many 

mediators that regulate colonic epithelial homeostasis including growth factors for epithelial growth, IL-

10 to maintain immune tolerance to constitutive exposure to the gut microbiome, TNF- to support 

epithelial barrier integrity, and BMP2 and C1q to support enteric neurons and peristalsis 171. In response 

to acute injury via radiation, macrophages were found to secrete EVs containing Wnt5a, Wnt6 and 

Wnt9a that promote intestinal epithelial tissue repair172.  

Expression of GSN in EVs from non-activated macrophages elucidates another potential 

mechanism through which macrophage EVs regulate homeostasis in the absence of colitis or cancer. In 

healthy colonic tissue, the harsh luminal environment necessitates rapid turnover of epithelial cells; this 

increased rate of proliferation and migration exposes colonic epithelial cells to an increased risk of 

mutation and consequent carcinogenesis173. It is therefore possible that these rapidly proliferating 

colonic epithelial cells require additional externally derived tumor suppressive signals. In theory, 

upregulated GSN in EVs from non-activated macrophages may play a role in protecting rapidly 

proliferating and migrating colonic epithelial cells from uncontrolled proliferation and migration. The 

downregulation of these protective signals in EVs from LPS-activated macrophages (representing colitis) 

may potentially result in uncontrolled proliferation and migration/invasion, and thus indirectly facilitate 

colitis-associated transformation. Further studies are necessary to verify GSN and ASS1 in EVs and 

signaling effects in recipient colonic epithelial cells.  

Other proteins 

Major histocompatibility complex I (MHC I) was also detected to be decreased in EVLPS relative to 

EVnon. MHC I is involved in antigen presentation to CD8 T cells; downregulation of MHC I may be due to 

changes in antigen processing174. This means EVLPS may promote decreased antigen presentation, which 

implies a decreased anti-tumor T cell response. 

EGF like repeats and discoidin domains 3 (EDIL3) plays a role in embryonic angiogenesis 175. 

Watanabe et al. developed a predictive model for cancer development in colitis patients through a 

screen for 20 mutations in nonneoplastic mucosa in colitis patients176. Increased expression of EDIL3 in 

nonneoplastic tissue of colitis patients was found to be a predictor for colon cancer176, and EDIL3 
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promotes CRC175. However, we detected EDIL3 to be downregulated in EVLPS relative to EVnon, suggesting 

EVLPS contains both pro-tumorigenic and anti-tumorigenic signals. 

Mass spectrometry also detected increased levels of interleukin 1 receptor antagonist (IL1Ra) in 

EVLPS relative to EVnon. As an antagonist for proinflammatory IL-1 cytokines prevalent in colitis, IL1Ra 

prevents an excessive inflammatory response to pathogens in colitis177. Increased IL1Ra reduces the 

incidence of CAC in AOM/DSS mice178, but serum concentrations of IL1Ra were found to be increased in 

CRC patients179, possibly due to a response to increased IL-6 levels180. This shows that EVLPS also may 

upregulate anti-tumor factors due to the complexity of signaling within inflammation and especially 

within chronic colitis.  

In conclusion, we detected a significantly different protein content in EVs from LPS-activated 

iBMDMs (modeling EVs from macrophages in colitis) compared to EVs from non-activated iBMDMs 

(modeling EVs from macrophages in homeostasis). Increased levels of pro-tumorigenic ASS1 in EVs from 

LPS-activated macrophages reveals one potential mechanism, by which these EVs may directly facilitate, 

or at least contribute to, colitis-associated cancer. On the other hand, increased levels of the tumor 

suppressive GSN in EVs from non-activated macrophages may contribute to protecting the healthily 

functioning colon from uncontrolled proliferation and transformation. Removal of this protective factor 

GSN in EVs from LPS-activated macrophages may thus indirectly promote colitis-associated cancer 

formation. However, it is important to note that there are significantly fewer macrophages (and thus 

fewer macrophage-secreted EVs) present in the non-inflamed colon136. This suggests that decreased 

GSN, EDIL3, and MHC I may play a weaker role in facilitating disease progression than upregulated 

expression of ASS1 and IL1Ra in EVs. In this case, the downregulated expression of these proteins in EVs 

from LPS-activated macrophages may not be causal, but may be considered for diagnostic and 

prognostic purposes. Alternatively, macrophages may not be the major producers of GSN and its tumor 

suppressor function is generally provided by other cell types. 

Interleukin-4-induced-1 in EVs from human macrophages 

IL4I1 is an enzyme that regulates the immunometabolism that is induced by IL-4181. CRC tumors 

contained increased expression of IL4I1 relative to normal tissue181. Mass spectrometry data showed 

increased expression of IL4I1 in EVs from THP1 macrophages activated with LPS. LPS induced THP1 

macrophages to package increased levels of the pro-regenerative M2 marker IL4I1 into their EVs at an 

increased amount compared with non-activated THP1 macrophage EVs. This suggests EVs from LPS-

activated human macrophages carry pro-tumorigenic proteins, and have the potential to promote 
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tumorigenesis in the context of LPS-driven inflammation, e.g., colitis in human patients. This supports 

the clinical relevance of our findings.  

Inflammatory effects of macrophage EVs in APCmin/+ mouse colons 

The adenomatous polyposis coli (APC) gene-encoding protein acts as a tumor suppressor mainly 

by negatively regulating beta-catenin in the Wnt signaling pathway. APC mutations resulting in loss of 

function (LOF) are common in colitis-associated cancer as well as in sporadic colon cancer; however, 

mutations in APC typically occur prior to the adenoma stage in sporadic cancer, and after occurrence of 

dysplasia in colitis-associated cancer8. Re-expression of APC in colon cancer cells decreased anchorage-

independent growth capacity and tumor formation capacity in mice182. Methylation of the APC gene has 

been shown to contribute to field cancerization183. Moreover, heterozygous APCmin/+ mice with one 

mutated allele develop adenomas in the small intestine184. APCmin mutations have been associated with 

field cancerization effects downstream in the large intestine in mice and humans185, 186 similar to colitis 

187, 188. Furthermore, the APCmin mutation has been shown to contribute to increased tumorigenesis in 

mice with colitis; for example, heterozygous APCmin/+ mice treated with DSS had an increased incidence 

of colitis-associated dysplasia and cancer189. Mice with heterozygous APCmin/+ and Muc2 (Winnie) 

mutations have also been used as a model for colitis-associated cancer in mice190. Furthermore, patients 

with familial adenomatous polyposis (FAP) develop multiple adenomas/polyps throughout the colon and 

rectum, and most often have a mutation in the APC gene191. Clinical studies showed the COX inhibitor 

sulindac and the COX2 inhibitor celecoxib decreased the number and size of polyps in FAP patients192-195. 

Because COX2 mediates inflammation196, this suggests that inflammation is involved in the process of 

tumorigenesis following the initial APC gene mutations. Hence, we used the APCmin/+ mouse as a model 

for inflammation-associated carcinogenesis.  

We found EVs from LPS-activated and non-activated iBMDMs increased colonic inflammation in 

APCmin/+ mutated mice. Most notably, the submucosa was thickened, and there was an increase in 

inflammatory cell infiltrate into the colon tissue. This suggests that macrophages secrete EVs that 

communicate with resident cells of the colonic epithelium to induce recruitment of immune cells and 

inflammatory infiltrate. Further studies were conducted in the next chapter to elucidate and 

characterize the immune cells involved in this response. Using a similar colonoscope-guided injection 

technique, Slater et al. performed local microinjections of primary neutrophil EVs (containing 

myeloperoxidase) into mouse colons, and found that neutrophil EVs inhibited repair of mechanically-

induced colon wounds197. Yet another group performed endoscopy-guided microinjections of EVs from 

neutrophils containing proinflammatory microRNAs miR-23a and miR-155 that also inhibited colonic 
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epithelium repair in mice with mechanically-induced superficial wounds or with DSS-induced colitis198. 

These microRNAs targeted histones, effectively increasing colonic epithelial cell accumulation of double-

stranded breaks (DSB)198; DSB repair has been shown to mediate CAC199. Thus, EVs from myeloid cell 

subtypes can mediate acute colonic inflammation; this strengthens our hypothesis that myeloid-derived 

EVs, including EVs from LPS-activated macrophages, can mediate ulcerative colitis.  

However, iBMDM-derived EVs did not have a microscopically detectable impact upon injection 

into WT mice. This may be due to the short experimental duration of one week with only three EV 

injections, or the predisposition of APCmin/+ mice to inflammation that predated the injection of EVs. This 

suggests that a pre-existing step (field effect) in multi-step tumorigenesis, e.g., a tumor suppressor 

mutation, may potentiate colon tissue susceptibility to inflammatory signals from macrophage EVs. 

Evidently, healthy WT tissue is less susceptible to macrophage EV signaling; however, we found a 

mutation in the APC tumor suppressor gene was able to potentiate macrophage EV-induced 

inflammatory cell-recruiting signals and increased susceptibility to inflammation. This is of note because 

chronic inflammation also induces field cancerization in the process of immunocarcinogenesis, so our 

data suggest that chronic inflammation in the gut may increase colon tissue susceptibility to 

macrophage EV-induced inflammatory signals that possibly mediate immunocarcinogenesis.  

It is important to note that the macrophage cells utilized to produce EVs for this mouse study 

have been immortalized with myc and raf oncogenes. This implies that these iBMDMs exist in a cancer-

like state and are not normal cells. Of note, although proteins encoded by oncogenes have been 

demonstrated in EVs from cancer cells, mass spectrometry did not detect myc or Braf protein expression 

in the EVs from these macrophages. The field cancerized-like state in aged APCmin/+ mice may explain 

why there were also inflammatory effects in the APCmin/+ mice injected with non-activated iBMDM EVs. 

Another possibility is that M0 macrophage derived EVs may induce low levels of inflammation when 

administered at high concentrations. Furthermore, differential activation/treatment of macrophages has 

been shown to influence the number and size of secreted EVs200, 201. Because there are fewer numbers 

of macrophages, and consequently macrophage-derived EVs, present in the normal, non-inflamed colon 

136, injecting the same number of EVs from non-activated macrophages may not be representative of 

“homeostatic” conditions. A further limitation is that the small number of mice due to low survival rate 

from the submucosal injections reduced statistical power and significance.  

Signaling pathways involved in processes in chronic inflammation such as damage and 

regeneration, have been shown to be very similar to many processes in neoplastic transformation. 

Because immune EVs have been shown to affect different cells of the epithelium, this suggests that 
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inflammatory EVs may also have pro-tumorigenic effects. Hence, I wanted to see whether these 

inflammatory EVs may exert pro-tumorigenic effects on colonic epithelial cells.   
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CHAPTER 3: 

EXTRACELLULAR VESICLES FROM LIPOPOLYSACCHARIDE-ACTIVATED MACROPHAGES INCREASE 

GROWTH, ANCHORAGE-INDEPENDENT GROWTH, AND PRO-TUMORIGENIC IL-17 PATHWAY PROTEIN 

EXPRESSION IN COLON CANCER CELLS AND ALTER THE TUMOR IMMUNE MICROENVIRONMENT 
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INTRODUCTION 

At the biochemical level, there is a huge overlap between mechanisms and pathways involved in 

epithelial repair during inflammation and cancer development202, 203. Intestinal epithelial cell growth, for 

instance, is a highly regulated homeostatic process; the rates of cell division and cell death are in 

dynamic equilibrium with stem cells at the base of the crypts differentiating into epithelial cells to 

replace those that have died and sloughed off the tissue surface. After damage to the tissue, lost stem 

cells are repopulated by increased division of existing stem cells204 and by dedifferentiation of 

progenitor cells205, and intestinal cells undergo hyperproliferation150. This process when repeated 

multiple times and more so, when accelerated by mutagens, results in oncogenesis, where the surviving 

stem cells have acquired genetic and/or epigenetic mutations that prevent the homeostatic negative 

feedback regulation of proliferation and migration/invasiveness and thus become cancer stem cells150. 

Macrophage-secreted extracellular vesicles (EVs) have been demonstrated to mediate many processes 

involved in inflammation, tissue regeneration, and tumorigenesis. 

Inflammation and tumor-related effects of macrophage-secreted EVs 

Macrophages secrete EVs that affect immune and non-immune cells in the colon, and may 

promote both inflammation and cancer. For example, IL-4 and IL-13-treated THP1 macrophage EVs 

promote growth, migration, and invasion of CRC cells75. SW480 CRC conditioned medium-treated THP1 

macrophages secrete EVs that also promote growth, invasion and migration of CRC cells75. IL-4-treated 

human peripheral blood mononuclear cell-derived macrophages secrete EVs that promote ovarian 

tumor growth70. IL-4-activated primary macrophage EVs co-cultured with primary human CD4+ T cells 

induce a higher proportion of immunosuppressive regulatory T (Treg) cells than EVs from primary human 

monocytes or macrophages stimulated with IFN and LPS together 70. IL-4-treated THP1 EVs increase 

migration and invasion of pancreatic adenocarcinoma (PDAC) cells71. IL-4-treated THP1 macrophage EVs 

also reduce apoptosis rate and increase transformation and viability of SKOV3 epithelial ovarian 

adenocarcinoma cells72. CD68 and CD163-expressing macrophages harvested from CRC patient tissues 

(considered TAMs) secrete EVs that upregulate migration and invasion in CRC cells in vitro and when 

injected intravenously (i.v.) into nude mice55. 

In mouse cells, IL-4-treated primary peritoneal macrophage EVs reduce colon injury when 

injected i.v. into mice with DSS-induced colitis by reducing apoptosis and TNF-α, IL-1β and MCP-1 

expression, and increasing IL-10 expression73. The same IL-4-treated primary mouse peritoneal 

macrophage EVs administered to LPS-stimulated mouse colon cells (in-vitro model of UC) increased 
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colon cell viability and IL-10 secretion, and decreased apoptosis and proinflammatory TNF-α, IL-1β and 

MCP-1 cytokine expression73. 

M1-like macrophage EVs have been shown to induce proinflammatory and antitumor 

downstream effects. For example, GM-CSF and 1 µg/ml LPS-treated PBMC-derived macrophage-

secreted EVs expressed EV markers as well as F4/80 and iNOS206. These LPS-activated PBMC macrophage 

EVs were administered onto glioblastoma and macrophage cell-containing spheroids and increased 

production of TNF-, IL-6, IFN, IL-1 cytokines, and ROS, which increased cytotoxicity of cancer cells206. 

GM-CSF and LPS-activated PBMC macrophage EVs were injected i.v. into mice with glioblastoma, and 

had anti-tumor effects as compared to M0 macrophages through immunomodulation, i.e., they 

decreased the CD163/iNOS M2/M1 ratio206. GM-CSF and LPS-activated PBMC macrophage EVs that were 

engineered to better target the cancer also increased ROS, decreased oxygen availability in tumors, and 

decreased Ki67 proliferation in vivo206. EVs from THP1 macrophages treated with 100 ng/ml LPS 

inhibited migration and invasion of endometrial stroma cells from patients with endometriosis80. IFN 

and LPS-treated THP1 macrophages secrete EVs that suppress migration and invasion of trophoblast 

cells83. IFN and LPS-stimulated THP1 macrophage-secreted EVs increase expression of MMP1, MMP9, 

and MMP13 in chondrocyte cells, and activate the Wnt/β-catenin signaling pathway84. IFN and LPS-

stimulated rat bone marrow-derived macrophage-secreted EVs when injected into rat jaws, increase 

hyperplasia, edema, and cartilage degradation in addition to upregulating inflammatory MMP1, MMP9, 

IL-6, IL-1, and TNF- expression84. 

In mouse cells, IFN and LPS-treated Raw264.7 macrophage-secreted EVs activated the TLR4-

NFB pathway in recipient Raw264.7 cells, and increased CD86 and iNOS expression207. It was also 

shown that 100 ng/ml LPS-treated Raw264.7 macrophage-secreted EVs induced increased expression of 

iNOS, CD86, IL-6, IL-1β, and TNF-α M1 markers, and downregulated Arg1, CD163, CD206, and IL-10 M2 

markers in recipient Raw264.7 macrophages80. EVs from Raw264.7 macrophages treated with IFN and 

LPS decreased cell viability, increased apoptosis, and decreased EMT in CRC cells79. In mice, IFN and 

LPS-treated Raw264.7 EVs injected into CT26 tumors decreased tumor size, increased IL-10, and 

decreased PD-L1 and MMP-279. EVs from J774A.1 monocyte/macrophage cells treated with 1 g/ml LPS 

decreased melanoma cell viability and proliferation in spheroids82. IFN and LPS-treated primary mouse 

bone marrow-derived macrophages (BMDMs) secreted EVs that decreased viability, proliferation, and 

VEGF expression/angiogenesis in myocardial microvascular endothelial cells in vitro and in vivo86.  

M1-like macrophage EVs have been shown to increase inflammation and inhibit tumor 

progression in vitro and in vivo79, 82, 86. However, the effects of M1-like macrophage EVs appear to be 
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context-dependent. IFN and LPS-treated J774A.1 cell EVs decreased expression of both the M1 marker 

iNOS and the M2 marker CD206 when injected in calvarial tissue, whereas IL-4-treated J774A.1 cell EVs 

increased CD206 expression91. High glucose-treated THP1 macrophages expressed increased IL-1 and 

IFN and decreased IL-10, in a similar fashion to THP1 macrophages treated with IFN and LPS208. 

Interestingly, these M1-like high glucose-treated THP1 macrophage EVs increase expression of the M2 

markers CD163 and IL-10 in recipient THP1 macrophages208. High glucose-treated THP1 macrophage EVs 

also induce a hyperphosphorylation of pro-tumorigenic AKT in recipient muscle cells208. Furthermore, 

IFN and LPS-activated THP1 macrophages EVs increase proliferation and migration of vascular smooth 

muscle cells via cell signaling pathways that inactivate cyclin-dependent kinase inhibitors in vitro, and 

IFN and LPS-activated Raw264.7 macrophage EVs promoted hyperplasia of smooth muscle cells in 

vivo94.  

Experimental Setup 

In this chapter, I characterize the functional effects of EVs from LPS-activated macrophages on 

colon cells in vitro and colon tumor progression. Preliminary data from the Contag Lab was performed at 

Stanford University by Dr. Masamitsu Kanada and an undergraduate student, Marilyn Zhang, who 

together revealed that the addition of EVs from U937 human monocytes treated with prostaglandin E2 

(PGE2) to MCF10A human breast cells increased cell growth, reduced roundness, and increased 

nuclear:cytoplasmic ratio (M. Kanada, M. Zhang, unpublished).  

Developing an appropriate model to study EV signaling in colitis-associated cancer required 

balancing biological complexity with experimental feasibility. After evaluating human cells lines, 

attempting human induced pluripotent stem cell (iPSC)-derived organoids, and primary murine cells and 

tissues, I selected immortalized bone marrow-derived macrophages (iBMDMs) that were either 

unstimulated or lipopolysaccharide (LPS)-activated to represent homeostatic and colitic conditions, 

respectively. These cells were functionally similar to primary cells, and translatable to in vivo preclinical 

studies.  

In our experiments, we found that EVs from LPS-activated iBMDMs had a pro-tumorigenic effect 

on tumor cells in vitro, yet decreased tumor growth in vivo. We characterized in vitro culture cells and 

TME-residing immune cells to elucidate the effects of iBMDM EVs on tumor progression and better 

understand how EVs from macrophages active in colitis can influence tumor progression. Tumorigenesis 

is a complex process, and EVs are heterogeneous entities capable of widespread biodistribution, 

efficient cellular uptake, with abundant molecular cargo that may activate a number of pathways. The 

effects of adding EVs to cells and tissues may, in different circumstances, appear paradoxical. Resolving 
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the influence of macrophage EVs on the various pathways involved in colitis-associated cancer is the 

focus of this chapter.   

Keywords: ulcerative colitis, colitis-associated cancer, extracellular vesicles, lipopolysaccharide, tumor 

microenvironment, tumor immune microenvironment 

METHODS 

Cell Culture 

Mouse MC38 colon cancer cells (Kerafast), CT26 colon cancer cells (ATCC, Cat. No. CRL-2638), and 

human Caco2 colon cancer cells (ATCC, Cat. No. HTB-37) were cultured as directed by the manufacturer. 

For bioluminescence imaging (BLI) and quantification, Caco2 and 4T1 cells were stably transfected with a 

Sleeping Beauty transposon plasmid with a bidirectional promoter driving 1) a Blasticidin-resistance 

marker linked to eGFP and 2) firefly luciferase-2 (fLuc) genes (LuBiG), as previously described111. MC38 

cells were stably transfected with akaLuc209 for in vivo studies. 

Cell Viability  

Cell viability was assessed using the crystal violet staining assay210 to quantify total biomass per well. 

After cell treatment, wells were washed and fixed with methanol for 15 min at room temperature. Cells 

were then stained with 0.5% crystal violet in 25% methanol for 20 min. Finally, wells were washed three 

times with PBS taking care to not allow cells to dry to avoid dark splotches. Finally, absorbance (optical 

density) was acquired at 570 nm using the SpectraMax M3 Spectrophotometer (Molecular Devices). 

Cell Counting Kit-8 Assay 

Cell viability was assessed using the Cell Counting Kit-8 (CCK-8) assay (Sigma Aldrich, Cat. No. 96992) to 

quantify metabolic activity per well211, according to manufacturer’s protocol. In brief, CT26 colon cancer 

cells were seeded in 96-well plates (Corning) at a density of 500 cells per well in medium supplemented 

with 1% pen/strep and 10% EV-depleted FBS for 24 h to settle and adhere. Thereafter, cells were 

treated with different concentrations of non-activated or LPS-activated macrophage-derived EVs for 48 

h. Finally, CCK-8 solution equal to 1/10 the volume of the media was added to wells, and cells were 

incubated for 1 h at 37 deg C. Absorbance (optical density) was acquired at 450 nm, with 600 nm reads 

as reference, using the SpectraMax M3 Spectrophotometer (Molecular Devices) and SoftMax Pro 

software (Version 7.0.2, Molecular Devices). 

Cellular confluence  

Cellular confluence was assessed in real time using the Incucyte® S3 Live-Cell Analysis System 

(Sartorius). MC38, CT26, and Caco2-LuBiG colon cancer cells were seeded in 96-well plates (Corning) at a 

density of 500 cells per well in medium supplemented with 1% pen/strep and 1-10% EV-depleted FBS for 
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24 h to settle and adhere. Thereafter, cells were treated with different concentrations of non-activated 

or LPS-activated macrophage-derived EVs, placed in the Incucyte® System, and incubated at 37°C and 

5% CO2. The software was adjusted to take 4 images per well every 12 h over the 96 h period of 

treatment. The Incucyte® System phase contrast software provided an average percent confluence for 

each well. Cell proliferation is quantified by counting the number of phase objects overtime. Occupied 

area (% of confluence) represents cell confluency and growth rate imaged over time.  

Functional Metabolism 

Basal measurements of oxygen consumption rate (OCR), extracellular acidification rate (ECAR), and 

lactate-linked proton efflux rate (PER) were obtained in real-time using the Seahorse XFe-96 

Extracellular Flux Analyzer (Agilent Technologies) according to manufacturer212-214. Prior to running the 

assay, the cell culture medium was washed with and replaced by the Seahorse XF DMEM medium (pH 

7.4) supplemented with 25 mm d-glucose and 4 mm Glutamine. The Seahorse plates were equilibrated 

in a non-CO2 incubator for 1 h prior to the assay. The Seahorse ATP rate and cell energy phenotype 

assays were run according to manufacturer's instruction and all reagents for the Seahorse assays were 

sourced from Agilent Technologies. Wave software (Version 2.6.1) was used to export Seahorse data 

directly as means ± standard deviation (SD). 

Soft agar transformation assay  

CT26 and Caco2 cells were seeded in an agar layer at a density of 500 cells per well in a 24-well plate in 

200 µl of complete media with 0.3% agar on top of a 0.5% layer of agar in medium supplemented with 

2% EV-depleted FBS and 1% antibiotics. Medium (untreated control), different concentrations of non-

activated and LPS-activated macrophage-derived EVs, and 5% EV-depleted FBS (positive control) were 

added to the agar layer containing the cells. Soft agar plates were then left at room temperature for 30 

min before being incubated at 37°C and 5% CO2. After two weeks, the cell colonies in the wells were 

fixed in 70% ethanol and stained with 200 µl of 0.01% crystal violet. Colonies were counted using the 

BioTek Cytation 3 imaging plate reader using Gen5 3.04 software (BioTek Instruments, Inc., Winooski, 

VT, USA) and only colonies greater than 25 µm were recorded.  

Protein extraction 

MC38 cells were seeded at a density of 50,000 cells per 60 mm dish in complete medium (4.5 ml DMEM 

+ 1% EV-depleted FBS + 1% pen/strep) on day 0. The following day, 500 µl of appropriate concentration 

of EVs in complete medium were administered. After 48 h of incubation, cells were washed and 

detached from plates with 4 mM EDTA treatment. Cells were washed once in PBS and centrifuged at 

2000g for 5 min. Cells were then resuspended in modified RIPA (mRIPA) buffer containing 0.1% SDS and 
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Halt Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher, Cat. No. 78440) for gentle cell lysis. 

Samples were placed on a shaker for 30 min at 4°C, and then subjected to 2 freeze-thaw cycles, from -

80°C to RT. Samples were centrifuged at 16,000g for 20 min at 4°C to remove cell debris, and 

supernatant containing proteins was collected for characterization. Protein concentrations were 

determined by the Pierce BCA Protein Assay Kit (Thermo Fisher, Cat. No. 23225) using albumin standards 

according to the manufacturer’s protocol.  

Protein Gel Electrophoresis & Immunoblotting 

5-20 µg protein was mixed with 4X sample buffer (Expedeon, Cat. No. NXB31010), 10X reducing buffer 

(Thermo Fisher, Cat. No. NP004) and deionized water to a volume of 10-20 µl, and samples were 

subsequently heated at 90°C for 5 min. Samples and Precision Plus Protein All Blue Standards (BioRad, 

1610373) were loaded into Mini-PROTEAN TGX Stain-free Precast gels (BioRad, 4568093) and run with 

Tris/Glycine SDS Running Buffer (BioRad, 1610732) in the BioRad Mini-PROTEAN Tetra System at 100V 

for 60-80 min.  

PVDF membranes were soaked in methanol for 2 min, washed in DI water and soaked in 1X Trans-Blot 

Turbo Transfer Buffer (BioRad, 10026938) for 2 min. Filter paper was also soaked in Transfer buffer for 2 

min. Blot and gel were then arranged in the following order: bottom (anode), filter paper, membrane, 

gel, filter paper, top (cathode), as current moves directionally from cathode toward anode. Semi-dry 

membrane transfer was performed in the BioRad Trans-Blot Turbo Transfer System using the 

StandardSD protocol (25V, 1.0A, 30 min). 

Membranes were blocked in 3-5% non-fat dry milk in TBST for 1 h at RT, or overnight at 4°C. Membranes 

were stained with primary antibody in blocking buffer (BioRad, 12010020) overnight at 4°C. All 

antibodies used are listed in Table A.1. Membranes were then washed 3 times for 3 min with TBST and 

subsequently stained with secondary antibody in blocking buffer for 1-2 h at RT. Blots were again 

washed 3 times for 3 min with TBST. Blots were incubated in HRP substrate for 1 min using the Pierce 

ECL Western Blotting Substrate kit (Thermo Fisher, 32209) and imaged in the ChemiDoc MP Imaging 

System (BioRad). Blots were quantified using ImageJ software. 

LC/MS/MS Proteomic Analysis of MC38 Cells* 

*Protocol was written with Dr. Douglas Whitten, adapted from Pierce TR0049.0 (www.piercenet.com) 

Cell proteomics sample preparation: Four volumes of ice-cold 100% acetone were added to 1 volume of 

protein solution, and samples were incubated overnight at -20°C. Samples were then pelleted at 

14,000g for 10min and washed with 80% acetone/20% water and re-centrifuged. Supernatants were 

removed and samples placed in a fume hood to allow the residual acetone to evaporate (5-10 min). 
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Samples were resuspended in 100 µl of 100 mM Tris in water (pH 8.5) and stored at -20°C until further 

use. 

Proteolytic digestion: Protein solutions (100 ul) were mixed with 100 mM Tris-HCl (pH 8.5) 

supplemented with 6% (w/v) sodium deoxycholate (SDC). Samples were reduced and alkylated by 

adding tris(2-carboxylethyl)phosphine (TCEP) and chloroacetamide at 10 mM and 40 mM, respectively, 

and incubating for 5 min at 45°C with shaking at 2000 rpm in an Eppendorf ThermoMixer C. Trypsin, in 

50 mM ammonium bicarbonate, was added at a 1:100 ratio (wt/wt) and the mixture was incubated at 

37°C overnight with shaking at 1500 rpm in the Thermomixer. The final volume of each digest was ~300 

ul. After digestion, SDC was removed by phase extraction using ethyl acetate113. The samples were 

acidified to 1% TFA and subjected to C18 solid phase clean up using StageTips114 to remove salts. 

LC/MS/MS Analysis of MC38 cell lysates: An injection of 5 µl was automatically made using a 

ThermoFisher EASY-nLC 1200 nanoflow chromatography instrument using a ThermoFisher Acclaim 

PepMap RSLC 0.1mm x 20mm C18 trapping column and washed for ~5 min with buffer A (99.9% 

Water/0.1% Formic Acid). Bound peptides were then eluted over 35 min onto a Thermo Acclaim 

PepMap RSLC 0.075 mm x 500 mm resolving column with a linear gradient of 5% to 28% buffer B in 24 

min (buffer B = 80% Acetonitrile/0.1% Formic Acid/19.9% Water). After the gradient elution the column 

was washed with 90% buffer B for the duration of the run at a constant flow rate of 300 nl/min. Column 

temperature was maintained at a constant temperature of 50°C using an integrated column oven 

(PRSO-V2, Sonation GmbH, Biberach, Germany). Eluted peptides were sprayed into a ThermoScientific 

Q-Exactive HF-X mass spectrometer for data independent acquisition using a FlexSpray spray ion source. 

Survey scans were taken in the Orbi trap (15000 resolution, determined at m/z 200) over mass range of 

395-1005 m/z. Fixed windows of 12 m/z (50 total) were sequentially scanned and fragmented by HCD 

acquired in the Orbitrap at 45,000 resolution (determined at 200 m/z). Window placements were 

generated using Skyline215. 

Data analysis: Acquired spectra were processed in the MSU RTSF Proteomics Facility using DIA-NN216, 

v1.8.1, using the Robust LC (high precision) quantitation strategy with RT-dependent cross-referencing 

and Deep Learning enabled in library-free mode against a FASTA file of all M. musculus protein 

sequences downloaded from UNIPROT (www.uniprot.org, downloaded on 20230131). Search 

parameters were optimized by DIA-NN and results filtered at a precursor FDR of 1%. Mascot parameters 

for all databases were as follows: allow up to 1 missed tryptic sites, fixed modification of 

Carbamidomethyl Cysteine, variable modification of Oxidation of Methionine. 
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RNA isolation 

MC38 cells were seeded at a density of 50,000 cells per 60 mm dish in complete medium (4.5 ml DMEM 

+ 1% EV-depleted FBS + 1% pen/strep) on day 0. The following day, 500 µl of appropriate concentration 

of EVs in complete medium were administered. After 24 or 48 h of incubation, cells were washed and 

RNA was isolated using the RNeasy mini kit (Qiagen, 74104) according to the manufacturer’s protocol. 

Residual DNA was removed from samples using the on-column RNase-free DNase set (Qiagen, 79254), 

and samples were treated with DNase solution for 30 minutes (min) at room temperature (RT). RNA 

concentration was measured using a Qubit 2.0 fluorometer according to manufacturer’s protocol 

(ThermoFisher, Q32866), and RNA integrity of samples was determined using the Agilent 4200 

TapeStation analyzer. RNA integrity numbers (RIN) of all samples were greater than 9.7. 

qRT-PCR 

Reverse transcription was carried out with 500 ng of RNA using the High-Capacity cDNA Reverse 

Transcription kit (Applied Biosystems, 4368814) following the manufacturer's instructions. SYBR-Green 

qRT-PCR was carried out on diluted cDNA using SYBR Green PCR Master Mix (Applied Biosystems, 

4309155), and triplicate PCR reactions were run on the BioRad CFX96 Real-Time System with a C1000 

Touch Thermal Cycler according to manufacturer's protocols. Signals from SYBR-Green probes were 

normalized using the housekeeper gene GAPDH, and the average 2ΔΔCt values were calculated. Fold 

change relative to the respective control was determined. The primers for mouse transcript detection 

are listed in Table A.3. 

In Vivo Tumor Studies 

Six-week-old female B6(Cg)-Tyrc-2J/J (B6 Albino, The Jackson Laboratory, Strain #000058) mice (n = 3-5 

mice per group) with an average weight of 19 grams (g) were used according to procedures approved by 

the Institutional Animal Care and Use Committee at Michigan State University (PROTO202100276). 

Non-activated and LPS-activated iBMDM-derived EVs (2–8×1011 particles/ml) in 100 µl PBS were injected 

subcutaneously (s.c.) into the right flank every day for 1 week prior to tumor induction. Primary tumors 

were established by s.c. injecting 2×105 MC38 cells suspended in 100 µl PBS into the right flank. 100 µl 

EVs were s.c. injected until the emergence of the primary tumor; 20-25 µl EVs were subsequently 

injected intratumorally (i.t.) after tumor emergence every other day until tumor diameter reached 10 

mm. Tumor growth in all mice was monitored by digital caliper measurements. Mice with MC38 tumor 

cells expressing the pLenti-CMV: Flag-Akaluc_SV40:PuroR plasmid (Addgene plasmid #183048) encoding 

for AkaLuc (Far-Red Firefly luciferase) and puromycin resistance expression under the constitutively 

expressed CMV promoter were monitored for tumor cell bioluminescence using the In Vivo Imaging 
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System (IVIS, PerkinElmer) in the IQ Imaging Core Facility. For bioluminescence (BLI) imaging, each 

mouse was injected intraperitoneally (i.p.) with 5 mM TokeOni AkaLumine-HCl substrate (Sigma, 

808350) in 100 µl PBS 20-25 minutes prior to imaging. Mice were anesthetized for imaging using 

isoflurane (2%–3%). Following the final imaging timepoint, mice were sacrificed using 5% carbon dioxide 

or cervical dislocation under anesthesia (3% isoflurane), and underwent post-mortem dissection to 

remove tumors. 

Tissue dissociation and flow cytometric staining 

After euthanization, tumors were resected and dissociated using a combination of mechanical and 

enzymatic dissociation strategies. Tumors were cut up into small pieces with a sterile razor and 

incubated in 10 ml of dissociation medium comprising RPMI with 25 mM HEPES buffer (Sigma Aldrich), 1 

mg/ml Collagenase I (Thermo, 178018029), and 100 U/ml DNase I (Worthington Biochemical 

Corporation LS002139). Enzymatic digestion was undertaken on an orbital shaker (70 rpm) in a 5% CO2 

incubator at 37°C for 45-60 minutes. Afterwards, the medium containing dissociated tissue was filtered 

through a 70 µm filter into a 50 ml conical tube. Undigested tissue pieces were pushed through the filter 

with the thumb press of a syringe plunger, and the filter was further washed with PBS without calcium 

or magnesium (Corning, Cat. No. 45000-446). Centrifugation at 350 x g for 10 minutes was used to 

sediment cells, which were resuspended in PBS + 2% BSA and counted for flow cytometry and FACS. 

Following tumor digestion, 1×106 cells from each sample (n=3 or 4 per group) were collected for staining 

in a polypropylene 96-well round bottom plate. Staining steps were performed in 100 μl volumes in the 

dark at 4°C. Samples were incubated with Zombie NIR Fixable Viability dye (1:750, Biolegend, 423105) 

for 15 minutes. Thereafter, cells were washed once with flow buffer (0.5% bovine serum albumin in 

calcium and magnesium-free PBS solution) and incubated with TruStain FcX PLUS (anti-mouse CD16/32) 

Antibody (BioLegend, 156603; 0.25 μg/sample) in 50 μl for 10 minutes. A 2x antibody mixture containing 

True-Stain Monocyte Blocker (5 uL/test, Biolegend 426102) was added to the cell suspension (to total 

100 ul) for a 30-min incubation to block non-specific binding of cyanine dyes. Antibodies included were: 

BV605 CD45 (1:300, Biolegend, 103139), AF700 CD11b (1:400, Biolegend, 101222), BV785 F4/80 (1:300, 

Biolegend, 123141), BV421 CD86 (1:200, Biolegend, 105031), APC CD206 (1:200, Biolegend, 141707), 

PerCP MHCII (1:200, Biolegend, 107623), SparkBlue 550 CD3 (1:100, Biolegend, 100259), APC-Fire 810 

CD4 (1:100, Biolegend, 100479), BB700 CD8a (1:100, Biolegend, 566410), PE-Dazzle 594 CD11c (1:500, 

Biolegend, 117347), BV510 Ly6C (1:200, Biolegend, 128033), PacBlue Ly6G (1:250, Biolegend, 127612), 

and BUV737 CD31 (1:200, BD Bioscience, 612802); antibodies used are also listed in Table A.1. After 

surface marker staining, cells were washed and incubated with 1x Protein Transport Inhibitor Cocktail 
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(eBioscience, 00-4980-03) for 1 h. Fixation and permeabilization was subsequently performed using the 

Foxp3/Transcription Factor Staining Buffer Set, (Invitrogen eBioscience, 00-5523-00). Specifically, cells 

were resuspended in eBioscience Fixation/Permeabilization solution for 10 minutes. Cells were washed 

and resuspended in eBioscience Permeabilization Buffer with BV650 IL-4 (1:1200, BD Bioscience, 

564004), APC-Fire750 IFNg (1:500, Biolegend, 505859), PE-Cy7 Arg1 (1:400, ThermoFisher, 25-3697-80), 

BUV 615 iNOS (1:500, ThermoFisher, 366-5920-82), AF647 IL-17a (1:200, Biolegend, 506911), and PE 

FoxP3 (1:40, Biolegend, 320007) for 30 mins incubation.  

Thereafter, cells were washed twice, resuspended in 100 μl flow buffer, and passed through 40 µm 

FlowMi filters for flow cytometry analysis. The Cytek Aurora spectral flow cytometer (Cytek Biosciences, 

CA, USA) in the MSU Core Flow Cytometry facility was used for sample analyses, using the Cytek 

SpectroFlo software (version 3.0.3) for data collection. Fluorescence minus one (FMO) samples were 

used to guide gating strategies, and the flow cytometry data was analyzed with the software FCS Express 

(DeNovo Software, CA, USA; version 7.12.0005). 

Statistical analysis  

Statistical analyses were performed using Prism software (10.1.1, GraphPad Inc.). For experiments with 

three or more groups, statistical significance was determined using one-way ANOVA followed by Tukey’s 

post-hoc test. For experiments comparing two groups, significance was determined using an unpaired t-

test. All in vitro data are expressed as mean +/- standard deviation (SD); p<0.05 was considered a 

significant finding. Tumor volume data is expressed as mean +/- standard error; all other in vivo data 

studies are expressed as mean +/- SD, where p0.05 is considered significant.  

RESULTS 

Due to the complex and contradictory anti- and pro-tumor effects of extracellular vesicles from 

M1-like macrophages reported in different contexts, to model colitis I wanted to investigate how 

differential activation of macrophages influences functional effects of secreted EVs on colon cells in 

culture. Verified EVs secreted by Raw264.7 macrophages activated with 50 ng/ml lipopolysaccharide 

(LPS) in combination with 20 ng/ml interferon-gamma (IFN) were administered to CT26 colon cancer 

cells; cell counting kit-8 assay was performed to measure metabolic activity as a surrogate for cell 

viability (specifically, cellular dehydrogenase activity which is directly proportional to the number of 

living cells)211. I found that EVs secreted by Raw264.7 cells activated by LPS plus IFN decreased cell 

growth of CT26 cells, in a concentration dependent manner relative to CT26 cells treated with EVs from 

non-activated Raw264.7 cells (Figure 3.1a). Soluble factors (SFs, small soluble molecules present in the 

supernatant after the final step of ultracentrifuge isolation and concentration of EVs, e.g., free-floating 
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proteins and metabolites) from LPS plus IFN-activated Raw264.7 cells also decreased cell growth in 

CT26 cells (Figure 3.1a). Murine 4T1 breast cancer cells, also derived from Balb/c mice, were generously 

provided by Dr. Michael Bachmann who had previously transfected these 4T1 cells with the LuBiG 

plasmid containing genes encoding blastocidin resistance, GFP, and luciferase (4T1-LuBiG), as previously 

described111, 217. 4T1-LuBiG cell expression of luciferase allows for bioluminescence imaging (BLI); the BLI 

assay comprises the same number of cells seeded per well before incubation with EV treatment for 48 h. 

At the end of treatment, cells are treated with luciferin that together with ATP allows the luciferase 

enzyme to produce bioluminescence, which can be quantified by the In Vivo Imaging System (IVIS) as an 

indicator of metabolic activity per well. These bioluminescence quantification data can be used as a 

surrogate for cell growth measurement provided the appropriate controls are measured as well. Along 

with secreted SFs, the LPS and IFN-activated Raw264.7-secreted EVs also mildly decreased cell growth 

of 4T1-LuBiG cells at a concentration of 4×105 Raw264.7-derived EVs administered per 4T1-LuBiG cell 

seeded per well at the start of the experiment relative to untreated cells (Figure 3.1b). 

 

Figure 3.1 Extracellular vesicles (EVs) and soluble factors (SFs) secreted from Raw264.7 macrophages 
activated with lipopolysaccharide (50 ng/ml LPS) and interferon gamma (20 ng/ml IFNg) decreased 
growth rate of recipient CT26 colon cancer cells and 4T1 breast cancer cells after 48 h. (a) Cell counting 
kit-8 colorimetric assay showed decreased metabolic activity per well measured in arbitrary units (AU) 
as a surrogate for cell growth in CT26 cells treated with EVs and SFs from LPS and IFNg-activated 
macrophages (EVLPS+IFN, SFLPS+IFN) compared to EVs and SFs from non-activated macrophages (EVnon, SFnon) 
in a dose-dependent manner [# macrophage EVs/CT26 cell seeded]. (b) Bioluminescence imaging (BLI) of 
luciferin reaction with luciferase stably expressed in 4T1 cells (4T1-LuBiG) quantified average radiance as 
an indicator of metabolic activity and a surrogate for cell growth; 4T1-LuBiG cells treated with SFLPS+IFN 
and EVLPS+IFN at a concentration of [4×105] macrophage EVs/4T1 cell seeded showed decreased cell 
growth relative to untreated. Not significant (ns), *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, mean 
(SD), n = 6, one‐way ANOVA followed by Tukey's post‐hoc test (b, significance values compared with 
untreated control group). Concentrations are expressed in scientific notation (e.g., [2e5] = [2×105]); in 
graph labels, text after the comma appears as subscript (e.g., EV,LPS+IFN = EVLPS+IFN). 
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EVs from LPS-activated macrophages increased proliferation of colon cells 

To compare how the activation state of macrophages affects the signaling effects of secreted 

EVs, I administered EVs from non-activated Raw264.7 cells and EVs from Raw264.7 cells activated with 

500 ng/ml LPS only onto 4T1-LuBiG cells. I found that EVs from LPS-activated Raw264.7 cells increased 

cell growth of 4T1-LuBiG cells after 48 h as measured by crystal violet biomass assay (Figure 3.2a). I later 

discovered an IncuCyte imaging system at MSU, with the capability for live cell imaging to conduct label-

free proliferation assays over time in the incubator. I repeated this EV transfer study and measured 

proliferation over time, and confirmed that EVs from LPS-activated Raw264.7 cells increased cell growth 

kinetics of 4T1-LuBiG cells relative to cells treated with EVs from non-activated Raw264.7 macrophages; 

this change in growth started around 36 h and was detected until at least 60 h post EV-treatment (Figure 

3.2b). 

 

 

Figure 3.2 Extracellular vesicles (EVs) from Raw264.7 macrophages activated with lipopolysaccharide 
(LPS) increased growth rate of 4T1 breast cancer cells. (a) Crystal violet assay quantification showing 
increased cell biomass as a surrogate for cell growth in 4T1 cells treated with EVs from LPS-activated 
macrophages (EVLPS) after 48 h compared to untreated, 500 ng/ml LPS (LPS), or non-activated 
macrophages (EVnon); representative well images above. (b) IncuCyte imaging and quantification of 4T1 
cells treated with each condition over time shows similar results. *p<0.05, **p<0.01, ****p<0.0001, 
mean (SD), n = 5-6, one-way ANOVA (a) or two‐way ANOVA (b) followed by Tukey's post‐hoc test. In 
graph labels, text after the comma appears as subscript (e.g., EV,LPS = EVLPS). 
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I then wanted to see if this was also the case in other cell types. Specifically, I wanted to see if 

this was translatable to human cells, which may have greater implications for clinical translatability. 

First, I administered EVs from THP1 monocytes treated with either 1 µM prostaglandin E2 (PGE2) or 1 

g/ml LPS onto Caco2 colon cancer cells containing the LuBiG transposon expressing luciferase (Caco2-

LuBiG). PGE2 is a proinflammatory lipid mediator produced by cyclooxygenase (COX)-2 from arachidonic 

acid. PGE2 activates macrophages through different E prostanoid (EP) receptors, resulting in increased 

intracellular cAMP and produces immunosuppressive activity, e.g., inhibits bacterial killing, TNF- 

secretion, and ROS production218. Both COX-2 and PGE2 have been shown to play a role in colitis-

associated cancer14. Although PGE2 was previously reported to promote tumor growth in LS174T colon 

cancer cells 219, I found 1 µM PGE2 treatment did not change cell growth of Caco2 tumor cells after 48 h 

(Figure 3.3a). I also found that EVs from THP1 monocytes that were stimulated with PGE2 did not 

influence Caco2 cell growth rate after 48 h treatment (Figure 3.3a). Treating Caco2-LuBiG cells directly 

with bacterial lipopolysaccharide (LPS) also did not impact cell growth, nor did EVs from non-activated 

THP1 monocytes. Interestingly, EVs from LPS-activated THP1 monocytes significantly increased growth 

of Caco2-LuBiG cells after 48 h (Figure 3.3a). Thus, signaling via the PGE2 pathway cannot substitute for 

signaling via the LPS-TLR4 pathway in this culture model. This further confirmed my hypothesis that 

activation of macrophages and context of EV secretion influences functional signaling effects in recipient 

cells. I also administered previously verified EVs from THP1-differentiated macrophages onto Caco2-

LuBiG cells and found an even higher increase in cell growth over 48 h in Caco2-LuBiG cells treated with 

EVs from LPS-activated THP1 macrophages as compared with non-activated THP1 macrophages (Figure 

3.3b).  

  



   

 

 63 

 

Figure 3.3 Extracellular vesicles (EVs) from lipopolysaccharide (LPS)-activated THP1 monocytes and 
macrophages increase growth rate of Caco2 colon carcinoma cells expressing luciferase (Caco2-LuBiG) 
after 48 h. (a) Caco2-LuBiG cells express more total ATP levels per well (a surrogate for cell growth) 
when treated with EVs from THP1 monocytes stimulated with 1 µg/ml LPS (EVLPS) as compared to Caco2-
LuBiG cells treated with 1 µg/ml LPS (LPS), 1 µM prostaglandin E2 (PGE2), EVs from untreated THP1 
monocytes (EVnon), or EVs from PGE2-treated THP1 monocytes (EVPGE2). (b) Caco2-LuBiG cells express 
more total ATP levels per well (cell growth) when treated with EVs from THP1 macrophages activated 
with 500 ng/ml LPS (EVLPS) as compared to Caco2-LuBiG cells treated 500 ng/ml LPS (LPS) or EVs from 
non-activated THP1 macrophages (EVnon); representative well images above. **p<0.01, ****p<0.0001, 
mean (SD), n = 3 or 6, one‐way ANOVA followed by Tukey's post‐hoc test. In graph labels, text after the 
comma appears as subscript (e.g., EV,LPS = EVLPS). 
 

Caco2-LuBiG cells were also found to express more bioenergetic ATP levels in cell lysates when 

treated with EVs from LPS-activated THP1 macrophages (EVLPS) as compared to Caco2-LuBiG cells 

treated with EVs from non-activated THP1 macrophages (EVnon) or 500 ng/ml LPS (LPS); Caco2-LuBiG 

cells also express more bioenergetic ATP levels in cell lysates when treated with SFs from LPS-activated 

THP1 macrophages (SFLPS) as compared to SFs from non-activated THP1 macrophages (SFnon) (Figure 

3.4a).  

I also ran crystal violet assay on Caco2-LuBiG cells treated with EVs and SFs from non- and LPS-

activated THP1 macrophages. I found Caco2-LuBiG cells treated with [2×105] and [4×105] EVs from LPS-

activated THP1 macrophages induced a modest increase in Caco2-LuBiG cell growth over 48 h, possibly 

due to the high percentage of FBS (20%) supplemented in the medium as the growth factors present in 

fetal bovine serum could increase growth rate, where it is not as likely for another factor to be able to 

further increase growth rate (Figure 3.4b). Surprisingly, the crystal violet assay did not detect a 

difference in cell growth of Caco2-LuBiGs treated with SFs from LPS-activated THP1 macrophages 

relative to SFs from non-activated THP1 macrophages (Figure 3.4b). To investigate whether this cell 
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growth may be due to increased metabolic activity, Seahorse assays were used to measure extracellular 

acidification rate (ECAR), an indicator of glycolytic activity, as well as the oxygen consumption rate 

(OCR), indicating mitochondrial activity in Caco2-LuBiG cells treated with EVs and SFs from THP1 

macrophages. I found that EVs from LPS-activated THP1 macrophage significantly decreased ECAR and 

thus glycolysis of recipient Caco2-LuBiG cells in a concentration dependent manner, i.e., at a 

concentration of [4×105] THP1 EV/cell but not [2×105] EV/cell as measured on the Agilent Seahorse 

(Figure 3.4c). Surprisingly, non-activated THP1 macrophage EV increased ECAR relative to untreated 

Caco2 cells. There is a similar yet insignificant trend in ECAR in Caco2-LuBiG cells treated with SFs from 

LPS-activated THP1 macrophages as compared to SFs from non-activated THP1 macrophages (Figure 

3.4c). Glycolysis has been thought to be generally upregulated in cancer cells; however, there is 

increasing evidence that this metabolic reprogramming is not because of any impairment of 

mitochondrial oxidative phosphorylation (OXPHOS), and that various cancers have different energy 

metabolic pathways since glycolysis and OXPHOS are both cooperative and competitive 220. The caveat 

to the Seahorse study results is that normalization of ECAR and OCR were done with a separate plate for 

crystal violet staining; this does not account for potential cell loss in the Seahorse plate, though we did 

not observe any cell loss when observing all the wells under brightfield microscopy and the plates 

appeared similar. Future experiments utilizing the IncuCyte live cell imager to confirm confluence and 

normalize to cell number will provide more accurate measures of metabolic activity.  
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Figure 3.4 Extracellular vesicles (EVs) and soluble factors (SFs) secreted by THP1 macrophages activated 
with lipopolysaccharide (LPS) increased ATP levels and decreased extracellular acidification rate (ECAR) 
in Caco2 colon carcinoma cells expressing luciferase (Caco2-LuBiG) after 48 h. (a) Bioenergetic ATP levels 
expressed in Caco2-LuBiG cells treated with EVs and SFs from non-activated and LPS-activated THP1 
macrophages or 500 ng/ml LPS (LPS). (b) Crystal violet assay shows a moderately increased cell growth 
in Caco2 cells treated with EVLPS at a concentration of [2×105] and [4×105] macrophage EV/Caco2-LuBiG 
cell seeded relative to select conditions. (c,d) Extracellular acidification rate (ECAR, c) and oxygen 
consumption rate (OCR, d) of Caco2-LuBiG cells treated with EVs and SFs from non- and LPS-activated 
THP1 macrophages. Not significant (ns), *p<0.05, **p<0.01,***p<0.001, ****p<0.0001, mean (SD), n = 
3-6 (a,b) and n=5 (c,d), one‐way ANOVA followed by Tukey's post‐hoc test. Concentrations are 
expressed in scientific notation (e.g., [2e5] = [2×105]); in graph labels, text after the comma appears as 
subscript (e.g., EV,LPS = EVLPS). 
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Next, I characterized changes in cell growth kinetics induced by EVs from primary bone marrow-

derived macrophages (BMDMs), since Raw264.7 and THP1 cells are both leukemia-derived cell lines. 

After confirming BMDM activation from LPS treatment and verifying secretion of EVs (Figure 2.5-2.6), I 

administered EVs from BMDMs that were a) not activated or b) activated with either 10 or 100 ng/ml 

LPS onto MC38 mouse colon cancer cells (both from C57Bl/6 mice). When MC38 cells were co-cultured 

with BMDM EVs in medium supplemented with 10% EV-depleted fetal bovine serum (FBS), I did not 

observe any change in cell growth rate of MC38 cells (Figure 3.5a). However, when I co-cultured MC38s 

with EVs from BMDMs in medium supplemented with 1% EV-depleted FBS, I found that LPS-activated 

BMDM EVs induced increased growth rate in MC38 cells not at 36 h, but significantly at the 60 h time 

point (Figure 3.5b). Even though 10 ng/ml LPS induced higher secretion of nitric oxide in BMDMs than 

100 ng/ml LPS (Figure 2.5), EVs from BMDMs activated with 100 ng/ml LPS increased growth rate of 

recipient MC38 cells more than did EVs from BMDMs activated with 10 ng/ml LPS (Figure 3.5b). From 

this, I concluded that culture medium supplemented with 10% FBS potentially causes the culture 

medium to become enriched in growth factors such that the rate of cell growth in this medium is 

already at a maximum and cannot be significantly increased by external signals.  

Experiments with primary cells were very impactful for my study, but isolating EVs from BMDMs 

quickly proved extremely challenging because primary BMDMs do not replicate in culture after 

harvesting, and use of EV from these cells was impractical. To overcome this problem, Dr. Andrew Olive 

(MSU) generously provided J2-immortalized BMDMs (iBMDMs), in which the J2 virus introduced v-myc 

and v-raf/mil oncogenes106. I discovered that EVs from LPS-activated iBMDMs induced a similar increase 

in MC38 cell growth rate in a concentration-dependent manner (Figure 3.5c). I repeated this study 

several times and saw significantly increased cell growth rates around 48-96 h post EV administration. 
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Figure 3.5 Growth kinetics of MC38 colon cells treated with extracellular vesicles (EVs) from primary 
bone marrow-derived macrophages (BMDMs) and immortalized BMDMs (iBMDMs) that were non-
activated or activated with lipopolysaccharide (LPS) in different concentrations of fetal bovine serum 
(FBS) depleted of EVs. (a) Growth rate is unchanged in MC38 cells cultured in 10% FBS that were treated 
with EVs from BMDMs that were non-activated (EVnon) or activated with 10 ng/ml LPS (EV10ng/mlLPS) or 100 
ng/ml LPS (EV100ng/mlLPS) at a concentration of [1×105] BMDM EVs per MC38 cell seeded. (b) Growth rate 
of MC38 cells cultured in 1% FBS that were treated with EVs from BMDMs that were EVnon or EV10ng/mlLPS 
or EV100ng/mlLPS at a concentration of [1×105] BMDM EVs/MC38. (c) Growth rate of MC38 cells that were 
treated with EVs from iBMDMs that were EVnon or EV10ng/mlLPS or EV100ng/mlLPS at different EV 
concentrations [# iBMDM EVs/MC38]. Not significant (ns), *p<0.05, **p<0.01, ****p < 0.0001, mean 
(SD), n = 6, two‐way ANOVA followed by Tukey's post‐hoc test (values on right of graph compare all 
timepoints between groups; values on top of EVLPS conditions are compared per timepoint to EVnon 
condition). LPS negative control (NC) treatment was to control for EV treatments i.e. ~7 µl of EV volume 
was administered of EVLPS and of 100 ng/ml LPS to confirm that residual endotoxin was not responsible 
for effects in growth kinetics. Concentrations are expressed in scientific notation (e.g., [2e5] = [2×105]); 
in graph labels, text after the comma appears as subscript (e.g., EV,LPS = EVLPS). 
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EVs from LPS-activated macrophages increase anchorage-independent growth and pro-tumorigenic IL-

17 signaling protein expression in colon cells 

Because proliferation and metabolic reprogramming is also characteristic of inflammation, I 

wanted to test if EVs from LPS-activated macrophages may induce transformational changes in recipient 

cells. I found that EVs from LPS-activated Raw264.7 cells increased CT26 colony formation in soft agar at 

two different concentrations of EVs (Figure 3.6a). From this I concluded that LPS-activated macrophage 

EVs increase the anchorage-independent growth capacity of transformed CT26 cells. I also performed 

soft agar assays on MC38 colon cancer cells treated with EVs from non-activated and LPS-activated 

iBMDMs. Relative to non-activated iBMDM EVs, MC38 cells treated with EVs from LPS-activated iBMDM 

EVs grew increasingly anchorage-independently in a concentration-dependent manner (Figure 3.6b,c). 

Surprisingly, non-activated iBMDM EVs decreased colony formation relative to untreated transformed 

cells, which may imply that non-activated macrophage EVs also play a role in negatively regulating colon 

cancer cell growth in 3D cultures and therefore, possibly, in vivo too.  
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Figure 3.6 Extracellular vesicles (EVs) from lipopolysaccharide (LPS)-activated macrophages increase 
anchorage-independent growth in soft agar of colon cancer cells. (a) Anchorage-independent growth of 
CT26 cells is increased when treated with EVs from LPS-activated Raw cells (EVLPS) as compared with EVs 
from non-activated Raw cells (EVnon) at concentrations of [2×105] and [4×105] macrophage EVs/cell. (b) 
Anchorage-independent growth of MC38 cells is not changed when treated with EVs from non-activated 
and LPS-activated immortalized bone marrow-derived macrophages (iBMDMs) at a concentration of 
[2×105] and [4×105] macrophage EVs/cell. (c) LPS-activated iBMDM EVs (EVLPS) increased anchorage-
independent MC38 growth relative to non-activated iBMDM EVs (EVnon) in a dose-dependent manner. 
Not significant (ns), *p<0.05, **p<0.01, mean (SD), n = 3, one‐way ANOVA followed by Tukey's post‐hoc 
test. Concentrations are expressed in scientific notation (e.g., [2e5] = [2×105]); in graph labels, text after 
the comma appears as subscript (e.g., EV,LPS = EVLPS). 
 

Next, I wanted to investigate what signals could be contributing to the increase growth rate of 

colon cells in response to LPS-activated macrophage EVs. In collaboration with the MSU Proteomics Core 

and Dr. Maryam Sayadi, we performed a mass spectrometry analysis to identify differentially expressed 

proteins in MC38 cells treated with EVs from non-activated iBMDMs (EVnon) and EVs from LPS-activated 

iBMDMs (EVLPS) at two different concentrations. Heat maps showed significantly different protein 

expression levels at a population level between EVLPS-treated MC38 cells and EVnon-treated MC38 cells at 
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concentrations of [2×105] and [4×105] iBMDM EVs per recipient MC38 cell seeded initially in experiment 

(Figure 3.7a,d). Principal component (PC) analysis confirmed the differential expression of protein 

profiles between EVLPS-treated MC38 cells and EVnon-treated MC38 cells at [2×105] EV/cell (Figure 3.7e) 

and [4×105] EV/cell (Figure 3.7g). Heat map analysis also showed us that there were no significant 

differences in protein profiles between MC38s treated with EVnon between the differing concentration 

treatments of [2×105] vs [4×105] EV/cell (Figure 3.7c), or in MC38s treated with EVLPS at [2×105] vs 

[4×105] EV/cell (Figure 3.7d). 

To visualize and identify differentially expressed proteins from this massive amount of data, we 

made volcano plots of proteins that are up- and downregulated in MC38s treated with EVLPS relative to 

EVnon as reference, with fold change threshold set to 2, and p < 0.1 at both EV treatment concentrations 

(Figure 3.7f,h). Pathway enrichment analysis (PEA) revealed the IL-17 signaling pathway to be 

upregulated in EVLPS-treated MC38s based on a significant number of upregulated proteins involved in 

IL17 signaling (Figure 3.8a). The IL-17 signaling pathway has been identified as a pro-tumorigenic 

molecular mechanism involved in colitis-associated cancer188, 221. The three proteins identified to be 

upregulated and significantly involved in this pathway in EVLPS-treated MC38 cells (Figure 3.8) include 

Fos-related antigen 1 (Fra-1), Prostaglandin-endoperoxide synthase 2 (Ptgs2 or COX2), and 

CCAAT/enhancer binding protein-beta (C/EBP). These proteins were verified to be expressed in EV-

treated MC38 proteins via immunoblotting (Figure 3.8e-g), and the same trend is observed upon 

quantification, although immunoblotting analysis was not sensitive enough to allow quantification at the 

level needed for determining statistical significance of the observed differences (Figure 3.8h-j).  

Next, we investigated various other proteins previously reported to facilitate colitis-associated 

cancer. We found nuclear factor-kappa B NF-B1, NF-B2, and cyclin-dependent kinase-1 (CDK1) protein 

levels to be significantly upregulated in MC38 cells treated with EVs from LPS-activated macrophages 

(EVLPS) relative to EVs from non-activated macrophages (EVnon) at [2×105] and [4×105] macrophage 

EVs/MC38 cell and untreated (Figure 3.9a-c). We also investigated signal transducer and activator of 

transcription (STAT) factors prevalent in colitis associated cancer. Mass spectrometry detected STAT1 to 

be significantly downregulated in EVLPS-treated MC38 proteins relative to EVnon treatment and 

untreated, with no changes detected in STAT3 or STAT6 (Figure 3.10d-f). The selective downregulation 

of STAT1 without changes in STAT3 or STAT6 suggests that EVs from LPS-activated macrophages may 

preferentially affect interferon signaling pathways rather than IL-6 family and/or IL-4/IL-13 pathways222. 

This may provide a molecular basis for macrophage EV-induced changes in colon cell growth in 
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monolayer and soft agar indicating anchorage-dependent and anchorage-independent growth rates, 

respectively.  

Mass spectrometry also detected a moderately increased expression of the tumor suppressor 

p53 protein in MC38 cells treated with EVLPS[2×105], EVnon[4×105], and EVLPS[4×105] relative to untreated 

(Figure 3.10a). A moderately decreased level of the Mothers against decapentaplegic homolog 2 

(SMAD2) transcription factor was detected in MC38 cells treated with EVLPS[4×105] relative to 

EVnon[2×105] and untreated (Figure 3.10b). There was a mildly increased level of p38 (MAPK14) 

expression detected in MC38 cells treated with EVLPS[4×105] relative to EVnon[2×105], and no change was 

detected in cell division cycle regulator cyclin A2, cell movement regulator -catenin 1, immune escape-

promoting CD47, or antigen presentation machinery MHC I protein expression between MC38 

treatment conditions (Figure 3.10c-i).  
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Figure 3.7 Mass spectrometry analysis of MC38 colon cells treated with extracellular vesicles (EVs) from 
non-activated and lipopolysaccharide (LPS)-activated immortalized bone marrow-derived macrophages 
(iBMDMs). (a,b) Heat maps showing differentially expressed proteins in MC38 cells treated with EVs 
from non-activated iBMDMs (EVnon) and EVs from LPS-activated iBMDMs (EVLPS) at (a) [2×105] or (b) 
[4×105] iBMDM EVs/MC38 cell seeded. (c,d) Heat maps showing differentially expressed proteins in 
MC38s treated with (c) EVnon or (d) EVLPS at [2×105] and [4×105]. (e) Principal component analysis (PCA) of 
proteins from MC38s treated EVnon and EVLPS at [2×105]. (f) Volcano plot showing up- (red) and down-
regulated (blue) proteins expressed in MC38s treated with EVLPS relative to EVnon at [2×105]; fold change 
set to 2, p < 0.1. (g) PCA of proteins from MC38s treated with EVnon and EVLPS at [4×105]. (h) Volcano plot 
showing up- (red) and down-regulated (blue) proteins in MC38s treated with EVLPS relative to EVnon at 
[4×105]; fold change set to 2, p < 0.1. 
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Figure 3.8 Pathway enrichment analysis (PEA) revealed MC38 colon cells treated with extracellular 
vesicles (EVs) from lipopolysaccharide (LPS)-activated immortalized bone marrow-derived macrophages 
(iBMDMs) express increased protumorigenic IL17 signaling pathway proteins as compared with MC38 
cells treated with EVs from non-activated iBMDMs (EVnon). (a) Functional annotation chart showing PEA-
determined a list of signaling pathways (terms) found to be differentially expressed in MC38s treated 
with LPS-activated iBMDM EVs (EVLPS) relative to MC38s treated with EVnon via the KEGG database; also 
shown in table includes related terms (RT) i.e. related pathways, the number of proteins detected that 
participate in a particular pathway (count), percent involved proteins / total proteins (%), p-value 
showing significance, and Benjamini correction referring to false discovery rate (FDR); significance in PEA 
determined via FDR analysis. (b-d) Protein expression of Fos-related antigen 1 (Fra1, b), Prostaglandin-
endoperoxide synthase 2 (Ptgs2, c), and CCAAT/enhancer binding protein-beta (Cepbp, d) in MC38 cells 
treated with EVnon and EVLPS at a concentration of [2×105] and [4×105] iBMDM EVs/MC38 cell seeded. (e-
g) Immunoblotting confirmed presence of Fra1 (e), Ptgs2 (f), and Cebpb (g) proteins expressed in MC38s 
treated with EVnon and EVLPS at [2×105] and [4×105] EV/cell. (h-j) Quantification of respective western 
blots bands of Fra1 (h), Ptgs2 (i), and Cebpb (j) proteins expressed in MC38s treated with EVnon and EVLPS 
at [2×105] and [4×105] EV/cell. Not significant (ns), mean (SD), n=3, significance determined via one-way 
ANOVA followed by Tukey’s post-hoc test. Concentrations are expressed in scientific notation (e.g., 
[2e5] = [2×105]); in graph labels, text after the comma appears as subscript (e.g., EV,LPS = EVLPS). 
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Figure 3.9 Mass spectrometry revealed that MC38 colon cells treated with extracellular vesicles (EVs) 
from lipopolysaccharide (LPS)-activated immortalized bone marrow-derived macrophages (iBMDMs) 
express differential levels of proteins involved in the progression of colitis-associated cancer. (a-c) MC38 
cells treated with EVs from LPS-activated iBMDMs (EVLPS) have increased levels of nuclear factor-kappa 
B1 (NF-kB1, a), NF-kB2 (b), and cyclin-dependent kinase-1 (CDK-1, c) protein compared to MC38 cells 
treated with EVs from non-activated iBMDMs (EVnon) at concentrations of [2×105] and [4×105] iBMDM 
EVs per MC38 cell seeded. (d,e) Changes in STAT3 (d) and STAT6 (e) expression levels were not detected 
in MC38 cells treated with EVLPS and EVnon. (f) STAT1 expression was decreased in MC38 cells treated 
with EVLPS compared to EVnon at both concentrations; conditions described in Table 3.1. Not significant 
(ns), *p<0.05,**p<0.01, ***p<0.001, ****p<0.0001, mean (SD), n=3, significance determined via one-
way ANOVA followed by Tukey’s post-hoc test. Concentrations are expressed in scientific notation (e.g., 
[2e5] = [2×105]); in graph labels, text after the comma appears as subscript (e.g., EV,LPS = EVLPS). 
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Figure 3.10 Mass spectrometry detected moderately differentially expressed proteins in MC38 cells 
treated with extracellular vesicles (EVs) from lipopolysaccharide (LPS)-activated immortalized bone 
marrow-derived macrophages (iBMDMs) and EVs from non-activated iBMDMs (EVnon). (a) p53 
expression was mildly increased in MC38s treated with EVs from LPS-activated iBMDMs (EVLPS) and EVnon 
at concentrations of [2×105] and/or [4×105] iBMDM EVs per MC38 cell seeded, relative to untreated. (b) 
MC38 cells treated with EVLPS at [4×105] iBMDM EVs/cell (EVLPS[4e5]) expressed moderately decreased 
levels of SMAD2 relative to untreated MC38s. (c) MC38 cells treated with EVLPS[4e5] expressed 
moderately decreased levels of p38 (MAPK14) compared to MC38 cells treated with EVnon[2e5]. (d-i) 
Expression of Cyclin A2 (d),B-catenin-1 (e), glycogen synthase kinase-3 beta (GSK-3B, f), glyceraldehyde 
3-phosphate dehydrogenase (GAPDH, g), CD47 (h), and MHC I (i) protein levels was unchanged between 
MC38 treatment conditions; conditions described in Table 3.1. Not significant (ns), *p<0.05, mean (SD), 
n=3, significance determined via one-way ANOVA followed by Tukey’s post-hoc test. Concentrations are 
expressed in scientific notation (e.g., [2e5] = [2×105]); in graph labels, text after the comma appears as 
subscript (e.g., EV,LPS = EVLPS). 
 

Normal cell survival and proliferation is typically anchorage-dependent and mediated by 

signaling pathways including integrin signaling and growth factor pathways223. Anchorage-independent 



   

 

 76 

growth is the ability of transformed cells to grow in the absence of “anchoring” signals from a solid 

surface; this is a hallmark of carcinogenesis224. So, dissecting the signaling pathways in recipient colon 

cells that mediate their EVLPS-induced increase in anchorage-independent growth in soft agar is crucial to 

understanding the molecular mechanism(s), by which EVs from LPS-activated macrophages drive 

inflammation-mediated tumorigenesis. Anchorage-independent growth is required for cancer cells to 

detach from the basement membrane and invade the underlying connective and muscular tissues225. 

Uncontrolled proliferation, invasion, and metastasis are three hallmarks, i.e., key defining features, of 

cancer cells. Invasion and metastasis require cell migration, for which epithelial lineage cells need to 

undergo the process of epithelial-to-mesenchymal transition (EMT)226. During EMT, cellular gene 

expression shifts away from epithelial cell markers, such as E-cadherin, towards upregulated expression 

of mesenchymal markers including vimentin, N-cadherin, and the transcription factors Snail, Slug, Twist, 

and ZEB1227. This is why I next attempted to test whether EMT was involved in EVLPS-induced MC38 

increase in anchorage-independent growth (required for invasion) and increased cell growth (potentially 

mediated by proliferation). 

I isolated RNA from MC38 cells treated with EVLPS and EVnon at concentrations of [2×105] and 

[4×105] iBMDM EVs/MC38 cell seeded. My first attempt at RNA isolation using TRIzol chloroform 

extraction produced RNA of abysmal quality, i.e., Tapestation analysis showed RNA integrity number 

(RIN) values of less than 5 across the board (RIN scale: 1-10, with ≥8 ideal for most applications). I tried 

to be very careful to not take up DNA after phase separation, but in consulting with Dr. Kevin Childs we 

decided quality may be impacted from trace amounts of phenol remaining in the RNA-containing 

supernatant that interfered with RNA quality. After re-running the experiment and isolating RNA via 

column extraction using Qiagen’s RNeasy kit, Tapestation results showed the quality of my RNA to have 

a RIN  9.7 in every sample. After that, I was confident to send these RNA samples for sequencing and 

proceed with performing RT-qPCR.  

Then, we characterized differential mRNA expression of a panel of epithelial and mesenchymal 

biomarkers via RT-qPCR in MC38 cells treated with EVLPS and EVnon at different concentrations. We found 

that MC38s treated with EVLPS at a concentration of [2×105] iBMDM EV/MC38 cell expressed decreased 

levels of E-cadherin (Ecad) and Snail mRNA as compared with untreated MC38s after 24 h (Figure 3.11a). 

MC38s treated with EVnon[2×105] expressed increased levels of vimentin (Vim), N-cadherin (Ncad) and 

Twist mRNA as compared with other conditions after 24 h (Figure 3.11a). MC38s treated with EVLPS at a 

concentration of [2×105] iBMDM EV/MC38 cell expressed increased levels of Ecad, Slug, and ZEB1 mRNA 

as compared with other select treatment conditions after 48 h (Figure 3.11b).  



   

 

 77 

 

Figure 3.11 MC38 colon cells treated with high concentration of extracellular vesicles (EVs) from 
lipopolysaccharide (LPS)-activated immortalized bone marrow-derived macrophages (iBMDMs) express 
increased N-cadherin (Ncad) and Snail mRNA levels as compared with MC38 cells treated with higher 
concentration [4×105 iBMDM EV/MC38 cell seeded] EVs from non-activated iBMDM EVs (EVnon) after 24 
h (a) but not 48 h (b). Not significant (ns), mean (SD), n=3, significance determined via one-way ANOVA 
followed by Tukey’s post-hoc test. Concentrations are expressed in scientific notation (e.g., [2e5] = 
[2×105]); in graph labels, text after the comma appears as subscript (e.g., EV,LPS = EVLPS). 
 

Colon explants undergo autophagy in culture 

I next attempted to treat colon explants with primary BMDM EVs in ex vivo cultures in the hopes 

of developing a more physiologically relevant model. Harvested colon explants underwent autophagy 

when cultured ex vivo (Figure 3.12a,b). I was able to mildly mitigate loss of some crypt structures by 

supplementing medium with epidermal growth factor (EGF) and Insulin-Transferrin-Selenium (ITS); 

however, there was still autophagy present (Figure 3.12c).  

Because the TP53 gene encoding the pro-apoptotic transcription factor p53 is commonly 

mutated in early colitis-associated cancer and thus its protein product becomes functionally inactivated, 

I wanted to investigate whether EVs or SFs from LPS-activated BMDMs (representing colitis) exhibit anti-

apoptotic effects and mitigate the autophagy found in colon tissue explants. Colon tissue biopsies 

treated with approximately [9×104] LPS-activated BMDM EVs per colon cell did not exhibit any preserved 

crypt structure or cell viability as compared to non-activated iBMDM EVs (Figure 3.13). SFs from LPS-

activated BMDMs also did not improve autophagy and loss of cell viability/crypt structure as compared 

to SFs from non-activated BMDMs (Figure 3.14). Thus, a low concentration of macrophage EVs or SFs did 

not demonstrate a significantly protective effect against this tissue degradation.  
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Figure 3.12 Crypt morphology of mouse colon explants cultured ex vivo show culture conditions may 
mildly mitigate autophagy after 3 days. (a) Colon tissue was H&E stained immediately after harvesting. 
(b) Colon tissue cultured for 3 d in DMEM medium supplemented with 2% penicillin/streptomycin 
antibiotics. (c) Colon tissue cultured for 3 d in DMEM/F12 medium supplemented with 100 ng/ml EGF, 
ITS, and 2% antibiotics. Images taken at 10X magnification. 
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Figure 3.13 Crypt morphology of mouse colon explants cultured ex vivo show that primary bone 
marrow-derived macrophage (BMDM)-secreted extracellular vesicles (EVs) did not significantly reduce 
autophagy. (a) H&E stains showing colon explants from three different mice co-cultured with EVs from 
non-activated BMDMs for 48 h (concentration: [9×104] EVs/cell). (b) Colon explants from three different 
mice co-cultured with EVs from BMDMs activated with 100 ng/ml lipopolysaccharide (LPS) also did not 
reduce autophagy of colon explants cultured ex vivo (concentration: [9×104] EVs/cell). Images taken at 
10X magnification. 
 

 

Figure 3.14 Crypt morphology of mouse colon explants cultured ex vivo show that primary bone 
marrow-derived macrophage (BMDM)-secreted soluble factors (SFs) did not significantly reduce 
autophagy in colon explants. (a) H&E stains showing colon explants cultured with SFs from non-
activated BMDMs for 48 h. (b) Colon explants cultured with SFs from BMDMs activated with 100 ng/ml 
lipopolysaccharide (LPS) also did not reduce autophagy of colon explants. Images taken at 10X 
magnification. 
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EVs from LPS-activated iBMDMs mediate myeloid cell differentiation and activation in the tumor 

immune microenvironment 

After elucidating the functional effects of EVs from LPS-activated macrophages on colonic 

epithelial cells in culture, I wanted to characterize effects of EVLPS on predisposing colon tissue to tumor 

induction and progression. First, we subcutaneously (s.c.) injected 100 µl saline (PBS) or EVs from LPS-

activated iBMDMs into the right flank of BL6-albino mice for 7 d prior to injection of MC38 cells or MC38 

cells expressing the akaLuciferase protein (MC38-akaLuc). Akaluciferase is a novel luciferase protein with 

higher signal intensity than D-luciferase228, 229; however, luciferase has been reported to be 

immunogenic and affect tumor growth230, 231. Mouse experimental conditions are described in Figure 

3.15 and Table 3.1.  

I injected MC38-akaLuc tumor-bearing mice intraperitoneally (i.p) with substrate Akalumine-HCl 

and performed bioluminescence imaging (BLI) using the In Vivo Imaging System (IVIS) every other day 

for 38 d post tumor induction. I found that there was no significant difference between the average 

radiance of MC38-akaLuc tumor-bearing mice injected with EVs from LPS-activated iBMDMs before 

tumor induction as compared to MC38-akaLuc tumor-bearing mice injected with PBS before tumor 

induction (Figure 3.16a). However, I deem this as not a representative model because the size of the 

tumors were not very proportional to the BLI signal intensities (Figure 3.16d). This could be because 

non-akaLuc expressing MC38 cells survived and proliferated, or because the tumor cells suppressed 

expression of akaLuc. Regardless, I decided against using this model because of the high variability 

within groups and the potential for akaLuc immunogenicity to interfere with our dependent variable 

measuring tumor growth due to immunogenicity of EVs from LPS-activated iBMDMs. We did not see a 

difference in tumor mass of MC38-akaLuc tumor-bearing mice injected with EVs from LPS-activated 

iBMDMs before tumor induction as compared with MC38-akaLuc tumor-bearing mice injected with PBS 

before tumor induction (Figure 3.16c). 
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Figure 3.15 Graphic showing our mouse model of colitis-associated cancer (CAC) and injection 
conditions. Colitis-associated cancer (CAC), extracellular vesicles (EVs), subcutaneous (s.c.), intratumoral 
(i.t.). 
 

Table 3.1 Extracellular vesicle (EV)-treated MC38 tumor experimental conditions; 100 µl volume per 
injection. Tumors were induced with 2×105 MC38 colon cancer cell injection on day 0, and tumors 
emerged around day 10-14. Abbreviation (abbv), phosphate buffered saline (PBS), immortalized bone 
marrow-derived macrophages (iBMDM), extracellular vesicles (EVs), non-activated iBMDM EVs (EVnon), 
lipopolysaccharide (LPS), LPS-activated EVs (EVLPS), subcutaneous (s.c.), intratumoral (i.t.). 

Description of Condition Abbv Day -7 to 
0 

Day 0 Day 0 to 
10 (daily) 

Day 11 to 
21 (every 
2 d) 

Saline ctrl PBS PBS, s.c. MC38, s.c. PBS, s.c. PBS, i.t. 

Tumor site preconditioned with EVs 
from non-activated iBMDMs 

pre-EV
non

 EV
non 

, s.c. MC38, s.c. PBS, s.c. PBS, i.t. 

Tumor site preconditioned with EVs 
from LPS-activated iBMDMs 

pre-EV
LPS

 EV
LPS 

, s.c. MC38, s.c. PBS, s.c. PBS, i.t. 

Tumor site preconditioned and 
injected all through experimental 
duration with EVs from non-
activated iBMDMs 

all-EV
non

 EV
non 

, s.c. MC38, s.c. EV
non 

, s.c. EV
non 

, i.t. 

Tumor site preconditioned and 
injected all through experimental 
duration with EVs from LPS-
activated iBMDMs 

all-EV
LPS

 EV
LPS 

, s.c. MC38, s.c. EV
LPS 

, s.c. EV
LPS 

, i.t. 
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Figure 3.16 MC38 tumors labeled with akaLuciferase (akaLuc) did not express proportional radiance 
signal to tumor mass ratio. (a) Bioluminescence imaging (BLI) of MC38-akaLuc tumor-bearing mice 
showed no difference in radiance between mice injected with PBS and mice injected before tumor 
induction with extracellular vesicles (EVs) from immortalized bone marrow-derived macrophages 
(iBMDMs) activated with lipopolysaccharide (LPS). (b) Tumor mass of unlabeled MC38 tumor-bearing 
mice 21 days after tumor induction shows decreased tumor mass in mice injected before and after 
tumor induction with EVs from LPS-activated iBMDMs (all-EVLPS) compared with mice injected with PBS 
and mice injected with EVs from LPS-activated iBMDMs intratumorally (i.t.) after tumor emergence on 
day 14 (EV,LPS(i.t.)). (c) Tumor mass of MC38-akaLuc tumor-bearing mice injected with EVs from LPS-
activated iBMDMs before tumor induction (pre-EVLPS) compared to mice injected with PBS before tumor 
induction. (d) Graph depicting the high variability of average radiance of MC38-akaLuc tumor-bearing 
mice per gram of tumor mass (day 38). Not significant (ns), mean (SD), n=2-3, two-way ANOVA (a) or 
one-way ANOVA (b) followed by Tukey’s post-hoc test; unpaired t-test (c). In graph labels, text after the 
comma appears as subscript (e.g., pre-EV,LPS = pre-EVLPS). 
 

Interestingly, unlabeled MC38 tumor-bearing mice injected with EVs from LPS-activated 

iBMDMs before and after tumor induction harbored smaller tumors than MC38 tumor-bearing mice 

injected with PBS or EVs from LPS-activated iBMDMs intratumorally (i.t.) after tumor emergence on day 
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14 (Figure 3.16b). This was a modest effect, and contrary to what we were expecting based on our in 

vitro data that had suggested EVs from LPS-activated iBMDMs exerted a pro-tumorigenic effect. So, I 

hypothesized that EVs from iBMDMs interact with the tumor immune environment to impact tumor 

growth.  

I thus repeated this pilot study with more cohorts including an immunophenotyping flow 

cytometry panel. We injected 100 µl saline (PBS, subcutaneous, s.c.), non-activated iBMDM EVs, or LPS-

activated iBMDM EVs into the tumor site (flank) of BL6-albino mice for either 7-d prior to injection of 

MC38 cells, and/or 3 weeks post tumor induction (mouse experimental conditions are described in 

Figure 3.15 and Table 3.1).  

We found that mice injected with LPS-activated iBMDM EVs (EVLPS) before and after tumor 

induction (all-EVLPS) developed tumors that were significantly larger than those in mice injected with 

non-activated iBMDM EVs (EVnon) before and after tumor induction (Figure 3.17a). Mice injected with 

EVnon before and after tumor induction (all-EVnon) produced the smallest group of tumors at endpoint 

day 22; in fact, two of these mice actually did not develop tumors sizable enough for resection or 

characterization by day 22. Similar to the pilot study, we also found mice injected with EVLPS before 

tumor induction (pre-EVLPS) developed tumors that were significantly smaller than those in mice injected 

with PBS (Figure 3.17b). However, the caveat to this latter finding is that one mouse from the pre-EVLPS 

condition was excluded from these measurements due to its tumor being too large by day 17. 

Three mice had to be excluded from the tumor volume measurements due to premature death 

(Table 3.2). One mouse from the all-EVLPS condition stopped breathing after day 10 anesthesia exposure 

(<1 min, 2% isoflurane) and EV injections. All of the mice from this condition had erythema apparent 

surrounding the site of EV injection; we decided to inject mice only every other day after this 

occurrence. One mouse from the pre-EVLPS condition developed a tumor that grew rapidly, and this 

mouse was humanely sacrificed on day 17. This also occurred with one PBS-injected mouse on day 20. 

On endpoint day 22, there were 4 mice with tumors too small to dissociate for flow cytometric analysis. 

This included 1 pre-EVLPS injected mouse, 2 all-EVnon injected mice, and 1 all-EVLPS injected mouse. 

Consequently, a total of seven mice were excluded from the flow cytometry study, to render a sample 

size of 2-4 in each group. The exclusion of these mice from the flow cytometry analysis represents a 

limitation in our study, particularly for the pre-EVLPS group where early sacrifice of a mouse with an 

unusually aggressive tumor may have removed an important data point. Further studies with larger 

cohorts may provide more robust validation of these initial findings.  
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Immunophenotyping performed via flow cytometry (gating strategies shown in Table 3.3) 

showed no difference in the numbers of infiltrating CD45+ nucleated hematopoietic cells present in the 

tumor microenvironment (TME) of mice between conditions (Figure 3.18a). Of the CD45- population, we 

did not detect significant differences in numbers of CD31+ endothelial cells, indicating that vessel cell 

growth was not changed between conditions (Figure 3.18c).  

Of the CD45+ cell population, we found no difference in numbers of CD11b+ myeloid cells 

between tumor conditions (Figure 3.18b). We did, however, find that tumors from mice injected with 

EVLPS before and after tumor induction (all-EVLPS) contained a significantly decreased number of 

CD11b+F4/80+ macrophages relative to all other conditions (Figure 3.19a). This may be due to an 

increased presence of other CD11b+ myeloid cells that do not express F4/80, as can be seen by the 

population shift in the flow cytometry plot comparing CD11b and F4/80 expression in all-EVLPS mouse 

tumors (Figure 3.19b-f). 

 

 

Figure 3.17 Tumor volumes of mice that survived for entirety of 22-day experiment. (a) Caliper 
measurements show bigger tumor size in mice injected with extracellular vesicles (EVs) from 
lipopolysaccharide (LPS)-activated macrophages in tumor site before and after tumor induction (all-
EVLPS) compared to EVs from non-activated macrophages (all-EVnon). (b) Tumor size is smaller in mice 
injected with EVs from LPS-activated macrophages in tumor site before tumor induction (pre-EVLPS) 
relative to EVs from non-activated macrophages (pre-EVnon); mouse conditions are described in Table 
3.2. *p<0.05, **p<0.01, mean (SEM), n = 2–4, one‐way ANOVA followed by Tukey's post‐hoc test. In 
graph labels, text after the comma appears as subscript (e.g., pre-EV,LPS = pre-EVLPS). 
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Table 3.2 Mice that died before day 22 were excluded from the MC38 tumor study; conditions described 
in Table 3.2. Extracellular vesicles (EVs), lipopolysaccharide (LPS), EVs from LPS-activated macrophages 
(EVLPS), mice injected with EVLPS before and after tumor induction i.e. all throughout experiment (all-
EVLPS), mice preconditioned with EVLPS injections prior to tumor induction (pre-EVLPS). 

Mouse No. Condition Day of death Reason 

1 All-EVLPS Day 11 Had excessive erythema, stopped breathing 
after weak response to anesthesia 

2 Pre-EVLPS Day 17 Tumor too large + used for dissociation practice 

3 PBS Day 20 Randomly selected from group; used for 
dissociation practice. Excluded from study 
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Table 3.3 Flow cytometry gating strategy for cell types in the MC38 tumor microenvironment and 
summary of experimental findings. 

Cell Type Markers Differential expression Figures 

Nucleated 
hematopoietic cells 

CD45+ ns 3.19 

Endothelial cells CD45- CD31+ ns 3.19 

Myeloid cells CD45+ CD11b+ ns 3.19 

Macrophages CD45+ CD11b+ F4/80+ Downregulated in all-EVLPS 3.20 

M1-like cells CD45+ CD11b+ CD86+ Downregulated in all-EVLPS 3.21 

M2-like cells CD45+ CD11b+ CD206+ ns 3.22 

Tumor-associated 
macrophages (TAMs) 

 Downregulated in pre-EVLPS 

and all-EVLPS  
3.24 

Granulocytic myeloid-
derived suppressor cells 
(g-MDSCs) 

CD45+ CD11b+ Ly6G+ 
Ly6Cmed  

Upregulated in all-EVLPS 3.23 

Monocytic myeloid-
derived suppressor cells 
(m-MDSCs) 

CD45+ CD11b+ Ly6G- 
Ly6C+ 

Moderately downregulated 
in all-EVLPS 

3.23 

Neutrophils CD45+ CD11b+ Ly6G+ 
F4/80- 

Upregulated in all-EVLPS  3.25 

Dendritic cells CD45+ CD11c+ Downregulated in all-EVLPS  3.26 

D1-like cells CD45+ CD11c+ CD86+ Moderately downregulated 
in all-EVLPS 

3.27 

D2-like cells CD45+ CD11c+ CD206+ ns  3.27 

pan T-cells CD45+ CD11b- CD3+ ns  3.28 

Helper T cells CD45+ CD11b- CD3+ 
CD4+ 

ns  3.28 

Cytotoxic T lymphocytes CD45+ CD11b- CD3+ 
CD8+ 

ns  3.28 
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Figure 3.18 Flow cytometric quantification shows that extracellular vesicles (EVs) from non-activated 
and lipopolysaccharide (LPS)-activated macrophages do not affect numbers of nucleated hematopoietic 
cells (a), total myeloid cells (b), and endothelial cells (c) in the tumor microenvironment; conditions are 
described in Table 3.2. Not significant (ns), mean (SD), n = 2–4, one‐way ANOVA followed by Tukey's 
post‐hoc test. In graph labels, text after the comma appears as subscript (e.g., pre-EV,LPS = pre-EVLPS). 
 

 

Figure 3.19 Flow cytometric quantification shows that extracellular vesicles (EVs) from 
lipopolysaccharide (LPS)-activated macrophages decrease numbers of macrophages in the tumor 
microenvironment. (a) Flow cytometric quantification showing decreased macrophage numbers in 
tumors of mice injected with EVs from LPS-activated macrophages before and after tumor induction (all-
EVLPS). (b-f) Representative flow cytometry images of each condition, as described in Table 3.2. *p < 
0.05, **p<0.01, mean (SD), n = 2–4, one‐way ANOVA followed by Tukey's post‐hoc test. In graph labels, 
text after the comma appears as subscript (e.g., pre-EV,LPS = pre-EVLPS). 
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We also found that CD86, a common M1 macrophage marker, was significantly downregulated 

in CD11b+ myeloid cells from tumors of mice injected with all-EVLPS compared with all other conditions 

(Figure 3.20a,c-g). This can also be seen to a lesser extent in CD11b+F4/80+ macrophages (Figure 3.20b). 

We did not detect significant changes in expression of CD206, a common M2 macrophage marker 

(Figure 3.21).  

 

 

Figure 3.20 Flow cytometric quantification shows that extracellular vesicles (EVs) from 
lipopolysaccharide (LPS)-activated macrophages decrease CD11b+ myeloid cell and CD11b+F4/80+ 
macrophage expression of the M1-like polarization marker CD86 in the tumor microenvironment. (a) 
Flow cytometric quantification shows decreased numbers of M1-like myeloid cell numbers in mice 
injected with EVs from LPS-activated macrophages before and after tumor induction (all-EVLPS) relative 
to all conditions. (b) Quantification shows moderately decreased numbers of CD86+ M1-like macrophage 
numbers in mice injected with all-EVLPS relative to select conditions. (c-g) Representative flow cytometry 
images of CD86 and CD206 expression in myeloid cells from each condition, as described in Table 3.2. 
*p<0.05, **p<0.01, p<0.10 values are given, mean (SD), n = 2–4, one‐way ANOVA followed by Tukey's 
post‐hoc test. In graph labels, text after the comma appears as subscript (e.g., pre-EV,LPS = pre-EVLPS). 
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Figure 3.21 Flow cytometric quantification shows that extracellular vesicles (EVs) from 
lipopolysaccharide (LPS)-activated macrophages injected before tumor induction (pre-EVLPS) moderately 
increased number of cells expressing both M1-like (CD86) and M2-like (CD206) polarization markers in 
CD11b+F4/80+ macrophage (a) and CD11b+ myeloid (e) cell populations relative to select conditions. EVs 
do not significantly affect CD11b+F4/80+ macrophage or CD11b+ myeloid cell expression of the M2-like 
marker CD206 (b,f), CD86+/CD206+ proportions of M1/M2 cells (c,g), or CD206+/CD86+ proportions of 
M2/M1 cells (d,h) in the tumor microenvironment; conditions are described in Table 3.2. Not significant 
(ns), *p<0.05, p<0.10 values are given, mean (SD), n = 2–4, one‐way ANOVA followed by Tukey's post‐
hoc test. In graph labels, text after the comma appears as subscript (e.g., pre-EV,LPS = pre-EVLPS). 
 

Because of the increase in non-macrophage CD11b+ myeloid cells in all-EVLPS mouse tumors 

relative to all other conditions, we further investigated other myeloid cell populations that could be 

involved in this differential response to EVs from LPS-activated macrophages. Myeloid-derived 

suppressor cells (MDSCs) develop during altered myeloid differentiation in both pathological conditions 

like cancer as well as certain physiological states232-234. MDSCs are characterized by their potent 

immunosuppressive activities, including inhibition of anticancer activity of T cells and NK cells, 

promoting tumor immune evasion235. The two groups of MDSCs include monocytic-MDSCs (m-MDSCs) 

that are morphologically and phenotypically similar to monocytes, and granulocytic-MDSCs (g-MDSCs) 

which are similar to immature neutrophils232, 236. These groups can be differentiated based on 

phenotypic features, e.g., expression levels of surface Ly6C and Ly6G markers237. Specifically, g-MDSCs 

can be defined as CD11b+Ly6G+Ly6Clo, and m-MDSCs as CD11b+Ly6G−Ly6Chi expressive cells238, as seen in 

Table 3.3. 
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Interestingly, we discovered a significantly increased number of polymorphic 

mononuclear/granulocytic myeloid-derived suppressor cells (g-MDSCs) present in the all-EVLPS injected 

mouse tumors relative to all other conditions (Figure 3.22a). We also found a moderately 

downregulated number of monocytic MDSCs (m-MDSCs) present in the all-EVLPS mouse tumors relative 

to select conditions (Figure 3.22b). This suggests there is a differential response of MDSC subtypes to 

EVs from LPS-activated macrophages, either directly or indirectly. Additionally, because MDSCs are 

immature myeloid subtypes, the increased recruitment of g-MDSCs in tumors treated with all-EVLPS 

suggests a potential for EVs from LPS-activated macrophages in regulating myeloid cell differentiation in 

the TME. 

 

Figure 3.22 Extracellular vesicles (EVs) from lipopolysaccharide (LPS)-activated macrophages increased 
granulocytic myeloid-derived suppressor cell (g-MDSC) numbers in the tumor microenvironment. (a) 
Quantification showing increased numbers of g-MDSCs in mice injected with EVs from LPS-activated 
macrophages before tumor induction (pre-EVLPS) and both before and after tumor induction (all-EVLPS). 
(b) Quantification showing moderately decreased numbers of monocytic-MDSCs (m-MDSCs) in all-EVLPS 
mice relative to select conditions. (c-g) Representative flow cytometry images of each condition, as 
described in Table 3.2. *p< 0.05, **p<0.01, mean (SD), n = 2–4, one‐way ANOVA followed by Tukey's 
post‐hoc test. In graph labels, text after the comma appears as subscript (e.g., pre-EV,LPS = pre-EVLPS). 
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Furthermore, tumor-associated macrophages (TAMs) can originate from 

monocyte/macrophages or m-MDSC to become partially or fully pro-tumorigenic via various 

mechanisms, as TAM populations in tumors are heterogeneous234, 236. We found a decreased expression 

of TAMs in pre-EVLPS and all-EVLPS conditions (Figure 3.23). Note that percentages shown on flow 

cytometry graphs (panels c-g) are from one representative sample, while the quantitative analysis in 

panel b represents the mean values across all biological replicates (n = 2-4). TAMs present also 

expressed a slightly increased level of CD206 pro-regenerative M2 marker (Figure 3.23c). This is 

intriguing, as it suggests that EVs from LPS-activated macrophages injected prior to tumor cell induction 

signal to the epithelium to later impact the recruitment and/or differentiation of TAMs in the 

subsequently occurring TME. The newfound potential for EVs to induce changes in the epithelium prior 

to tumor induction that subsequently affects myeloid cell differentiation or recruitment during tumor 

development suggests that macrophage EVs may play a significant mechanistic role in colitis-induced 

field cancerization. 
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Figure 3.23 Extracellular vesicles (EVs) from lipopolysaccharide (LPS)-activated macrophages decrease 
Ly6G-Ly6C-CD11b+F4/80+ tumor-associated macrophages (TAMs) and increased M2-like CD206 
expression in TAMs in the tumor microenvironment. (a) Flow cytometric quantification showing 
decreased numbers of TAMs in mice injected with EVs from LPS-activated macrophages before tumor 
induction (pre-EVLPS) and both before and after tumor induction (all-EVLPS). (b) TAMs were also 
decreased in mice injected with pre-EVLPS and all-EVLPS. (c) Quantification showing increased proportions 
of Ly6C+ and/or Ly6G+ macrophages (non-TAMs) in mice injected with pre-EVLPS and all-EVLPS relative to 
controls. (d) Tumors in mice injected with all-EVLPS contained an increased number of M2-like CD206+ 
TAMs relative to saline-injected control tumors. (e-i) Representative flow cytometry images of CD86 (ns) 
and CD206 expression in TAMs from each condition, as described in Table 3.2. Not significant (ns), 
*p<0.05, **p<0.01, mean (SD), n = 2–4, one‐way ANOVA followed by Tukey's post‐hoc test. In graph 
labels, text after the comma appears as subscript (e.g., pre-EV,LPS = pre-EVLPS). 
 

I then proceeded to further characterize the tumor-residing macrophages that were not defined 

as TAMs (i.e., CD11b+F4/80+ cells expressing Ly6C and/or Ly6G). Similar to Figure 3.23a, Figure 3.24a 

shows that of the F4/80+CD11b+ macrophages present in the TME, there were a significantly 

upregulated proportion of macrophages that were not Ly6C-Ly6G- TAMs, i.e., that expressed Ly6C 

and/or Ly6G, present in tumors treated with pre-EVLPS and all-EVLPS. I will henceforth refer to this Ly6C 

and/or Ly6G expressing CD11b+F4/80+ macrophage population as “non-TAM macrophages”. It may be 

important to avoid labeling TAMs as “pro-tumor” and non-TAM macrophages as “anti-tumor” without 
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deeper characterization. Importantly, we found these non-TAM macrophages to express lower levels of 

M1 marker CD86 in tumors treated with all-EVLPS (Figure 3.24b, e-i). Thus, EVs from LPS-activated 

macrophages may signal directly to cells in the TME and facilitate the polarization of non-TAM 

macrophages. Decreased expression of M1 markers suggests decreased anti-tumor activity of these 

macrophages and thus a potential for tumors to progress faster, however, further characterization of 

these macrophages is required to elucidate the signaling mechanism and effects on tumorigenesis. We 

also found a modest increase in CD206 (M2 marker) expression on non-TAM macrophages in tumors 

treated with pre-EVLPS relative to saline controls (Figure 3.24c,d). This suggests that EVs from LPS-

activated macrophages present in the tissue environment prior to tumor induction/formation (e.g., in 

colitis prior to carcinogenesis) may induce changes in cells of the microenvironment preceding tumor 

induction/formation (potentially similar to premalignant environments), which promotes subsequently 

induced tumors to upregulate M2-like pro-regenerative markers in non-TAM macrophages. Thus, EVs 

from LPS-activated macrophages present in the tissue prior to tumor induction may induce changes in 

the colon tissue, which later effectively downregulate TAM expression and/or infiltration in 

subsequently emerging tumors; along with predisposing tissues to induce a decrease in TAM marker 

expression and an increase in M2 marker expression in non-TAM macrophages in the TME, the 

continued presence of EVs from LPS-activated macrophages in the TME after tumor emergence also 

decreases M1 activity in all myeloid subsets.  



   

 

 94 

 

Figure 3.24 Extracellular vesicles (EVs) from lipopolysaccharide (LPS)-activated macrophages increase 
proportion of macrophages that are not tumor-associated macrophages (non-TAMs) in the tumor 
microenvironment. (a) Flow cytometric quantification showing increased proportions of Ly6C+ and/or 
Ly6G+ macrophages in mice injected with EVs from LPS-activated macrophages before tumor induction 
(pre-EVLPS) and both before and after tumor induction (all-EVLPS) relative to controls. (b-g) Representative 
flow cytometry images of CD86 (ns) and CD206 expression in non-TAMs from each condition, as 
described in Table 3.2. Not significant (ns), *p<0.05, **p<0.01, mean (SD), n = 2–4, one‐way ANOVA 
followed by Tukey's post‐hoc test. In graph labels, text after the comma appears as subscript (e.g., pre-
EV,LPS = pre-EVLPS). 
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Phenotypically very similar to g-MDSCs (and thus difficult to differentiate), neutrophils were 

defined here as Ly6G+F4/80- myeloid cells. Neutrophils were found to be significantly upregulated in all-

EVLPS injected mice relative to all other conditions (Figure 3.25). Neutrophil recruitment is mediated 

commonly by chemokines in colitis, and they have also been found to secrete IL-6, which promotes 

colitis-associated cancer178.  

 

 

Figure 3.25 Extracellular vesicles (EVs) from lipopolysaccharide (LPS)-activated macrophages increase 
neutrophil infiltration into the tumor microenvironment. (a) Flow cytometric quantification showing 
increased numbers of neutrophils in mice injected with EVs from LPS-activated macrophages in tumor 
site before and after tumor induction (all-EVLPS) relative to all other conditions. (b-f) Representative flow 
cytometry images of each condition, as described in Table 3.2. *p < 0.05, **p<0.01, mean (SD), n = 2–4, 
one‐way ANOVA followed by Tukey's post‐hoc test. In graph labels, text after the comma appears as 
subscript (e.g., pre-EV,LPS = pre-EVLPS). 
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In pre-EVLPS mice, tumor-residing Ly6G+F4/80- cells termed neutrophils expressed increased 

CD86 proinflammatory marker relative to all other conditions (Figure 3.26a). We see a similar trend in g-

MDSC expression of CD86 (Figure 3.26i). Also, pre-EVLPS injected mouse tumor neutrophils expressed 

moderately increased CD206 pro-regenerative marker relative to PBS control (Figure 3.26b), but there 

was no difference in CD206 expression between conditions in g-MDSCs (Figure 3.26j). This increase in 

CD86 expression is not present in tumors from all-EVLPS mice. This suggests that EVs from LPS-activated 

macrophages present in the tissue environment prior to tumor induction/formation (e.g., in colitis prior 

to tumorigenesis) may induce changes in cells of the microenvironment preceding tumor 

induction/formation (potentially similar to premalignant environments), which promotes subsequently 

induced tumors to upregulate N1-like proinflammatory markers in neutrophils, and M1-like 

proinflammatory markers in g-MDSCs. Thus, EVs from LPS-activated macrophages present in the tissue 

prior to tumor induction may induce changes in tissue, which later effectively upregulate neutrophil and 

g-MDSC expression of CD86 in subsequently emerging tumors. 
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Figure 3.26 Flow cytometric quantification shows that extracellular vesicles (EVs) from 
lipopolysaccharide (LPS)-activated macrophages injected before tumor induction (pre-EVLPS) increased 
neutrophil and g-MDSC expression of pro-inflammatory CD86 marker. (a-c) Flow cytometric 
quantification showing proportion of neutrophils expressing CD86 (a), CD206 (b), or both (c) in each 
condition, and representative flow cytometry images (d-h); conditions are described in Table 3.2. (i-k) 
Quantification showing proportion of g-MDSCs expressing CD86 (i), CD206 (j), or both (k) in each 
condition, and representative flow cytometry images (l-p). Not significant (ns), *p<0.05, **p<0.01, p 
values indicated for p<0.10, mean (SD), n = 2–4, one‐way ANOVA followed by Tukey's post‐hoc test. 
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We next looked at CD11c+ dendritic cells (DCs), which we found present at significantly 

decreased numbers in all-EVLPS mice relative to all other conditions (Figure 3.27a). Of the DCs, we found 

a moderately decreased amount of CD86 expressing D1-like DCs in the all-EVLPS treated mouse tumors 

(Figure 3.28a), and no significant changes in the D2 marker CD206 (Figure 3.28b,c). Within the CD11c DC 

populations, there was a moderately decreased number of MHCII-expressing DCs (Figure 3.27b). MHCII 

is utilized by DCs to present antigens to CD4 T helper cells; however, we detected no significant 

differences between groups in CD3 pan-T cell numbers, CD4 T helper cell numbers, or CD8 cytotoxic T 

lymphocytes present in the tumor microenvironment after 22 days (Figure 3.29). It is important to note 

that many of these tumors were still relatively small implying early-stage malignancy.  

 

 

Figure 3.27 Extracellular vesicles (EVs) from lipopolysaccharide (LPS)-activated macrophages decrease 
CD11c+ dendritic cell (DC) number in the tumor microenvironment. (a) Flow cytometric quantification 
showing decreased numbers of CD11c+ DCs in mice injected with EVs from LPS-activated macrophages in 
tumor site before and after tumor induction (all-EVLPS) relative to all other conditions. (b) Quantification 
showed moderately decreased numbers of MHCII-expressing DCs in mice injected with all-EVLPS relative 
to select conditions. (c-g) Representative flow cytometry images of each condition, as described in Table 
3.2. *p < 0.05, **p<0.01, mean (SD), n = 2–4, one‐way ANOVA followed by Tukey's post‐hoc test. In 
graph labels, text after the comma appears as subscript (e.g., pre-EV,LPS = pre-EVLPS). 
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Figure 3.28 Extracellular vesicles (EVs) from lipopolysaccharide (LPS)-activated macrophages decrease 
CD86+ dendritic cells (DCs) in the tumor microenvironment. (a) Flow cytometric quantification showing 
moderately decreased numbers of CD86+ (D1) DCs in mice injected with EVs from LPS-activated 
macrophages in tumor site before and after tumor induction (all-EVLPS) relative to select conditions. (b,c) 
Quantification showed no change in CD206+ (D2) DC populations (b) or CD86+CD206+ DC populations in 
tumors between conditions. (d-h) Representative flow cytometry images of CD86 (D1) and CD206 (D2) 
expression in DCs from tumors of each condition, as described in Table 3.2. Not significant (ns), *p < 
0.05, mean (SD), n = 2–4, one‐way ANOVA followed by Tukey's post‐hoc test. In graph labels, text after 
the comma appears as subscript (e.g., pre-EV,LPS = pre-EVLPS). 
 

 

Figure 3.29 Flow cytometric quantification shows that extracellular vesicles (EVs) from non-activated 
and lipopolysaccharide (LPS)-activated macrophages do not affect numbers of CD3+ T cells (a), 
proportion of CD4+/CD3+ T helper cells (b), or proportion of CD8+/CD3+ cytotoxic T cells (c) in the tumor 
microenvironment; conditions are described in Table 3.2. Not significant (ns), mean (SD), n = 2–4, one‐
way ANOVA followed by Tukey's post‐hoc test. In graph labels, text after the comma appears as 
subscript (e.g., pre-EV,LPS = pre-EVLPS). 
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Here, we have shown that LPS-activated macrophage EVs promote colon cell growth in 2D 

cultures and anchorage-independent growth in soft agar, and upregulate pro-tumorigenic IL-17 signaling 

protein expression. In vivo, LPS-activated macrophage EVs increased tumor growth when injected 

before and after tumor induction, and influenced myeloid cell development and immune recruitment. 

Namely, LPS-activated macrophage EVs decreased tumor numbers of F4/80+ macrophages, Ly6C-Ly6G- 

TAMs, m-MDSCs and DCs, whereas they increased the numbers of tumor-associated g-MDSCs and 

neutrophils. We also found LPS-activated macrophage EVs had a moderate impact on decreasing 

expression of CD86 M1 marker in CD11b+ myeloid cells, F4/80+ macrophages and DCs. 

DISCUSSION 

The colonic epithelium provides a complex barrier to maintain a healthy homeostatic 

relationship between the microbiome in the gut lumen and its underlying connective tissue and host 

immune cells. The immune environment in the intestine is unique in that immune cells normally display 

tolerance towards bacteria in the gut lumen239 unless the barrier function is disrupted and/or 

pathogenic bacteria invade. This implies that macrophages are differentially activated in this context.  

Culture models of colitis and cancer lack components of the complexity of chronic inflammation 

and tumorigenesis. However, in order to understand intercellular signaling within these complex 

systems, it is sometimes advantageous to isolate and characterize individual signaling components in a 

more manageable in vitro system. This reductionist approach is  pursued with the intention of applying 

the knowledge about individual signaling components back into the bigger picture and the complexities 

of the living body. 

We modeled macrophage activation in colitis in vitro by treating macrophages with bacterial 

lipopolysaccharide (LPS). This has previously been used as an in vitro model for macrophage and colonic 

cell activity in colitis56, 73. Moreover, administration of LPS onto intestinal epithelial cells or 

intraperitoneal (i.p.) injection of LPS into mice have also been used as models for intestinal 

inflammation240. To ensure LPS was not directly affecting the colon cells as has been previously reported 

to occur in vivo 241, we included colon cell treatments using the same LPS concentration as was used to 

stimulate EV-donor macrophage cells and/or negative controls of that concentration and amount of EVs 

added to ensure that residual LPS in administrated EVs was not contributing to the observed effects. 

However, it may actually be more representative to include LPS in addition to colon cell treatment with 

EVs from LPS-activated macrophages, because the colonic epithelial cells would be exposed to all of 

these factors at once in the environment of colitis. In fact, Guo et al. performed Gene Ontology (GO) 
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enrichment analyses and found that dysplasia in colitis is strongly associated with LPS and increased 

immune cell infiltration into the mucosa 242. 

Our assays characterizing the functional signaling effects of LPS-activated macrophage 

extracellular vesicles (EVs) showed increased recipient colon cell growth in 2D monolayer cultures, 

anchorage-independent growth of transformed cells in 3D soft agar, and upregulated pro-tumorigenic 

IL-17 signaling pathway protein expression in vitro. This suggests that LPS-activated macrophage EVs 

(EVLPS) have a potentially pro-tumorigenic role when taken up by recipient colonic epithelial cells. 

Interestingly, we also observed minor increases in colon cell growth and pro-tumorigenic protein 

expression between conditions treated with increased numbers of EVs from non-activated 

macrophages. This may indicate that the number of macrophages present to secrete EVs may affect 

colonic epithelial tissue. Indeed, inflamed colonic tissue recruits a higher number of macrophages136. 

Thus, a more representative future model may take this proportional number of EVs into account for 

experimental design. However, for initial proof of concept we chose to use equal numbers of EVs from 

macrophages in non-activated and LPS-activated conditions.  

Epithelial/Mesenchymal Transition 

EVs from LPS-activated macrophages (2×10⁵ per MC38 cell) triggered a temporal shift in 

mesenchymal markers in MC38 cells. At 24 h, decreased Vimentin and Twist suggest a transient 

mesenchymal-epithelial transition (MET), while by 48 h, increased Slug and ZEB1 implicates an 

epithelial-to-mesenchymal transition (EMT). Although these changes were moderate, this MET/EMT 

fluctuation may be relevant to metastasis, where cells undergo EMT for dissemination followed by MET 

for colonization at distant sites243. 

However, most likely, the moderate and contradictory changes we found in EMT (e.g., 

mesenchymal marker mRNA levels increasing along with epithelial marker E-cadherin mRNA levels 

increasing) in our culture model imply that there may be an alternative signaling mechanism involved in 

the pro-tumorigenic effects of LPS-activated macrophage EVs on colon cells. RNA sequencing analysis (in 

progress) may be a more sensitive method to further elucidate EVLPS-induced pro-tumorigenic signaling 

effects in colon cells.  

IL17 Signaling 

Aside from serving as a physical barrier segregating the gut lumen from the submucosa, colonic 

epithelial cells importantly mediate (i.e., deliver signals) between microbiome components (e.g., LPS) 

and immune cells (e.g., macrophages)244. Functions of colonic epithelial cells include secreting cytokines 

and chemokines to recruit host immune cells and activate or induce immune tolerance in them, as well 
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as responding to factors produced by immune cells that can consequently impact proliferation, 

migration, differentiation and barrier function of colonic epithelial cells245. In colonic epithelial cells, the 

complex IL-17 signaling cascade induces activation of transcription factors including NF-B, ERK, CCAAT-

enhancer-binding protein  (C/EBP), and the activator protein-1 (AP-1) complex to upregulate 

expression of inflammatory mediators such as cyclooxygenase-2 (COX2) and IL-6246. Interestingly, IL-17 

increased NF-B and ERK1/2-driven COX2 expression in cancer cell lines, which in turn increased 

secretion of pro-inflammatory prostaglandin E2 (PGE2); conditioned medium from IL-17-stimulated 

cancer cells was administered to macrophages which secreted increased levels of IL-10 and decreased 

levels of iNOS and TNF-247. However, direct treatment of macrophages with IL-17 did not induce this 

pro-regenerative/M2-like macrophage profile, suggesting that the pro-tumorigenic effects of IL-17 

signaling may occur through pre-cancerous epithelial cells and not macrophages247. AP-1 is a 

heterodimeric transcription factor, often comprised of c-Fos and c-Jun, that responds to stimuli such as 

cytokines and growth factors and regulate genes involved in many cellular processes associated with 

cancer progression such as proliferation, migration and invasion 248. Fos-related antigen 1 (Fra-1), 

encoded by the FOSL1 gene, is a member of the Fos family of AP-1 subunits involved in IL-17 signaling in 

colon cells249. AP-1 subunits have been found to form heterodimers with C/EBPs to bind unique DNA 

sequences250. C/EBP influences many cell processes, including glycolysis and growth in colon cancer 

cells251.   

IL-17 signaling has been found to exert a pro-tumorigenic role in colorectal cancer (CRC)252. 

Elevated IL-17 levels are found in IBD patient mucosa253 and serum254, CRC patient tissues, and is 

associated with poor CRC prognosis255. The IL-17 signaling pathway and its inducer, IL17A, also play 

important roles in colitis-associated cancer. IL17A-K/O mice treated with azoxymethane and dextran 

sodium sulfate (AOM/DSS, a common model for colitis-associated cancer256) developed fewer tumors 

and had lower inflammation and proliferation scores than WT mice257. Another study found IL17A-

deficient mice treated with AOM/DSS to also express decreased levels of IL-6, IFN-γ, and TNF-α 

cytokines, as well as downregulated levels of beta-catenin, p-STAT3, cyclin D1, cyclin-dependent kinase 

2 (CDK2), cyclin E, Glycogen synthase kinase 3-β (GSK3-β) and p-Akt as compared with WT mice221. In the 

DSS-induced colitis model, IL17A-K/O mice also had a reduced inflammatory response, G-CSF and MCP-1 

production, and mortality as compared to WT mice258. Likewise, in the TBNS-induced colitis model, IL17-

K/O mice exhibited reduced colonic inflammation, IL-6 and MIP-2 production, and myeloperoxidase 

activity259. Ablation of IL-17 in APCmin/+ mice significantly reduced intestinal tumor development260. 

Interestingly, IL-17 treatment of HT29 CRC cells increased secretion of neutrophil-recruiting chemokines 
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CXCL1, CXCL2, CXCL5, CXCL6 and IL-8, as well as the Th17-recruiting chemokine CCL20261. IL-17 was also 

found to promote colon cancer cell secretion of VEGF and IL-6, both of which are known to promote 

colitis-associated cancer255.  

In CRC patient tissues, IL-17 was found to be secreted mainly by tumor-resident macrophages 

and Th17 cells255, suggesting that macrophages are a main contributor of promoting IL-17 signaling to 

surrounding cells. In parallel, we found EVs from LPS-activated macrophages to promote IL-17 signaling 

in recipient MC38 colon cancer cells. Specifically, we found that EVLPS increased MC38 cell expression of 

three integral proteins that play a role in IL-17 signaling, namely COX2, C/EBP, and Fra-1.  

Cyclooxygenase-2 

In colitis-associated cancer (CAC) tissues, COX2 was found to be overexpressed throughout early 

and later stages of neoplastic progression262. Overexpression of COX2 has been shown to play an 

important role in colon carcinogenesis and cancer progression263. Caco2 colon cancer cells transfected to 

constitutively express COX2 expressed increased levels of matrix metalloproteinase (MMP)-2, secretion 

of prostaglandin E2 (PGE2), and cell invasiveness264, as well as increased secretion of VEGF and tumor-

associated angiogenesis265. COX2 produces PGE2, which mediates inflammation in colitis and promotes 

colon cancer14. For example, PGE2 increases the motility of CRC cells through the phosphatidylinositol 3-

kinase (PI3K)/Akt signaling pathways266. PGE2 induces CRC cell expression of Bcl2, resulting in increased 

resistance to apoptosis, and increased colony formation of CRC cells in monolayer cultures267. COX2-

produced PGE2 can also promote tumor immune evasion by regulating myeloid-derived suppressor cells 

(MDSCs), macrophages, and dendritic cells219. Prostaglandin J2, another product of COX2, increases 

proliferation of COX-depleted CRC cells268.  

In select studies, non-steroidal anti-inflammatory drugs (NSAIDs) have been found to reduce the 

incidence of cancer in colitis patients by inhibiting COX2 activity269. For example, inhibiting COX2 via 

celecoxib decreased the number and size of adenomatous polyps in FAP patients harboring the APC 

mutation195. In mice, inhibiting COX2 in CRC cells that overexpress COX2 reduced tumorigenesis270. In 

APC-mutated mice, the number of polyps was decreased in mice with genetic COX2-K/O 263, 271 and in 

mice treated with the COX inhibitor sulindac272. However, the effects of NSAIDs and selective COX2 

inhibitors have been inconsistent18, and long-term use of NSAIDs results in adverse effects, such as GI 

bleeding273. Our discovery that EVs from LPS-activated macrophages increase recipient colon cancer cell 

expression of COX2 suggests that EVs from macrophages in colitis signal to colonic epithelial cells to 

increase expression of COX2. This elucidates a potential therapeutic target to effectively reduce COX2 

overexpression and chemoprevention of colitis-associated dysplasia or CAC.  
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CCAAT-enhancer-binding protein β  

C/EBPβ is a transcription factor that regulates many cell processes involved in inflammation and 

cancer including proliferation, cell differentiation, migration, and metabolic activity274. C/EBPβ is 

commonly upregulated in CAC patients275. Interestingly, repressing C/EBPβ downregulates expression of 

dual specificity phosphatase 6 (DUSP6), which consequently alleviates LPS-induced intestinal 

inflammation in colonic epithelial cells and in mice240. Another group discovered that treating Caco2 

colon cells with 1 g/ml LPS for 24 h increased expression of C/EBPβ276. Pharmacologically inhibiting 

C/EBPβ in this culture model decreased expression of the gluconeogenesis-regulating enzyme 

phosphoenolpyruvate carboxykinase 1 (PCK1) and the receptor tyrosine kinase ligand ephrin A1 

(EFNA1)276, both of which have been shown to be overexpressed and promote CRC 277, 278. Inhibiting 

C/EBPβ and thus transcription of PCK1 and EFNA1 restored the expression of integral components of the 

epithelial barrier, i.e., claudin-1, occluding and ZO-1276. Upregulated C/EBPβ activity also has been found 

to regulate colon cancer progression. For example, C/EBPβ inhibition of the Farnesoid X Receptor (FXR) 

in colon cancer cells allows for increased extracellular acidification rate (ECAR, an indicator for glycolytic 

activity) and growth advantage251. In colon cancer cells, C/EBPβ can also upregulate the serine protease 

inhibitor Serpin Family A Member 1 (SERPINA1), which activates the STAT3 pathway, consequently 

increasing cellular proliferation and migration279. Treating colon cancer cells with the stress hormone 

epinephrine upregulates C/EBPβ and downstream TRIM2, and consequently downregulates p53; 

whereas inhibiting C/EBPβ decreases EMT proteins and restores p53 levels280. Thus, the upregulation of 

C/EBPβ found in MC38 colon cells treated with EVs from LPS-activated macrophages (EVLPS) relative to 

non-activated macrophages suggests that EVLPS could promote colon cancer progression in the context 

of colitis.  

Fos-related antigen 1 

Fra-1 is a member of the Fos family that can dimerize with Jun proteins to form the activator 

protein 1 (AP-1) transcription factor complex, involved in regulating many genes implicated in 

tumorigenesis281. Fra-1 is reported to be upregulated in CAC patient tissues275, as well as in active IBD 

tissue samples282, CRC283, and invasiveness of CRC metastases249. Inhibiting Fra-1 in CRC cells mitigates 

EMT, migration and invasion induced by the IL-6/STAT3/Fra-1 signaling axis249.  

However, in K-ras mutated HCT116 colon cancer cells, overexpression of Fra-1 decreases cellular 

proliferation and migration; the authors concluded that in IBD, this may indicate decreased damage 

repair ability and increased IBD recurrence282. DSS-induced colitis resulted in increased Fra-1 expression 

in mice284. Takada et al. injected LPS i.p. into WT mice and mice overexpressing Fra-1, and found that 
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Fra-1 overexpression in mice caused a reduction in expression of NF-kB, resulting in decreased anti- and 

proinflammatory cytokine secretion and increased tolerance to LPS exposure and DSS-induced colitis284. 

We detected both Fra-1 and NF-kB levels to be elevated in MC38 colon cells treated with EVs from LPS-

activated macrophages. This suggests that although the upregulation of Fra-1 by EVLPS treatment may 

potentially mediate cell migration and invasion in colitis and colon cancer, its interactions with other 

nuclear factors may also influence Fra-1 signaling in colitis-associated cancer.  

Signal transducer and activator of transcription 1 

We also discovered that, relative to controls, MC38 cells treated with EVs from LPS-activated 

macrophages (EVLPS) expressed decreased levels of STAT1, although STAT3 and STAT6 were unchanged 

between conditions. STAT1 is a member of several signaling pathways activated by a number of ligands 

(e.g., interferon alpha, interferon gamma, epidermal growth factor, platelet derived growth factor, 

interleukin 6, and IL-17). It has an established role as a tumor suppressor in the early stages of colitis-

associated cancer through its regulation of proliferation, apoptosis, and immune cell signaling285. After 

AOM/DSS treatment to induce CAC, relative to WT mice, STAT1-deficient mice exhibited increased 

inflammation and tumor development, and the spleens of these mice had increased accumulation of 

Ly6G+Ly6C−CD11b+ myeloid cells and production of IL-17 and IL-22 286. It would be fascinating to further 

investigate the mechanism by which EVs from LPS-activated macrophages decrease STAT1 levels in 

colon cancer cells.  

Nuclear factor-kappa B 

NF-B is a heterodimeric transcription factor complex that is upregulated in colitis patients287 

and thought to be the main link between inflammation and carcinogenesis in CAC288. The subunits of NF-

B are conserved and include: Rel (c-Rel), RelA (p65), RelB, NF-B1 (p50 and its precursor p105), and NF-

B2 (p52 and its precursor p100)289. Interestingly, we found significantly increased levels of NF-B1 

(P25799) and NF-B2 (Q9WTK5) in MC38 cells treated with EVs from LPS-activated macrophages.  

Classic canonical NF-B1 is a dual-address transcription factor that is activated by TLR ligands 

and cytokines, such as TNF- and IL-1, which induce phosphorylation of IKKβ, thus freeing NF-B1 so 

that it can migrate from the cytoplasm to the nucleus and induce specific gene expression290. Deleting 

IKKβ in intestinal epithelial cells decreased tumor incidence but not size, whereas deleting IKKβ in 

myeloid cells decreased tumor size and expression of proinflammatory cytokines that the authors 

suggest may “serve as tumor growth factors” 288. NF-B2 p100 precursor subunit preferentially binds 

RelB in the cytoplasm; upon stimulation with factors reported to promote CAC and/or CRC such as 

LPS139, lymphotoxin β291, CD40L292, B cell activating factor (BAFF)293, or receptor activator of nuclear 



   

 

 106 

factor kappa beta (RANKL)294, the NF-κB-inducing kinase (NIK) and inhibitory-κB Kinase α (IKKα) cleaves 

p100 into p52, allowing nuclear translocation of RelB:p52 dimers to activate transcription of many genes 

involved in proliferation, migration, and inflammation295. This highly regulated process often becomes 

uncontrolled in CAC296. Thus, the elevation of NF-B1 and NF-B2 found in MC38 cells treated with EVs 

from LPS-activated macrophages suggests yet another pathway through which EVLPS may induce 

inflammation and tumorigenesis.  

Cyclin-dependent kinase-1 

EVs from LPS-activated macrophages induced recipient MC38 cells to upregulate expression of 

CDK1 as detected by mass spectrometry. CDK1 is a cell cycle regulator and its activity has been shown to 

be highly elevated in CRC tissues and promote CRC cell proliferation and tumor progression297. 

Upregulated CDK1 can result in uncontrolled proliferation, which increases the risk of mutation, 

characteristic of tumorigenesis. Inhibiting CDK1 in BRAFV600E CRC cells increased their sensitivity to 

MEK/ERK inhibitors298. This elucidates the potential mechanism, by which EVs from LPS-activated 

macrophages increase recipient colon cell growth. Further studies investigating the contents of EVs that 

upregulate CDK1 in colon cells may reveal novel therapeutic target(s) to prevent uncontrolled 

proliferation in patients with colitis at risk of cancer.  

Other regulators 

EVs from LPS-activated macrophages significantly decreased the expression of the tumor 

suppressor gene SMAD2 in MC38 cells treated with a concentration of [4×105] EVs per colon cell, 

relative to EVs from non-activated macrophages at a lower concentration of [2×105] EV/cell. We suggest 

this finding to be significant because there are fewer macrophages present in the non-inflamed colon, 

and thus there would be fewer macrophage EVs present to signal to colon cells136. Importantly, 

downregulated expression of SMAD2, a member of the tumor-suppressive TGF- signaling pathway, 

have also been found in tissues undergoing colitis-associated dysplasia as compared to benign colitis 

tissue299. 

Mass spectrometry detected that, relative to untreated condition, MC38 cells treated with EVs 

from macrophages expressed increased levels of p53 protein regardless of LPS activation status or 

concentration of EV treatment. The tumor suppressive function of p53 lies mainly in regulating 

transcription of many genes involved in apoptosis300. Overexpression of p53 may be due to increased 

activity or due to mutation300, so we cannot draw functional conclusions from this finding. However, p53 

is commonly mutated early in colitis-associated cancer301 and overexpressed in CRC patient tissues302. 

EVnon and EVLPS-induced increase in p53 expression of recipient MC38 cells may suggest that macrophage 
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EVs (regardless of activation status) deliver signals to colonic epithelial cells that require upregulation of 

apoptosis. However, because MC38 cells have mutations in the TP53 gene, this regulation does not 

occur normally. It would be interesting to investigate nuclear localization/p53 activity in EV-treated CT26 

cells, as these have a wild-type TP53 gene but a tumorigenic mutation in the KRAS oncogene.  

Lastly, mass spectrometry detected increased levels of mitogen-activated protein kinase 14 

(MAPK14, p38α) in MC38 cells treated with higher concentration of EVLPS relative to a lower 

concentration of EVnon. This may be physiologically relevant because they are fewer macrophages in 

homeostatic tissues relative to colitis, and these macrophages may secrete lower amounts of EVs per 

cell136. The complex effects of MAPK14 involve regulating intestinal barrier function in homeostasis; 

however, MAPK14 suppresses DSS-induced inflammation and transformation, whereas MAPK14 

promotes proliferation and survival of colon tumor cells303 and inhibiting MAPK14 decreased CRC 

progression and metastasis in vitro and in vivo304. Further studies would be necessary to deduce the 

exact role of MAPK14 in this context.  

Overall from our mass spectrometric proteomics analyses, we found that EVs from LPS-activated 

macrophages increased colon cell expression of pro-tumorigenic IL-17 signaling proteins, levels of NF-B 

and CDK1, while they decreased STAT1 levels. This unveils a potential mechanism, by which EVLPS 

increases cell growth in monolayer culture and leads to anchorage-independent growth, and suggests 

that macrophage EVs in colitis have the potential to promote CAC. 

In vivo experimental model 

In my mouse study, preconditioning tumor sites (s.c. flank) with macrophage-derived EVs for 7 

days before MC38 tumor cell induction was carried out to model EVs from macrophages in colitis (LPS-

activated macrophages) compared to EVs from macrophages in homeostatic conditions (non-activated 

macrophages) prior to tumor emergence. In the preconditioned mice, following tumor induction, we 

injected PBS as a control for EV injections in the mice exposed to macrophage EVs throughout the 

duration of tumor growth (see Table 3.4 for description of conditions and abbreviations). Macrophage 

EVs injected only before tumor induction served to determine whether macrophage EVs predispose 

tissues to cancer, and to model active colitis occurring before tumorigenesis (where the colitis is in the 

latent stage during tumor progression). Injecting macrophage EVs throughout duration of tumor growth 

modeled colitis occurring actively throughout tumorigenesis in colitis-associated cancer. 

Progressing into my in vivo studies, I wanted to answer the following questions: 

1. Do EVs from macrophages in colitis precondition a tissue site and promote tumorigenesis? 

2. Do EVs from macrophages in colitis affect tumor progression? 
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Albeit non-orthotopic, our feasible murine model has given us clues toward answering these questions. 

My data demonstrates that the dialog between macrophages and colon cells through EV signaling is an 

intrinsic part of the inflammatory response. I have also shown that EVs from LPS-activated macrophages 

(EVLPS) decreased macrophage numbers, decreased the proportion of TAMs, decreased DC numbers, and 

increased recruitment of g-MDSCs and neutrophils in the TME. Orthotopic injections of EVLPS into mouse 

models of colitis-associated cancer (CAC) will help further elucidate macrophage EV signaling effects 

during colitis and their role in colitis-associated tumorigenesis.  

Cancer occurs in a subset of patients with colitis, and risk of cancer increases with disease 

duration and severity/extent of disease305. However, when and why these cancers emerge is a complex 

process that has only been partially elucidated. For example, some colitis patients experience latent 

stages in between chronic ulcerations. Some nanoscopic biomarkers of field cancerization have been 

detected to occur downstream of colitis, in distal regions of the colon. For this reason, I hypothesize that 

in CAC patients, regions of the colon affected by colitis that are upstream of the tumor contain 

macrophages that are not considered tumor-associated macrophages, but are still secreting pro-

tumorigenic EVs that are effectively signaling to the downstream TME. The broader implication is that 

EVs from macrophages in colitis have the potential to induce field cancerization and mediate 

immunocarcinogenesis. 

Inflammation is reported to involve, first, M1 macrophage activation for pathogen destruction, 

and subsequently, M2 macrophage activation to resolve the inflammation. There are differentially 

activated populations during active colitis and latent stages, and macrophages during these different 

stages may secrete EVs that differentially mediate pro- or anti-tumorigenic signals. I designed my 

experimental model to also address the question of how EVs from macrophages in colitis or homeostasis 

may mediate tumor formation during active periods of colitis (modeled by all-EVLPS) as compared to 

latent stages in between ulcerations/inflammatory episodes in colitis (modeled by pre-EVLPS).  

In our pilot study to compare tumor growth in mice injected with EVs from LPS-activated 

macrophages before tumor induction (pre-EVLPS) and after tumor emergence (EVLPS(i.t.)) relative to 

saline (PBS) injections, we found that pre-EVLPS mice developed smaller tumors than other conditions 

after 21 days. This was the opposite effect than we expected, as EVs from LPS-activated macrophages 

(EVLPS) had increased growth and pro-tumorigenic protein expression in colon cells in vitro.  

So, I hypothesized that EVs from LPS-activated macrophages were somehow affecting the tumor 

immune microenvironment. For example, STAT3 has been shown to be a necessary factor in the 

development of AOM/DSS-induced CAC in mice168, and accelerates tumorigenesis in CRC306. However, 
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Irey et al. found that STAT3 inhibitors induced breast cancer cells to secrete factors that signal to 

macrophages, inducing expression of pro-tumor factors including TNF-/NF-B, EMT, IL-6/STAT3, IL-

2/STAT5, and secretion of pro-tumorigenic COX2/PGE2 which may play a role in tumor resistance to 

targeted therapies307. Deleting STAT3 in murine myeloid cells reduced formation of tumors in AOM/DSS-

treated mice308, but inhibiting STAT3 in intestinal epithelial cells increased invasiveness of CRC cells and 

of tumor cells in APCmin/+ mice (unlike sporadic CRC where APC loss is typically the initiating mutation309, 

in colitis-associated cancer, APC mutations generally occur at later stages of tumorigenesis)310. So, I 

hypothesized that EVLPS signal to tumor macrophages and other immune cells to promote tumorigenesis. 

This may occur either directly or indirectly; injected macrophage EVs may be directly taken up by tumor-

residing macrophages, or taken up by epithelial or stromal cells which then secrete factors that signal to 

immune cells to exhibit an anti-tumor effect. This is why I proceeded to perform immunophenotyping in 

a more extensive study; conditions for this study are described in Figure 3.15 and Table 3.1.  

In the mice that survived for the entirety of the full 22-day experimental study, we found that 

mice treated with EVs from LPS-activated macrophages before and after tumor induction (all-EVLPS) had 

larger tumors on average than mice treated with EVs from non-activated macrophages before and after 

tumor induction (all-EVnon) but not PBS control. However, mice treated with EVs from LPS-activated 

macrophages before tumor induction (pre-EVLPS) had smaller tumors on average than PBS-treated 

control mice but not significantly different from mice treated with EVs from non-activated macrophages 

before tumor induction (pre-EVnon). This may suggest that tissue exposure to macrophage-secreted EVs 

in colitis ongoing throughout the entire process of tumor initiation and progression may promote 

tumorigenesis, whereas tissue exposed to macrophage EVs from colitis that then undergoes a latent 

phase without active inflammation just before tumor emergence may instead suppress subsequently 

occurring tumorigenesis. This observation parallels the classic multistage carcinogenesis model first 

described by Dr. Yamagiwa and colleagues, where continuous exposure to chemical carcinogens is 

required for tumor development, while breaks in promotion early on lead to tumor regression311. This 

was elaborated upon by Dr. Robert A. Weinberg in The Biology of Cancer, who demonstrated that 

carcinogenesis requires sustained promotional signaling (such as ongoing chronic inflammatory signals) 

to progress to malignancy22. 

The finding that pre-EVLPS decreased tumor size and all-EVLPS increased tumor size also suggests 

that prior to tumor induction or emergence, EVLPS signals induce changes in non-cancer tissues that 

affect subsequently occurring tumorigenesis differently from EVLPS directly signaling to the TME. This can 

be compared to the theory of field cancerization, whereby signals from chronic inflammation predispose 
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tissues to subsequently occurring tumorigenesis. However in this case, EVLPS administered only before 

tumor emergence appears to “predispose” tissues to mildly suppress tumor growth. This could occur 

through EV-recipient non-cancer epithelial or stromal cells signaling to later emerging tumor cells, or to 

immune cells in the subsequently occurring TME.  

However, a confounding factor that weakens these findings is that one mouse in the pre-EVLPS 

group developed a tumor that grew too fast and was thus sacrificed on day 17 of study. This tumor was 

used for dissociation practice for single cell RNA sequencing studies on these mice (data not shown). 

Also, one mouse in the all-EVLPS group died after anesthesia probably due to excessive erythema around 

the site of EV injection inducing weakness and low energy.  

Macrophages 

Tumors of mice injected with all-EVLPS contained a lower number of CD11b+F4/80+ macrophages 

than all other conditions. A decreased number of macrophages in mouse tumors treated with all-EVLPS 

relative to all-EVnon may signify that activated macrophage-secreted EVs decrease the macrophage 

population in the TME, or promote non-macrophage cells. Interestingly, in Figure 3.20f, you can see an 

increase in the population of CD11b+ myeloid cells that do not express the F4/80 macrophage-specific 

marker. Thus, LPS activation of macrophages may induce secretion of EVs that deliver signals to (i.e., 

mediate) other types of CD11b myeloid cells that are not macrophages.  

The decrease in the number of macrophages in all-EVLPS tumors also occurred relative to pre-

EVLPS tumors. This suggests that EVLPS does not predispose tissues to change the numbers or recruitment 

of tumor-residing macrophages, but EVLPS can signal directly to the TME to decrease the macrophage 

number. Moreover, the CD11b+ myeloid cell population, and to a lesser extent CD11b+F4/80+ 

macrophages, present in the tumors of mice injected with all-EVLPS expressed decreased levels of the M1 

marker CD86. This shows that EVLPS can facilitate tumor-residing myeloid cell and macrophage 

polarization either directly (EVLPS could be taken up by myeloid cells) or indirectly (EVLPS could be taken 

up by stromal/cancer cells which secrete factors to affect myeloid cell polarization). Future EV tracking 

studies would be useful to analyze this signaling mechanism.  

Within the CD45+ nucleated hematopoietic cell population of tumor cells, macrophages were 

defined as CD11b+F4/80+ cells and tumor-associated macrophages (TAMs) were defined as 

CD11b+F4/80+Ly6CloLy6G- 312. In the tumor microenvironment (TME), TAMs can either be derived from 

monocytes/macrophages or from m-MDSCs 234. Arguably our most interesting discovery thus far, fewer 

TAMs were present in tumors of mice injected with pre-EVLPS and all-EVLPS, relative to all other controls 

(pre-EVnon, all-EVnon, and PBS). Specifically, preconditioning the tumor site with EVLPS every day for 7 days 
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prior to tumor induction induced subsequently occurring tumors to harbor fewer TAMs. This means 

there was an increased proportion of macrophages that expressed Ly6C and/or Ly6G, which I termed 

“non-TAM” macrophages, present in tumors from pre-EVLPS mice. 

The finding that pre-EVLPS tumors harbor fewer TAMs suggests that prior to tumor induction or 

emergence, EVLPS signals induce changes in non-cancer tissue cells that affect subsequently occurring 

tumorigenesis differently from EVnon signals. In this case, EVLPS administered before tumor emergence 

appears to “predispose” tissues to later regulate TAM recruitment or differentiation in a subsequently 

occurring tumor. Thus, in colitis, macrophage-secreted EVs have the potential to induce changes in pre-

cancer tissue that affect those cells signaling with macrophages later in tumorigenesis.  

Moreover, in these non-TAM macrophages, pre-EVLPS treatment moderately increased CD206 

expression relative to PBS controls, and all-EVLPS treatment significantly decreased CD86 expression 

relative to all other conditions. Thus, EVLPS injection into the TME plays a clear role in facilitating 

polarization of all tumor-residing macrophages and myeloid cells, i.e., decreasing M1-like 

macrophage/myeloid cell marker expression in the TME. However, EVLPS injection into tissues before 

tumor emergence may indirectly affect polarization of non-TAM macrophages by increasing M2-like 

macrophage cell expression in the TME.  

 

If we assume the theory of tumor macrophage differentiation to be correct, that 
M1-like macrophages are anti-tumorigenic whereas M2-like macrophages and 
TAMs are pro-tumorigenic313, our findings imply that EVs from LPS-activated 
macrophages exhibit both M1/anti- and M2/pro-tumorigenic effects prior to 
tumor emergence (decrease pro-tumor TAMs, increase pro-tumor CD206 M2 
marker expression in non-TAM macrophages), and after tumor emergence 
(decrease total macrophage number, decrease CD86 M1 marker expression in 
macrophages and myeloid cells, increased g-MDSCs, decreased m-MDSCs, 
decreased proportion of TAMs, increased CD206 marker expression on TAMs, 
decreased CD86 expression in non-TAM macrophages, increased neutrophil 
infiltration, decreased dendritic cell number, and decreased MHCII and CD86 
expression on dendritic cells). These effects are visualized in Table 3.4. 

Box 3.1. Theoretical effects of extracellular vesicles from macrophages activated with 

lipopolysaccharide. 

  



   

 

 112 

Myeloid-derived suppressor cells 

Dr. Gabrilovich’s group has referred to the recent discoveries in myeloid cell subtypes as the 

“era of increasing myeloid cell diversity”233. One of the relatively newer identified cells are MDSCs—first 

discovered in tumors due to their immunosuppressive functions on T-cells314. An excellent visual 

hierarchy of myeloid cell differentiation has been published234. MDSCs are characterized by their 

pathologically immunosuppressive state234. MDSCs have been found to be upregulated in patients with 

CAC315. Circulating MDSC levels are increased in premalignant states including IBD237 and colon 

polyposis233, and are associated with poor patient prognosis in CRC316.  

The immunosuppressive functions of MDSCs are often regulated by STAT3, STAT1, STAT6, NF-κB, 

COX2, and CEBPβ 233, 238. Uniquely, g-MDSCs preferentially use ROS, peroxynitrite, Arg 1, and PGE2, 

whereas m-MDSCs more often utilize NO, IL-10, TGFβ, and PDL1233. In CRC, factors that may recruit or 

promote MDSC expansion includes GM-CSF, PGE2, IFNγ, SCF, S100A8/A9, TGF-, IL-10, IL-12, IL-13, and 

MMP-9 317. We did not detect most CAC-associated cytokines or growth factors expressed in EVs from 

LPS-activated macrophages; this suggests that EVLPS induce changes in other cell subtypes, which then 

signal to recruit MDSCs into the TME or affect myeloid cell differentiation within the TME. 

In colitis, MDSCs can promote progression of CAC through many signaling mechanisms318. During 

IBD, MDSC-secreted ROS has the potential to damage intestinal epithelial cell DNA and promote colitis-

associated cancer319. In colitis, MDSCs secrete IL-6, which is critical for tumor development in colitis-

associated cancer168. MDSCs have been found to secrete inflammatory S100A8/9, which is upregulated 

in dysplasia and adenoma in colitis-associated cancer and promotes colon cancer320.  

Interestingly, EVs from g-MDSCs have been shown to mediate signaling in colitis and CAC. One 

group found that g-MDSCs (Ly6G+CD11b+), derived from murine lewis lung adenocarcinoma tumors, 

secreted EVs that exhibited Arg1 activity44. Notably, injecting (i.p.) g-MDSC EVs into mice with DSS-

induced colitis attenuated colonic inflammation44. Another study found that recipient CT26 CRC cells 

expressed increased stemness, colony formation, NF-kB expression, and formed s.c. tumors earlier and 

faster following treatment with EVs (containing inflammatory S100A9) from g-MDSCs harvested from 

the spleens of CT26 tumor-bearing mice321. Moreover, tumor incidence was increased in AOM/DSS-

induced CAC mice after tail vein (i.v.) injection of EVs (containing S100A9) from g-MDSCs harvested from 

the spleens of mice with CAC321.  

The effects of EVs from g-MDSCs on mice with CRC tumors and CAC can be compared with our 

newly discovered effects of EVLPS injection preceding CRC tumor induction. We observed a notable 

increase in g-MDSC cell number in tumors of mice treated with all-EVLPS relative to all other conditions. 
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This is similar to the previous finding that injected (i.v. via tail vein) AOM/DSS-induced CAC mice with 

EVs from g-MDSCs; tumor from these mice contained a higher number of g-MDSC cells321. This suggests 

that EVs from LPS-activated macrophages recruit g-MDSCs to the TME similarly to EVs from g-MDSCs. 

Investigating the mechanism of EVLPS signaling in the TME to recruit g-MDSCs may reveal a therapeutic 

target to inhibit this recruitment, since g-MDSCs have been shown to be tumor-promoting and are being 

investigated as therapeutic targets for CRC322.  

Moreover, we found a higher proportion of m-MDSCs present in the TME relative to g-MDSCs. 

This is different from a study in AOM/DSS-treated mice, which found CAC tumors to contain a higher 

proportion of g-MDSCs321. Also, EVs from g-MDSCs decreased Th1 T cell and increased Treg infiltration 

into mesenteric lymph nodes in DSS-induced colitis mice44, while in CAC mice EVs from g-MDSCs 

increased total CD3 T cell and CD8 T cell numbers321. However, we did not detect a difference in T cell 

recruitment in mice treated with EVs from non-activated or LPS-activated macrophages. This may be 

because tumors harvested were relatively small in size, preferable for our model of early tumor 

development. It may also be because our mice harbored MC38 CRC tumors. MC38 tumors are 

considered to be immunogenic and similar to human CRC in their expression of PD-L1 and 

responsiveness to immune checkpoint inhibitors, as well as recruiting Treg cells to evade anti-tumor 

immunity323.  

Of note, all-EVLPS tumors expressed a significant increase in the number of tumor-residing g-

MDSCs, whereas pre-EVLPS tumors did not contain different numbers of g-MDSC cells relative to controls. 

This suggests that EVLPS recruit g-MDSCs only in the presence of a pre-existing tumor, after 

emergence/induction. Because this is not an orthotopic model, we can make no conclusions as to 

whether this is due to cell type; because we injected already transformed cells, we cannot make 

conclusions about the effect of EVs on the process of neoplastic transformation. We can, however, 

conclude that EVLPS increases recruitment of g-MDSCs into the TME, known to be tumor-promoting.  

Furthermore, pre-EVLPS tumor-residing g-MDSCs expressed increased levels of the 

proinflammatory M1 marker CD86 relative to all other conditions. This strengthens our claim that EVLPS 

signals induce changes in non-cancer tissue cells that affect subsequently occurring local tumorigenesis. 

EVLPS administered before tumor emergence appear to “predispose” tissues to later regulate g-MDSC 

activation and polarize them into M1-like g-MDSCs in a subsequently occurring tumor. However, CD86 

expression in g-MDSCs is not increased in all-EVLPS mouse tumors, implying that EVLPS signaling directly to 

the TME effectively mitigates this proinflammatory M1 phenotype. Thus, in colitis, macrophage-secreted 

EVs have the potential to induce changes in pre-cancer tissue that can, later in tumorigenesis, signal to 
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g-MDSCs and mediate their activation status toward an M1 state; furthermore, these changes in pre-

cancer tissue may be reversed if EVLPS are continuously administered to the TME. 

MDSCs have also been shown to promote tumor neoangiogenesis in CRC324. We did not find an 

increase in CD31+ endothelial cells or neoangiogenesis in our CRC tumors. These findings suggest that 

angiogenesis may not significantly mediate the increased pro-tumor immune infiltrate observed in our 

LPS-activated macrophage EV model. 

Neutrophils 

Neutrophils are classically considered to be proinflammatory cells that destroy pathogens 

through mechanisms such as phagocytosis and NETosis, but they also subsequently signal to 

macrophages to turn toward a pro-regenerative polarization state325, so they may not always be fully 

proinflammatory or “N1”. In fact, tumor-associated neutrophils (TANs) have been shown to promote 

CRC326. For example, HIF2- in colon tumor epithelial cells promoted CXCL1 secretion, which recruited 

neutrophils that increased colon carcinogenesis in CAC mice327. LPS triggers neutrophils to secrete IL-1 

which induces mononuclear phagocytes, mostly monocytes and macrophages, to secrete IL-6 and 

promote CAC178. In AOM/DSS-treated CAC mice, intestinal epithelial cells produce the transcription 

factor BATF3 that promotes secretion of CXCL5 to recruit neutrophils, promoting CAC development328. In 

AOM/DSS-treated CAC mice, Ly6G+ neutrophil recruitment was increased in the colonic lamina propria 

and submucosa through the chemokine CXCL2, and treatment with anti-Ly6G-neutralizing antibodies to 

inhibit neutrophil recruitment, decreased CAC tumor number and size329. However, reducing Ly6G 

expressing neutrophilic granulocytes in tumors may also deplete functions of MDSCs, so it is unclear 

which cell subtype is involved in tumor reduction. In this study, Ly6G expressing cells also expressed 

MMP-9 and neutrophil elastase (NE), both of which are associated with colon cancer progression330, 331. 

However, another group found opposing effects; neutrophil-deficient and depleted mice treated with 

AOM/DSS (CAC model) or with APC mutation (sporadic CRC model) expressed increased tumor growth 

and invasiveness, partially mediated by IL-17 signaling and interactions with microbiota332. However, this 

study used LysM-Cre;Mcl1fl/fl mice, so Cre induction kills many cells of the myeloid lineage and not only 

neutrophils. So, we again face the same challenge in identifying exactly which cell subtype is involved in 

mediating tumorigenesis in these mice.  

It has been suggested that neutrophil cells are too short-lived to be polarized in the TME, so N1 

type cells are proposed to be the activated, “bona fide” neutrophils whereas N2 like neutrophil cells in 

the tumor, sometimes termed TANs, may actually exist as g-MDSCs238. Because g-MDSCs are a precursor 

for neutrophils, they share many characteristics234. As in previous studies, I have defined neutrophils as 
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CD11b+F4/80-Ly6G+ expressing CD45+ cells 333, differentiated from g-MDSCs by a defined lack of F4/80 

expression. 

Of all tumor-residing CD11b myeloid cells, we found an increased proportion of Ly6G+F4/80- 

cells that we termed neutrophils in tumors from all-EVLPS mice relative to all other conditions. This 

implies that EVLPS can directly or indirectly recruit neutrophils to the TME. This finding is similar to a 

previous report that administering EVs from neutrophils intra-luminally into the ileum of mice 

effectively increased neutrophil infiltration334. Of note, pre-EVLPS mouse tumor-residing neutrophils 

expressed increased levels of proinflammatory CD86 (N1) marker relative to all other conditions. This 

further strengthens our claim that EVLPS signals may induce changes in non-cancer tissue cells that affect 

subsequently occurring tumorigenesis. EVLPS administered before tumor emergence may thus 

“predispose” tissues to later regulate neutrophil activation and increase N1-like polarization status in a 

subsequently occurring tumor. CD86 expression in neutrophils, however, is not increased in all-EVLPS 

mouse tumors, implying that EVLPS signaling directly to the TME effectively mitigates the recruitment of 

proinflammatory N1 neutrophils. Thus, in colitis, macrophage-secreted EVs have the potential to induce 

changes in pre-cancer tissue that can, later in tumorigenesis, signal to neutrophils and shift their 

activation status toward an N1 state; furthermore, these changes in pre-cancer tissues may be reversed 

if EVLPS is continuously administered to the TME. 

Furthermore, neutrophil-secreted EVs contain myeloperoxidase (MPO) that can inhibit CRC cell 

migration and proliferation in vitro and inhibited colonic mucosal wound repair in vivo mice197. EVs from 

neutrophils have also been shown to contain proinflammatory microRNAs miR-23a and miR-155, which 

target histones and effectively promote the accumulation of double-strand breaks (DSBs) in colon 

tissues with acute wounds and DSS-induced colitis198; DSB accumulation can induce genetic and 

epigenetic alterations, and is characteristic of cancer progression and CAC199. Because CRC is 

accompanied by increasingly accumulating genetic and epigenetic alterations that together with chronic 

inflammation drive tumorigenesis forward, this suggests that neutrophil EVs have the potential to be the 

mediator of immunocarcinogenesis in the colon. Neutrophil EVs have also been found to express MMP-

9, which aided in cleaving intercellular adhesions to damage CRC cell monolayers334. Bui et al. reviewed 

the role of neutrophil-secreted factors, including reactive oxygen species, cytokines, matrix 

metalloproteinases, and EV-packaged miRs, that drive genomic instability in tissues experiencing 

chronically recurring tissue injury335.  
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Albeit difficult to differentiate from g-MDSCs, neutrophils likely play a prominent role in CAC and 

tumor progression, and their recruitment to tumors in a CAC model appears to be mediated by EVs from 

LPS-activated macrophages directly and/or indirectly. 

Dendritic cells 

DCs are professional antigen presenting cells (APCs) that can engulf proteins from viruses, 

bacteria, and tumor cells and present these neoantigens to T cells on major histocompatibility complex 

(MHC) molecules I and II to activate CD8 cytotoxic T lymphocytes (CTLs) and CD4 T helper cells, 

respectively336. The degree of DC infiltration into the TME of CRC has been shown to negatively correlate 

with tumor stage and metastasis, i.e., lower numbers of infiltrating DCs are associated with more 

advanced patient tumor stage337. In fact, impairing the function of DCs is a key mechanism CRC cells 

employ for immune escape; for example, loss of DCs have been shown to be a necessary driver of CAC; 

for example, in T-bet−/−RAG2−/− mouse model of CAC, restoring T-bet (transcription factor that mediates 

Th1 response) function in DCs decreased development of neoplasia338. Tumor-associated DCs may 

further promote tumors by secreting CXCL1 that has been found to induce cell mobility and EMT in CRC 

cells339. DCs have been shown to respond to EVs from intestinal epithelial cells, which can modulate DC 

growth, maturation, and antigen presentation40. In our model, we found fewer DCs in the tumors of 

mice injected with all-EVLPS relative to all other conditions. It is thus possible that EVLPS exert a tumor-

promoting role by decreasing recruitment of DCs. We also found DCs in tumors from all-EVLPS mice to 

express lower levels of MHC II, suggesting that EVs from LPS-activated macrophages may inhibit 

maturation of DCs or promote an immature phenotype. Immature DCs (iDCs) express low MHC II levels, 

tend to be immunosuppressive, and promote CRC336. We also found all-EVLPS tumor-residing DCs to 

express decreased levels of CD86 (D1, proinflammatory) relative to PBS and pre-EVLPS conditions. This 

means that EVLPS may induce a pro-regenerative (or at least decrease the proinflammatory) phenotype 

in the remaining population of DCs in the TME.  

In summary, we found that EVs from LPS-activated macrophages produced substantial changes 

in the numbers, activation, and differentiation status of tumor-associated immune cell populations. 

Further studies that inhibit specific proteins in macrophage EVs implicated in colitis-associated cancer 

(e.g., ASS1) prior to exposure to colon cancer cells or tumor induction may reveal the mechanisms by 

which inflammatory EVs predispose colonic tissue to malignant transformation. 
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Table 3.4 Effects of extracellular vesicles from macrophages on myeloid cells in the tumor immune 
microenvironment.  

Effects from pre-EVLPS Effects from all-EVLPS Strength of effects Theoretical effects on 
tumor immune 
microenvironment 

 Decrease total 
macrophage number 

Significant Indeterminate 

 Decrease CD86 M1 
marker expression in 
all myeloid cells 

Significant Pro-regenerative 

 Decrease CD86 M1 
marker expression in 
macrophage 

Moderate; significant 
relative to PBS and pre-
EVLPS  

Pro-regenerative 

 Increase g-MDSCs Significant Immunosuppressive 

 Decrease m-MDSCs Moderate; significant 
relative to pre-EVnon 
and pre-EVLPS  

Indeterminate 

Decrease proportion of 
TAMs 

Decrease proportion of 
TAMs 

  

 Increased CD206 
expression in TAMs 

Relative to PBS only Pro-regenerative 

Increase CD206 M2 
marker expression in 
non-TAM macrophages 

Decrease CD86 M1 
marker expression in 
non-TAM macrophages 

 Pro-regenerative 

 Increased neutrophil 
infiltration  

Significant Proinflammatory 

 Decreased dendritic 
cell number 

Significant  

 Decreased MHC II 
expression on dendritic 
cells 

Relative to pre-EVnon 
and pre-EVLPS  

Immunosuppressive 

 Decreased CD86 
expression on dendritic 
cells 

Relative to PBS and 
pre-EVLPS  
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CHAPTER 4: 

REVEALING THE ROLE OF IMMUNOMETABOLISM IN POLYLACTIC ACID BIOIMPLANT-DRIVEN CHRONIC 

INFLAMMATION 
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INTRODUCTION 

Lipopolysaccharide (LPS) regulates the metabolic state of inflammatory cells as a model of 

immune cell activation in chronic ulcerations leading to mucosal infiltration of gram-negative bacteria. In 

contrast, I was also interested in investigating chronic inflammation in the absence of bacterial 

components, i.e., sterile chronic inflammation. Polylactic acid (PLA) is the most widely used biopolymer 

in medicine, with applications ranging from dissolvable sutures to tissue implants340. The main roadblock 

to PLA usage in clinical therapies is its induction of chronic inflammation341. PLA-induced chronic 

inflammation can occur in a sterile environment and thus serves as a system distinct from 

lipopolysaccharide (LPS) stimulation, even though implanted PLA can also lead to infections and 

stimulation of the immune system can be multipartite. In parallel to my research on extracellular vesicle 

(EV) signaling effects in the environment of chronic inflammation by the bacterial component LPS, I also 

collaborated on studies examining lactic acid signaling and its inflammatory effects on the 

microenvironment surrounding tissue implants 104, 342, 343. 

The aging and injured population is driving a need for better and more well-tolerated bone 

implants, and this is interfacing with the field of regenerative medicine to a point where it is conceivable 

that synthetic bone implants could be created that are designed to eventually be replaced with natural 

bone through natural and guided regenerative processes. PLA is biodegradable, amorphous or semi-

crystalline, flexible and strong, and can be customized with other polymers and embedded drugs, 

making it an excellent candidate material for bioimplants. The stereochemistry of PLA can affect its 

structure and degradation products; amorphous PLA (aPLA) is more disordered in structure and 

degrades faster into more D-lactic acid than semi-crystalline PLA (cPLA), which degrades slower into 

more L-lactic acid. The chronic inflammation in response to PLA degradation products has long been 

attributed to tissue acidification. However, many attempts to buffer the implants, including with PLA 

infused with hydroxyapatite (HA), have not mitigated the chronic stimulation of the immune response. 

The following text is exerpted from our manuscript titled “Polylactide Degradation Activates Immune 

Cells by Metabolic Reprogramming”, published in Adv. Sci.104. 

“Polylactide (PLA) is the most widely utilized biopolymer340, with applications in 

nanotechnology, drug delivery, and adult reconstructive surgery for tissue regeneration. However, after 

surgical implantation, PLA elicits adverse immune responses in up to 44% of human patients, often 

requiring further interventions344, 345. In animals, a 66% incidence of excessive fibrosis with capsules from 

long-term inflammation which significantly limit implant-tissue integration has been reported341. PLA 

degrades by hydrolysis into d- or l-lactic acid, with semi-crystalline PLA degrading slower and tending to 
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contain less D-content than amorphous PLA340, 346. Adverse responses to PLA are exacerbated by 

mechanical loading and increasing implant size347, and occur after prolonged exposure to large amounts 

of PLA degradation products344, 348-350. It is speculated that adverse responses are mediated by PLA 

degradation reducing pH in surrounding tissue351, the historical basis of which involved Photobacterium 

phosphoreum352. This bacterium expresses a luciferase whose reduced metabolic activity, measured by 

bioluminescence, can infer toxicity. In this study, breakdown products (extract) of PLA were obtained 

either in sterile water or Tris buffer; addition of acidic extract correlated with reduced luminescence. 

However, the study was not performed on mammalian cells, did not reflect the buffered in vivo 

microenvironment or simulate prolonged exposure times to accumulated PLA degradation products. 

Establishing that a decrease in pH correlates with PLA degradation has informed the current strategy in 

regenerative medicine to neutralize acidic PLA degradation products both in vitro and in vivo using 

polyphosphazene353, calcium carbonate, sodium bicarbonate, and calcium hydroxyapatite salts351, 

bioglass354 and composites containing alloys or hydroxides of magnesium355, 356 despite reports of 

failures357. The lack of a clearly described mechanism of immune cell activation by PLA degradation 

remains a major obstacle in the safe application of large-PLA-based implants in load-bearing applications 

as reflected by their paucity in FDA approvals358, and in soft tissue surgery where neutralizing ceramics 

cannot be applied359. 

Metabolic reprogramming refers to significant changes in oxidative phosphorylation and 

glycolytic flux patterns and is a driver of fibrosis and bacterial lipopolysaccharide (LPS)-induced 

inflammation360, 361. Here we set out to establish a molecular mechanism that directly links metabolic 

reprogramming to inflammation and fibrosis, consequent to cellular interactions with PLA degradation 

products. Foremost, we develop and validate a bioenergetic model of prolonged immune cell interaction 

with accumulated PLA degradation products. Only after prolonged exposure to amorphous or semi-

crystalline PLA degradation products did macrophages and fibroblasts mechanistically undergo 

metabolic reprogramming and marked bioenergetic changes, with higher PLA crystallinity delaying 

onset. Using our model, we observed that PLA breakdown products markedly increase proinflammatory 

cytokine expression in primary macrophages through lactate signaling. Targeting different glycolytic 

steps using small molecule inhibitors modulated proinflammatory and stimulated anti-inflammatory 

cytokine expression by inhibiting metabolic reprogramming and altered bioenergetics in a dose-

dependent manner. This process is highly specific and not cytotoxic to surrounding unaffected immune 

cells. Further, we demonstrate that the use of the small molecule inhibitors imbedded in PLA implants 

substantiated our hypothesis of controlling the inflammatory response in vivo. Our findings establish a 
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new biocompatibility paradigm by identifying altered metabolism as a target for immunomodulation of 

PLA-based implants, fundamentally differing from previous strategies aimed at neutralizing PLA. 

Therefore, major advances in the use of PLA for human and veterinary applications are anticipated.” 

 

Table 4.1 Metabolic drugs used in this study and their mechanism of action. Abbreviations (abbv), 

oxidative phosphorylation (ox-phos), electron transport chain (ETC). 

Target 
pathway 

Drug name Abbv Mechanism of Action FDA approval 

Glycolysis 3‐(3‐pyridinyl)−1‐(4‐
pyridinyl)−2‐propen‐1‐one 

3PO inhibits 6- phosphofructo-2-
kinase (rate-limiting enzyme 
of glycolysis)362 

 

Glycolysis 2‐deoxyglucose 2DG inhibits hexokinase (first 
enzyme in glycolysis)214 

 

Glycolysis aminooxyacetic acid a.a. prevents uptake of glycolytic 
substrates363 

used safely in 
clinical trials for 
many 
conditions/disea
ses364 

Ox-phos rotenone rot inhibits complex I of the 
mitochondrial ETC 

 

Ox-phos metformin met inhibits complex I of the 
mitochondrial ETC 

approved for 
diabetes365 366 

Ox-phos antimycin A AA inhibits complex III of the 
mitochondrial ETC365 

 

Ox-phos oligomycin olig. inhibits complex V of the 
mitochondrial ETC365 

 

 

Dr. Chima Maduka formulated the brilliant hypothesis that acidification was not the sole reason 

for the increased inflammation in PLA implants. He proposed that the breakdown products acts as 

signaling molecules that activate immune cells by modulating their metabolism.  

In my opportune collaboration with Dr. Maduka, we examined immunometabolism and PLA 

implants. Dr. Maduka made PLA breakdown products (extracts) by incubating PLA beads in serum-

containing DMEM medium in a shaker at 37°C for 12 d. Buffering allowed for pH to remain balanced, 
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unlike previously-made PLA extracts created in water. We cultured immune cells in PLA extracts for 

prolonged periods (7-12 d) to mimic chronic exposure to PLA breakdown products. We found that ECAR 

and OCR were upregulated, so we looked for drugs targeting both pathways that could mitigate this 

inflammatory response to the biomaterials. I helped characterize the effects of aPLA and cPLA on MEFs 

and BMDMs in vitro. We discovered a mechanism by which PLA extracts induce inflammation in 

macrophages and fibroblasts. After prolonged exposure, PLA extracts (including L-lactic acid) increased 

bioenergetic levels and metabolism in macrophages, inducing a proinflammatory response. We also 

found that this can be effectively mitigated with metabolic inhibitors in vitro. We then progressed into 

preclinical studies. With Dr. Chima Maduka, Dr. Ashley Makela, and Anthony Tundo, I spearheaded flow 

cytometric characterization of the immune infiltrate landscape on s.c. implanted aPLA with or without 

infused glycolytic inhibitor drugs in mouse dermis. We found that aPLA implants increased 

proinflammatory immune infiltrate, and this was mitigatable with metabolic inhibitors. Notably, HA 

exacerbates the proinflammatory immune response.  

Our studies implicate that chronic immune stimulation by implanted PLA is driven by monomers 

and oligomers of lactate released into the tissue environment surrounding PLA implants through 

biodegradation. Since lactate builds up in the hypoxic tumor microenvironment, and lactate signaling 

has been shown to be involved in tumorigenesis and cancer progression, there may be some parallels 

between immune stimulation by implanted PLA, and by malignant growth at later stages of disease with 

relevance to the concept that tumors release EVs that create premetastatic niches. This is analogous to 

EVs creating premalignant environments, i.e., immunocarcinogenesis. 

These findings have huge clinical implications as they reveal a variety of metabolic inhibitors as a 

potential therapeutic that will allow PLA to be used for bone implants. They also explain why attempting 

to neutralize PLA implants with HA may not mitigate inflammation. The results and  that follow are 

based on, and in some places where noted are excerpted from, published papers and papers under 

review on which I am one of the co-authors with Drs. Contag, Maduka, and Makela.  



   

 

 123 

 

Figure 4.1 Graphical abstract showing effects of amorphous polylactide (aPLA) and semi-crystalline 
polylactide (cPLA) extracts on fibroblasts (MEFs), macrophages (BMDMs), and the in vivo tissue 
environment. Created with BioRender.com. 
 

METHODS 

The following text is excerpted from our manuscript titled “Polylactide Degradation Activates Immune 

Cells by Metabolic Reprogramming”, published in Adv. Sci.104.  

Materials 

3-(3-Pyridinyl)−1-(4-pyridinyl)−2-propen-1-one (MilliporeSigma), 2-deoxyglucose (MilliporeSigma) and 

aminooxyacetic acid (Sigma–Aldrich) were used for glycolytic inhibition and l-lactic acid (Sigma–Aldrich) 

was used at various concentrations to reproduce the effects of PLA degradation products. Each of these 

materials were made in complete medium before adding to wells of a 96-well plate.  

Cells 

Mouse embryonic fibroblast cell line (NIH 3T3 cell line; ATCC) and murine primary bone-marrow-derived 

macrophages (BMDMs) were used. In each experiment, either 5000 fibroblasts or 50 000 BMDMs were 

initially seeded. BMDMs were sourced from male and female C57BL/6J mice (Jackson Laboratories) of 3–

4 months213, 367. NIH 3T3 cells were stably transfected with a Sleeping Beauty transposon plasmid 

(pLuBIG) having a bidirectional promoter driving an improved firefly luciferase gene (fLuc) and a fusion 
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gene encoding a Blasticidin-resistance marker (BsdR) linked to eGFP (LuBiG)368; enables monitoring of 

bioenergetic changes in live cells111, 369. All cells were cultured in a total of 200 µl complete medium with 

volumes of extracts specified in figure legends. 

Cell Viability 

Cell viability was assessed using the crystal violet staining assay210, at room temperature, as an end-point 

measure of total biomass generated over the course of the culture period. Briefly, out of 200 µL of 

medium per well, 150 µL was discarded. To each well, 150 µL of 99.9% methanol (MilliporeSigma) was 

added for 15 min to kill and fix the cells, then discarded. Afterward, 100 µL of 0.5% crystal violet (25% 

methanol) was added for 20 min, then the wells were emptied. Each well was washed twice with 200 µL 

of phosphate-buffered saline for 2 min. Absorbance (optical density) was acquired at 570 nm using the 

SpectraMax M3 Spectrophotometer (Molecular Devices) and SoftMax Pro software (Version 7.0.2, 

Molecular Devices). 

Bioenergetic Assessment 

Bioluminescence was measured using the IVIS Spectrum in vivo imaging system (PerkinElmer) after 

adding 150 µg mL−1 of d-luciferin (PerkinElmer). Living Image (Version 4.5.2, PerkinElmer) was used for 

acquiring bioluminescence on the IVIS Spectrum. Standard ATP/ADP kits (Sigma–Aldrich) containing d-

luciferin, luciferase, and cell lysis buffer were used to according to manufacturer's instructions. 

Luminescence at integration time of 1000 ms was obtained using the SpectraMax M3 

Spectrophotometer (Molecular Devices) using SoftMax Pro (Version 7.0.2, Molecular Devices). 

Functional Metabolism 

Basal measurements of oxygen consumption rate (OCR), extracellular acidification rate (ECAR), and 

lactate-linked proton efflux rate (PER) were obtained in real-time using the Seahorse XFe-96 

Extracellular Flux Analyzer (Agilent Technologies) according to manufacturer212-214. Prior to running the 

assay, the cell culture medium was washed with and replaced by the Seahorse XF DMEM medium (pH 

7.4) supplemented with 25 mm d-glucose and 4 mm Glutamine. The Seahorse plates were equilibrated 

in a non-CO2 incubator for 1 h prior to the assay. The Seahorse ATP rate and cell energy phenotype 

assays were run according to manufacturer's instruction and all reagents for the Seahorse assays were 

sourced from Agilent Technologies. Wave software (Version 2.6.1) was used to export Seahorse data 

directly as means ± standard deviation (SD). 

Chemokine and Cytokine Measurements 

Cytokine and chemokine levels were measured using a MILLIPLEX MAP mouse magnetic bead multiplex 

kit (MilliporeSigma)370 to assess for IL-6, MCP-1, TNF-α, IL-1β, IL-4, IL-10, IFN-γ, and 1L-13 protein 
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expression in supernatants. Data was acquired using Luminex 200 (Luminex Corporation) by the 

xPONENT software (Version 3.1, Luminex Corporation). Using the glycolytic inhibitor, 3PO, expectedly 

decreased cytokine values to < 3.2 pg mL−1 in some experiments. For statistical analyses, those values 

were expressed as 3.1 pg mL−1. Values exceeding the dynamic range of the assay, in accordance with 

manufacturer's instruction, were excluded. Additionally, IL-6 ELISA kits (RayBiotech) for supernatants 

were used according to manufacturer's instructions. 

Mouse model 

Amorphous PLA was compounded with 2DG at 190 °C for 3 min in a DSM 15 cc mini-extruder (DSM 

Xplore) and pelletizer (Leistritz Extrusion Technology). The in-vitro studies indicate 1 mm 2DG to be an 

effective concentration. Accordingly, one estimated that 189 mg of 2DG in 10 g of amorphous PLA will 

approximate effective concentrations after accounting for the potential thermal degradation of 2DG, 

converting mm to w/w values371. Comparable amounts (200 mg) of hydroxyapatite (HA; 2.5 µm particle 

sizes372; Sigma–Aldrich) in were compounded 10 g of amorphous PLA under the same melt-blending 

thermal conditions. To exclude the effect of melt-blending as a confounder in studies, amorphous PLA 

controls were processed under the same thermal conditions to make “reprocessed” amorphous PLA. 

Pellets from melt-blending were made into 1.75 mm diameter filaments using an extruder (Filabot EX2) 

at 170 °C with air set at 93. For surgical implantation, amorphous PLA filaments were cut into 1 mm 

lengths; four biomaterials were subcutaneously implanted on the dorsum (back) of each mouse, with 

two cranially (2.5 cm apart) and two caudally (2.5 cm apart)353. 

PET imaging 

Two-month-old female C57BL/6J mice (n = 3 mice per group) with an average weight of 19 g were used 

according to procedures approved by the Institutional Animal Care and Use Committee at Michigan 

State University (PROTO202100327). Mice were anesthetized using isoflurane (2%–3%). The back of 

each mouse was shaved and alternate iodine and alcohol swabs were used as skin disinfectants. Aseptic 

surgery consisted of incisions through the skin into the subcutis, where biomaterials were inserted into a 

pouch made with forceps. Afterward, surgical glue (3 m Vetbond) was used to appose the skin. Each 

mouse received intraperitoneal or subcutaneous pre- and post-operative meloxicam (5 mg kg−1) 

injections as well as postoperative saline. Sham controls underwent the same procedure without 

biomaterial implantation. After 6 weeks, the dorsum of mice was shaved to visibly observe sites of 

surgical implantation. Thereafter, mice were intraperitoneally injected with 4.82 MBq F-18 

fluorodeoxyglucose (Cardinal Health) in 200 µL. At 65 min post-dose, mice were euthanized and blood 

drawn from their hearts. Circular biopsies (12 mm diameter) of full skin thickness, with visible implants 
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in the center, were recovered. Similar-sized biopsies were collected from mice in the sham group in the 

region where surgical incision was made. Biomaterial migration from subcutaneous sites only allowed 

for the recovery of most and not all implants. As such, for obtaining data on the gamma counter (Figure 

7a), there were 12 skin biopsies from three mice in the sham group, 8 skin biopsies from three mice 

(amorphous PLA group), and 10 skin biopsies from three mice (amorphous + 2DG group). Skin biopsies, 

blood sample and heart organs were weighed, with only skin samples fixed in 4% paraformaldehyde 

(PFA). Activity in all samples was assessed via gamma counter (Wizard 2, Perkin Elmer) once decayed to 

a linear range. All injected doses and gamma counter measurements were decay-corrected to the same 

timepoint to calculate the percent of injected dose taken up per gram of assessed tissue (%ID g−1; 

Figure 7a). 

Immunohistochemistry staining and image analysis 

For tissue staining, one skin biopsy per mouse was passed through increasing concentration of 10%, 

20%, and 30% sucrose, daily. Using 99.9% methanol (Sigma–Aldrich) on dry ice, tissues were embedded 

in optimal cutting temperature (O.C.T.) compound (Tissue-Tek) by snap freezing. After equilibration at 

−20 °C, multiple successive 8 µm sections were obtained using a microtome-cryostat. Sections were 

routinely stained using hematoxylin and eosin. Two different tissue sections were immunostained using 

conjugated antibodies as follows: 1) F4/80-FITC (1:100; BioLegend; 123 107), CD11b-PE (1:100; 

BioLegend; 101 207), CD206-BV421 (1:200; BioLegend; 141 717) and CD86-Alexa Fluor 647 (1:100; 

BioLegend; 105 019) using ordinary mounting medium; 2) alpha-SMA-eFluor660 (1:150; ThermoFisher 

Scientific; 50-9760-82), TGF-beta-PE (1:100; ThermoFisher Scientific; 12-9821-82) using DAPI mounting 

medium. Sections for TGF-beta were permeabilized using 0.1% Triton X in 1× PBS (PBST) for 8 min then 

washed off with 1x PBS generously. Afterward, blocking buffer (0.5% bovine serum albumin in 1× PBS) 

was used to cover slides for 30 min. Slides were then incubated in antibodies at 4 °C overnight. 

Subsequently, slides with tissue sections were washed in 1× PBS, and mounting medium applied. 

Immunostained sections on slides were imaged using a Leica DMi8 Thunder microscope fitted with a 

DFC9000 GTC sCMOS camera and LAS-X software (Leica, version 3.7.4). Imaging settings at 20× 

magnification and 100% intensity were: 1) F4/80-FITC excitation using the 475 laser (filter 535/70; 500 

ms); CD11b-PE excitation using the 555 laser (no filter; 500 ms); CD206-BV421 excitation using 395 laser 

(no filter; 150 ms); CD86-Alexa Fluor 647 excitation using the 635 laser (no filter; 500 ms). 2) alpha-SMA-

eFluor660 excitation using the 635 laser (no filter; 500 ms), TGF-beta-PE excitation using the 555 laser 

(no filter; 500 ms) and DAPI excitation using the 395 laser (535 filter; 500 ms). On the other hand, 

sections stained with hematoxylin and eosin were imaged at 40× using the Nikon Eclipse Ci microscope 
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fitted with a CoolSNAP DYNO (Photometrics) and NIS elements BR 5.21.02 software (Nikon Instruments 

Inc.). Microscope images were prepared and analyzed using ImageJ (version 1.53k). For analyzing 

immunostained sections, five randomly selected rectangular areas of interest (1644.708 µm2), 

encompassing cells adjacent to implants, were obtained as mean gray values373 a tissue section. In the 

sham group, biopsies were taken from incision sites, and areas without cells were also analyzed. Where 

derived from n = 2 or n = 3 mice, 10 or 15 data points, respectively were graphically represented to fully 

reveal inherent variance across samples (Figures 7b–e and 8a,b); only the aPLA + HA group had sections 

derived from n = 2 mice after one sample was damaged during cryo-sectioning and excluded from 

analyses. Representative images (16-bit; 0 to 65535) were adjusted to enhance contrast for direct 

comparison using ImageJ as follows: CD86 (800–11000), CD206 (2000–5000), F4/80 (500–4000), CD11b 

(800–11000), α-SMA (1300–5000), DAPI (6000–31, 000), and TGF-β (1900–13000). 

Statistical analysis 

Statistical software (GraphPad Prism) was used to analyze data presented as mean with standard 

deviation (SD). The significance level was set at p < 0.05, and details of statistical tests and sample sizes, 

which were biological replicates, are provided in figure legends. Exported data (mean, SD) from Wave in 

Seahorse experiments had the underlying assumption of normality and similar variance and thus were 

tested using corresponding parametric tests as indicated in figure legends. 

The following text includes excerpts from the manuscripts titled “Regulating the proinflammatory 

response to implanted composite biomaterials comprising polylactide and hydroxyapatite by targeting 

immunometabolism”, published in Bioactive Materials342, and “The role of mitochondrial complex I in 

the proinflammatory response to polylactide implants”, currently submitted to ACS Applied Engineering 

Materials 343. 

Tissue digestion for flow cytometry 

Eleven weeks following implantation, mice were shaved around the implanted biomaterial site (or sham 

site), then euthanized for excision of tissue. Circular biopsies (8 mm diameter) were collected from each 

mouse and tissues were pooled from the same groups. Tissues were cut with surgical scissors for ∼1 min 

followed by digestion in an enzyme cocktail containing 0.5 mg/ml Liberase (Sigma-Aldrich), 0.5 mg/ml 

Collagenase Type IV (Stem Cell Technologies), 250 U/ml Deoxyribonuclease I (Worthington Biochemical 

Corporation) in 25 mM HEPES buffer (Sigma-Aldrich). The tissue/enzyme cocktail was incubated at 37°C 

with 5% CO2 on top of an orbital shaker, shaking at 70 rpm for 1 h. Following incubation, 5 ml of the 

tissue/enzyme cocktail mixture was run through a 70 μm filter into a 50 ml conical tube and the 

remaining tissues which were not digested were mechanically dissociated against the serrated portion 



   

 

 128 

of a petri dish. The resultant mixture was filtered into the previous 50 ml conical tube. Remaining 

undigested tissue in the 70 μm filter was again mechanically dissociated with the thumb press of a 

syringe plunger for optimal extraction of cells. The petri dish was washed with cold Hanks' Balanced Salt 

Solution without calcium, magnesium and phenol red (ThermoFisher Scientific), followed by filtration 

into the conical tube. Cells were centrifuged at 350G for 10 min followed by automated counting 

(Countess Automated Cell Counter, Invitrogen) for flow cytometry. 

Flow cytometry 

For flow cytometry staining in a polypropylene 96-well round bottom plate (Sigma, cat#P6866), 1 × 106 

cells were used. All staining steps were performed in 100 μl volume in the dark at 4 °C. Samples were 

first incubated with LIVE/DEAD Fixable Blue Dead Cell Stain kit (1:500, Thermofisher, cat#L23105) for 20 

min. Thereafter, cells were washed once with flow buffer, followed by incubation with TruStain FcX 

(anti-mouse CD16/32) Antibody (BioLegend, Cat#101319; 1 μg/sample) in 50 μl volume for 10 min. The 

following antibodies were mixed together at 2x concentration in 50 μl and added directly to the cell 

suspension: BV605 CD45 (1:500, Biolegend, cat#103139), AF700 CD11b (1:300, Biolegend, cat#101222), 

BV785 F4/80 (1:300, Biolegend, cat#123141), BV421 CD86 (1:200, Biolegend, cat#105031), APC CD206 

(1:200, Biolegend, cat#141707), PerCP MHCII (1:200, Biolegend, cat#107623), PacBlue Ly6G (1:250, BD 

Bioscience, cat#127611), SparkBlue 550 CD3 (1:100, Biolegend, 100259), APC-Fire 810 CD4 (1:100, 

Biolegend, 100479), BB700 CD8a (1:100, Biolegend, 566410), and PE-Dazzle 594 CD11c (1:500, 

Biolegend, cat#117347). Before fixation and permeabilization (BD Cytofix/Cytoperm kit, BDB554714), 

cells were washed once, suspended in BD Perm/wash buffer with BV650 IL-4 (1:50, BD Bioscience, 

cat#564004), APC-Fire750 IFNg (1:80, Biolegend, 505859), and PE-Cy7 Arg1 (1:100, ThermoFisher, 25-

3697-80) for 30 mins incubation. Thereafter, cells were washed twice with BD Perm/wash buffer then 

suspended in a final volume of 100 μl for flow cytometry analysis.  

The Cytek Aurora spectral flow cytometer (Cytek Biosciences, CA, USA) was used for sample analyses, 

using the Cytek SpectroFlo software (version 3.0.3) for data collection. Fluorescence minus one (FMO) 

samples were used to guide gating strategies, and the flow cytometry data was analyzed with the 

software FCSExpress (DeNovo Software, CA, USA; version 7.12.0005). 
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RESULTS 

The following text includes excerpts from our manuscript titled “Polylactide Degradation Activates 

Immune Cells by Metabolic Reprogramming”, published in Adv. Sci.104.  

Bioenergetics is altered in fibroblasts after prolonged exposure to PLA extracts 

First, we tested effects of amorphous PLA (aPLA) and semi-crystalline PLA (cPLA) extracts on 

mouse embryonic fibroblasts (MEFs). Firefly luciferase-expressing NIH 3T3 cells (3T3-LuBiG) were 

generously provided by Dr. Michael Bachmann368. Firefly luciferase is an oxidoreductase that requires 

ATP and molecular O2 to convert D-luciferin (D-luc) substrate into oxyluciferin, producing luminescence 

that is detectable by bioluminescence imaging (BLI) via the IVIS. Administering an excess concentration 

of 150 g/ml D-luciferin to 3T3-LuBiG cells allows ATP to be the rate-limiting reactant, and cellular ATP 

levels consequently remain proportional to the amount of bioluminescence quantifiably measured by 

the IVIS. We discovered that prolonged exposure (7-12 d) of 3T3-LuBiG fibroblasts to cPLA extracts 

increased bioenergetic (ATP) expression levels (Figure 4.2a).  

Next, we confirmed these results on wild-type 3T3 MEFs. After treating 3T3 cells with PLA 

extracts for 7 or 12 d, the standard ATP assay on lysed cells showed that by day 12, there was a 1.9- and 

2.3-fold increase in ATP levels among cells exposed to cPLA and aPLA extract, respectively (Figure 4.2b).  

The crystal violet assay for cell number measurement210 in 3T3-LuBiGs showed that cell numbers are 

similar between groups, and thus cell numbers do not account for the bioenergetic (ATP) level changes 

measured per well (Figure 4.2c).  
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Figure 4.2 Bioenergetic (ATP) levels are elevated in mouse embryonic fibroblasts (MEFs) only after 
prolonged exposure to polylactide (PLA) degradation products (extract). (a) Using the In Vivo Imaging 
System (IVIS), ATP levels in live cells are increased in luciferase-expressing MEFs after prolonged 
exposure to crystalline PLA (cPLA) degradation products, in comparison to controls. (b) Measuring ATP in 
cell lysates of wild‐type MEFs revealed that prolonged exposure to both amorphous PLA (aPLA) and cPLA 
results in elevated ATP levels. (c) Cell numbers between groups are similar for MEFs. Not significant (ns), 
mean (SD), n = 5, one‐way ANOVA followed by Tukey's post‐hoc test; 100 µl of control or PLA extract 
was used. 
 

Functional metabolism is altered in fibroblasts after prolonged exposure to PLA extracts 

To determine the metabolic pathways responsible for the bioenergetic changes we had 

observed, Seahorse assays were used to measure oxygen consumption rate (OCR), extracellular 

acidification rate (ECAR), and lactate-linked proton efflux rate (PER) in a customized medium (pH 7.4); 

this technique has not been previously used to examine PLA-induced adverse responses. PLA extract 

was removed and washed off the cells prior to running the Seahorse assay at a pH 7.4. Seahorse assays 

measure ECAR as an index of glycolytic flux, OCR as an index of oxidative phosphorylation, and PER as an 

index of monocarboxylate transporter function374 in live cells; and are used to assess for metabolic 

reprogramming212-214. 
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After prolonged exposure of fibroblasts to aPLA and cPLA extracts, glycolytic flux (ECAR; Figure 

4.3a,b) is increased by 1.6- and 1.7-fold, respectively. Furthermore, monocarboxylate transporter 

function is increased in aPLA or cPLA extract-treated fibroblasts by 1.6- and 1.5-fold, respectively (Figure 

4.3c,d).  

 

 

Figure 4.3 Functional metabolism is altered in mouse embryonic fibroblasts (MEFs) after exposure to 
polylactide (PLA) extracts. a,b) Following exposure to amorphous PLA (aPLA; a) or crystalline PLA (cPLA; 
b) extracts, extracellular acidification rate (ECAR) is increased. c,d) Proton efflux rate (PER) is elevated in 
MEFs after exposure to aPLA (c) or cPLA (d) extract. Mean (SD), n = 3, two‐tailed unpaired t‐test or 
Brown–Forsythe and Welch ANOVA followed by Dunnett's T3 multiple comparisons test; 100 µl of 
control or PLA extract was used for 7 days. 
 

Bioenergetic changes in fibroblasts exposed to PLA extracts are modulated with glycolytic inhibitors 

We then tested whether this aPLA and cPLA-induced increase in bioenergetic (ATP) levels could 

be therapeutically targeted. We targeted different steps in the glycolytic pathway using three small 

molecule inhibitors: 3-(3-pyridinyl)−1-(4-pyridinyl)−2-propen-1-one (3PO), 2-deoxyglucose (2DG) and 

aminooxyacetic acid (a.a.). Whereas 3PO specifically inhibits 6- phosphofructo-2-kinase which is the 

rate-limiting glycolytic enzyme,362 2DG inhibits hexokinase, the first enzyme in glycolysis,214 and 

aminooxyacetic acid prevents uptake of glycolytic substrates363. The functions of these drugs are 

outlined in Table 4.1. 

Remarkably, increased bioenergetic (ATP) levels in aPLA or cPLA extract-treated fibroblasts are 

inhibited by 3PO, 2DG, and a.a. in a temporal and dose-dependent manner (Figure 4.4a,b). 
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Figure 4.4 Bioenergetic (ATP) levels in mouse embryonic fibroblasts (MEFs) after exposure to aPLA or 
cPLA extracts are decreased in a dose‐dependent manner by 3‐(3‐pyridinyl)−1‐(4‐pyridinyl)−2‐propen‐1‐
one (3PO), 2‐deoxyglucose (2DG) and aminooxyacetic acid (a.a.; representative wells are shown) after 
(a) 7 days of treatment and (b) 12 days of treatment. **p = 0.002, ****p < 0.0001, mean (SD), n = 5, 
two‐tailed unpaired t‐test or Brown–Forsythe and Welch ANOVA followed by Dunnett's T3 multiple 
comparisons test; 100 µl of control or PLA extract was used for 7 days. 
 

 

Bioenergetics is altered in macrophages after prolonged exposure to PLA extracts 

Next, we utilized mouse primary BMDMs, which, unlike NIH 3T3 cells, do not proliferate in vitro 

culture375. Both ATP376 and ADP377 metabolism and ratios are crucial in inflammatory conditions. In 

BMDMs and consistent with our observations in fibroblasts, we observed marked increases in ATP and 

ADP levels (Figure 4.5a,b) or ATP/ADP ratios (Figure 4.5c) which were not due to changing glucose levels 

(Figure 4.5d). Overall, cell numbers could not account for observed bioenergetic changes (Figure 4.5d), 

excluding changing cell numbers as a confounder in our model. 
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Figure 4.5 Bioenergetics is increased in primary bone marrow‐derived macrophages (BMDMs) after 
prolonged exposure to polylactide (PLA) extracts. (a) ATP levels (b) ADP levels, (c) and ATP/ADP ratios 
are increased in BMDMs after prolonged exposure to aPLA or cPLA extracts in comparison to controls. 
(d) Cell numbers between groups are similar for BMDMs. Not significant (ns), mean (SD), n = 5 (a–c), n = 
3–6 (d), one‐way ANOVA followed by Tukey's post‐hoc test; 100 µl of control or PLA extract was used. 
 

Exposure of macrophages to PLA extracts selectively results in metabolic reprogramming, and this can 

be modulated by glycolytic inhibitors 

Primary BMDMs exposed to aPLA extract were metabolically altered, showing a two-fold 

increase in oxidative phosphorylation (OCR; Figure 4.6a), 3.5-fold increase in glycolytic flux (ECAR; Figure 

4.6b), and 3.5-fold increase in monocarboxylate transporter activity (PER; Figure 4.6c) in comparison to 

untreated BMDMs. Similar amounts (100 µl) of cPLA extract resulted in a 1.6-fold increase in OCR 

(Figure 4.6d) but no change in ECAR (Figure 4.6e) or PER (Figure 4.6f). However, higher amounts (150 µl) 

of cPLA extract resulted in 3.2-, 3.8-, and 3.8-fold increases in OCR, ECAR, and PER, respectively (Figure 

4.7a–c) compared to controls, suggesting that greater volume of cPLA extract is required for 

reprogramming than aPLA. 

In a dose-dependent manner, glycolytic inhibitors 3PO, 2DG, and a.a. inhibited metabolic 

reprogramming following exposure to aPLA (Figure 4.6a–c) or cPLA extract (Figure 4.6f). In untreated 

BMDMs, 2DG and 1 mM a.a. treatment resulted in a compensatory increase in OCR (Figure 4.6g), 

whereas ECAR and PER were not affected (data not shown). 
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Under the same experimental conditions, cell viability was not reduced in untreated BMDMs 

after exposure to glycolytic inhibitors (Figure 4.8a), demonstrating the absence of cytotoxicity210. 

However, when BMDMs were treated with aPLA or cPLA extract, where metabolism was abnormally 

remodeled, 3PO, 2DG, and a.a. mildly, but selectively, reduced cell viability (Figure 4.8b). Therefore, 

pharmacologically targeting altered metabolism in primary BMDMs following exposure to PLA extract is 

highly specific with limited toxicity to immune cells that have normal metabolic profiles. 

 

 

 

Figure 4.6 Functional metabolic indices are altered in primary bone marrow‐derived macrophages 
(BMDMs) after prolonged exposure to polylactide (PLA) degradation products (extract), and can be 
modulated by glycolytic inhibitors. a–c) Following exposure to amorphous PLA (aPLA) extract, oxygen 
consumption rate (OCR) (a), extracellular acidification rate (ECAR) (b), and proton efflux rate (PER) (c) 
are increased relative to controls, and this abnormal increase can be dose‐dependently controlled by 
various small molecule inhibitors. d–f) OCR (d) and not ECAR (e) and PER (f) are increased relative to 
controls in groups exposed to crystalline PLA (cPLA) extract, and functional metabolic indices can be 
controlled by pharmacologic inhibitors of glycolysis. g) Compensatory increase in OCR occurs in 
untreated BMDMs after treatment with some inhibitors. Not significant (ns), ***p < 0.001, ****p < 
0.0001, mean (SD), n = 3, one‐way ANOVA followed by Tukey's post‐hoc test; 3‐(3‐pyridinyl)−1‐(4‐
pyridinyl)−2‐propen‐1‐ one (3PO), 2‐deoxyglucose (2DG) and aminooxyacetic acid (a.a.); 100 µl of 
control or PLA extract was used for 7 days.  
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Figure 4.7 Functional metabolic indices are increased in primary bone marrow-derived macrophages 
(BMDMs) after exposure to cPLA extracts. a-c, Oxygen consumption rate (OCR, a), extracellular 
acidification rate (ECAR, b) and proton efflux rate (PER, c) are increased following exposure to cPLA 
extracts. ***p<0.001, mean (SD), n=5, one-way ANOVA followed by Tukey’s post-hoc test; 150 µl of 
control of PLA extract was used on day 7. 
 

 
Figure 4.8 Crystal violet assay to measure cell viability and cytotoxicity of bone marrow derived 
macrophage (BMDM) cells exposed to polylactide (PLA) following treatment with glycolytic inhibitors. 
(a) Cell viability was not decreased in untreated BMDMs following exposure to glycolytic inhibitors. (b) 
BMDMs exposed to aPLA or cPLA extracts decreased in cell viability after treatment with glycolytic 
inhibitors. Not significant (ns), ***p<0.001, mean (SD), n=3 (c), n=3-5 (d), one-way ANOVA followed by 
Tukey’s post-hoc test; 3‐(3‐pyridinyl)−1‐(4‐pyridinyl)−2‐propen‐1‐ one (3PO), 2‐deoxyglucose (2DG) and 
aminooxyacetic acid (a.a.); 100 µl of control of PLA extract was used on day 7. 
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The following text includes excerpts from the manuscript titled “The role of mitochondrial complex I in 

the proinflammatory response to polylactide implants”, currently submitted to ACS Applied Engineering 

Materials 343. 

Bioenergetic changes in macrophages exposed to aPLA extracts are modulated by drugs that inhibit 

mitochondrial respiration 

Next, we wanted to see if drugs inhibiting oxidative phosphorylation (ox-phos) could also be 

effective in mitigating the bioenergetic and metabolic reprogramming effects by PLA extracts on 

BMDMs. To chemically probe the function of complex I, III and V of the mitochondrial electron transport 

chain (mETC), we treated macrophage conditions with their respective inhibitors. Rotenone inhibits 

complex I of the mETC, an effect reproduced by metformin, which is a Food and Drug Administration 

(FDA)-approved drug prescribed for diabetic patients365, 366. Antimycin A and oligomycin inhibit complex 

III and V, respectively, of the mETC365.  

Compared to untreated controls, exposure to aPLA or cPLA extracts increased ATP levels (Figure 

4.9a,b)104. Inhibitors of complex I, III and V decreased ATP levels in the aPLA-treated groups (Figure 

4.9a), but there were no significant reductions in the cPLA groups (Figure 4.9b). Interestingly, with both 

rotenone and metformin, inhibition of complex I was dose-dependent in the aPLA-treated group (Fig. 

4.9a). Observed bioenergetic changes were not associated with significant changes in cell viability in 

aPLA or cPLA extract-treated BMDMs, suggesting minimal toxicity (Figure 4.10a,b). 
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Figure 4.9 Inhibition of mitochondrial respiration differentially affects bioenergetics (ATP levels) in 
primary bone marrow-derived macrophages (BMDMs) exposed to polylactide (PLA) degradation 
products (extracts). a, Compared to untreated BMDMs, amorphous PLA (aPLA) extracts increase ATP 
levels; elevated bioenergetics is reduced by inhibiting of the mitochondrial electron transport chain 
using rotenone (rot), metformin (met), antimycin A (a.a.) and oligomycin (olig.). b, Increased 
bioenergetics from exposure to crystalline PLA (cPLA) extracts is not decreased by inhibition of 
mitochondrial respiration. Not significant (ns), mean (SD), n=3, one-way ANOVA followed by Tukey’s 
post-hoc test; 100 µl aPLA or 150 µl cPLA extract with corresponding controls were used after 7 days in 
culture.  
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Figure 4.10 Inhibition of the mitochondrial electron transport chain does not reduce primary bone 
marrow-derived macrophage (BMDM) cell viability. a-b, Compared to untreated BMDMs, exposure to 
amorphous polylactide (aPLA; a) or crystalline polylactide (cPLA; b) does not affect cell numbers; 
treatment with inhibitors of mitochondria respiration, including rotenone (rot), metformin (met), 
antimycin A (a.a.) and oligomycin (olig.) does not reduce cell viability relative to PLA-treated cells. Not 
significant (ns), mean (SD), n=5, one-way ANOVA followed by Tukey’s post-hoc test; 100 µl aPLA or 150 
µl cPLA extract with corresponding controls were used after 7 days in culture.  
 

Oxygen consumption rate in macrophages exposed to cPLA extracts is modulated by drugs that inhibit 

mitochondrial respiration 

There was increased OCR in BMDMs exposed to cPLA extracts, which was decreased by 

chemically inhibiting complex I or V, but not complex III (Figure 4.11a). Interestingly, inhibition of the 

mETC did not decrease OCR in untreated BMDMs (Figure 4.11c) and BMDMs exposed to aPLA 

breakdown products (Figure 4.11b). These results suggest that ATP production may be uncoupled from 

OCR through the mETC, distinct from ATP generation in resting cells under physiological conditions378.  
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Figure 4.11 Pharmacologically targeting complex I of the electron transport chain (ETC) reduces oxygen 
consumption rate (OCR) in primary bone marrow-derived macrophages (BMDMs) exposed to crystalline 
(cPLA) but not amorphous polylactide (aPLA) extracts. a-b, In BMDMs exposed to cPLA (a) but not aPLA 
(b) extracts, elevated OCR is decreased by inhibition of complex I using rotenone (rot) or metformin 
(met), or complex V using oligomycin (olig.), but not complex III using antimycin A (a.a.). c, Targeting the 
ETC using rot, met, a.a. and olig. in untreated BMDMs does not decrease OCR. Mean (SD), n=3, one-way 
ANOVA followed by Tukey’s post-hoc test; 100 µl aPLA or 150 µl cPLA extract with corresponding 
controls were used after 7 days in culture.  
 

The following text includes excerpts from our manuscript titled “Polylactide Degradation Activates 

Immune Cells by Metabolic Reprogramming”, published in Adv. Sci. 104. 

Glycolytic inhibition modulates proinflammatory and stimulates anti-inflammatory cytokine 

expression in macrophages exposed to PLA extracts 

To determine whether glycolytic inhibition affects proinflammatory (IL-6, MCP-1, TNF-α, IL-1β 

and IFN-γ) and anti-inflammatory (IL-4, IL-10, and 1L-13) protein expression, we used a magnetic bead-

based chemokine and cytokine assay370. We observed that prolonged exposure of BMDMs to aPLA and 

cPLA extracts resulted in 228- and 319-fold increases, respectively, in IL-6 protein expression (Figure 

4.12a) compared to untreated BMDMs. aPLA extracts increased MCP-1 (Figure 4.12b), TNF-α (Figure 

4.12c) and IL-1β (Figure 4.12d) levels by 1.2-, 21-, and 567-fold, respectively. Likewise, cPLA extracts 

increased MCP-1 (Figure 4.12b), TNF-α (Figure 4.12c), and IL-1β (Fig 4.12d) levels by 4.7-, 27-, and 1378-

fold, respectively. Abnormally increased levels of IL-6, MCP-1, TNF-α, and IL-1β were modulated by 

addition of 3PO, 2DG, or a.a. (Figure 4.12a–d).  
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Figure 4.12 In macrophages exposed to PLA extracts, glycolytic inhibitors modulate elevated 
proinflammatory cytokine expression and stimulate or do not reduce anti‐inflammatory cytokine levels. 
a–d) Following exposure to amorphous PLA (aPLA) or crystalline PLA (cPLA) extract, primary bone 
marrow‐derived macrophages (BMDMs) express elevated levels of IL‐6 (a), MCP‐1 (b), TNF‐α (c), and IL‐
1β (d) in comparison to untreated BMDMs, and these elevated proinflammatory cytokine levels can be 
modulated by various small molecule inhibitors of glycolysis. e) Addition of glycolytic inhibitors to PLA 
does not reduce IL‐4 expression. f) Expression of IL‐10 is increased by inhibiting glycolysis using 
aminooxyacetic acid (a.a.) in aPLA. Not significant (ns), ***p < 0.001, ****p < 0.0001, mean (SD), n = 3 in 
all except the cPLA group in TNF‐α (Figure 6c) where n = 2–3, one‐way ANOVA followed by Tukey's post‐
hoc test; 3‐(3‐pyridinyl)−1‐(4‐pyridinyl)−2‐propen‐1‐one (3PO), 2‐deoxyglucose (2DG); 100 µl of aPLA or 
150 µl of cPLA extract with corresponding controls were used on day 7. 
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Levels of IFN-γ and IL-13 were unchanged by PLA extract (data not shown) but exposure to aPLA 

extract decreased IL-4 protein levels by 3-fold (Figure 4.12e) relative to untreated BMDMs. Remarkably, 

with the exception of 3PO, IL-10 expression was either unchanged (cPLA) or increased by 3.4-fold (aPLA) 

upon the addition of a.a. (Figure 4.12f) relative to BMDMs exposed to PLA extract. 

Short- and long-term exposure of macrophages to L-lactic acid alters bioenergetics, metabolic 

reprogramming, and cytokine secretion changes in a similar manner to PLA extracts 

We exposed BMDMs to various doses of L-lactic acid. We observed that bioenergetic levels are 

altered in the short-term (day 3; Figure 4.13a) for all doses of L-lactic acid treatment, resulting in a 1.5 to 

1.6-fold increase in ATP levels. After prolonged (day 7) exposure to L-lactic acid and even when 

bioenergetic alterations were not apparent, oxidative phosphorylation (OCR; Figure 4.13b), glycolytic 

flux (ECAR; Figure 4.13c), and monocarboxylate transporter function (PER; Figure 4.13d) were increased 

by 2.3-, 2.8-, and 2.8-fold, mechanistically reproducing observations made with aPLA and cPLA extracts 

in our bioenergetic model. These changes were not dependent on alterations in cell number because L-

lactic acid did not affect BMDM viability at day 7 or 12 relative to controls (Figure 4.14). Moreover, 

similar to aPLA and cPLA, exposure of BMDMs to L-lactic acid resulted in elevated IL-6 protein 

expression by 2.3-fold (Figure 4.15a). Increased MCP-1 levels in BMDMs also occurred after exposure to 

L-lactic acid (Figure 4.15b). 

 

 

Figure 4.13 Treatment of primary bone marrow‐derived macrophages (BMDMs) with L‐lactic acid 
altered bioenergetic (ATP) levels and functional metabolism. a) Treatment with different doses of 
monomeric L-lactic acid resulted in changes in ATP levels. b–d) Following exposure to L‐lactic acid, 
oxygen consumption rate (OCR, b), extracellular acidification rate (ECAR, c), and proton efflux rate (PER, 
d) are increased. One‐way ANOVA followed by Tukey's post‐hoc test, mean (SD), n = 3–4 (a), n = 5 (b–d). 
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Figure 4.14 Crystal violet assay shows viability of primary bone marrow-derived macrophages (BMDMs) 
is similar after treatment with L-lactic acid over time. Not significant (ns), one-way ANOVA, mean (SD), 
n=5. 
 

 

 

Figure 4.15 IL-6 and MCP-1 protein levels are increased following prolonged exposure of primary bone 
marrow-derived macrophages (BMDMs) to L-lactic acid in comparison to untreated BMDMs. a, Using 
ELISA reproduced changes in IL-6 levels following exposure of BMDMs to aPLA, cPLA, or L-lactic acid. b, 
Similarly, MCP-1 levels are increased after exposing BMDMs to L-lactic acid as measured by the 
MILLIPLEX assay. ***p<0.001, ****p<0.0001, mean (SD), n=3, two-tailed unpaired t-test; 100 µl of aPLA 
or 150 µl of cPLA with corresponding controls were used; whereas corresponding controls for PLA were 
incubated for 12 days, the controls for L-lactic acid were not. 
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Increased radiolabeled glucose uptake occurs in the PLA microenvironment and drives inflammation 

in-vivo  

Taken together, our in vitro data suggests that metabolic changes drive inflammation arising 

from PLA degradation. However, in vitro methods for characterizing PLA degradation may not fully 

simulate the complexity of events in the body. Therefore, we sought to test our hypothesis that 

metabolic changes drive inflammation in vivo and to test the local efficacy of small molecule metabolic 

inhibitors. We incorporated 2DG into aPLA by melt-blending at 190°C and compared it to aPLA which 

had been subjected to similar melt-blending conditions (called reprocessed aPLA). Following melt-

blending, extruded (sterile) filaments (1.75 mm diameter, 1 mm long) were subcutaneously implanted 

on the back (dorsum) of mice. Sham controls underwent similar surgical exposures but were not 

implanted with any materials. After 6 weeks, mice were intraperitoneally (i.p.) injected with F-18 

fluorodeoxyglucose (FDG) and euthanized; using FDG allows for the quantification of metabolic 

reprogramming and inflammation in vivo379. At 65-min post-injection, circular biopsies (12 mm in 

diameter) of full-thickness skin containing implants were assayed for radioactivity using a gamma 

counter. Compared to sham controls, skin containing reprocessed aPLA implants had 1.35-fold increase 

in FDG uptake, which was abolished in skin containing aPLA+2DG implants (Figure 4.16). We observed 

increased glycolytic dependence in the PLA inflammatory microenvironment using sterile aPLA, which 

was abrogated by 2DG, one of the glycolytic inhibitors applied in our in vitro studies. 

Radiolabeled glucose (FDG) uptake is often used to measure glycolytic dependence, in vivo, such 

as in some cancers or inflammatory disorders where enhanced glycolysis is pivotal to disease 

progression380. Interestingly, after surgical resection of colorectal and cervical tumors in human patients, 

chronic, sterile inflammation from PLA-based adhesion barriers elevate FDG uptake, falsely mimicking 

cancer recurrence381, 382. 
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Figure 4.16 Increased radiolabeled glucose uptake occurs in the polylactide (PLA) microenvironment and 
drives inflammation in vivo. When normalized to heart values, percent injected dose per gram (%ID g−1) 
of biopsied tissues surrounding amorphous PLA (aPLA) implants show higher F‐18 fluorodeoxyglucose 
(FDG) uptake compared to sham controls; increased FDG uptake is reduced by incorporation of 2‐
deoxyglucose (2DG). Mean (SD); sham (n = 12), aPLA (n = 8), aPLA + 2DG (n = 10); one‐way ANOVA 
followed by Tukey's post‐hoc test. 
 

Fibroblasts are activated in PLA implant microenvironment, and this can be regulated by inhibiting 

glycolysis 

Fibroblasts are a key cellular player of excessive fibrosis around PLA implants,353, 383 and their 

activation in myofibroblast phenotype is marked by α-SMA and TGF-β expression384. Moreover, 

metabolic reprogramming is known to play a key role in profibrotic disorders, activating fibroblasts360. 

We next wanted to know if glycolytic inhibitors could affect fibroblast activation in the PLA implant 

microenvironment. We also wanted to know how this was affected by hydroxyapatite (HA), a mineral 

commonly used to neutralize acidity in PLA implants385.  

To test this, we performed immunohistochemistry staining of the tissue microenvironment 

surrounding reprocessed aPLA, aPLA with incorporated 2DG, and aPLA-hydroxyapatite (aPLA+HA) 

composite biomaterial implants in our mouse model. We observed a 1.4-fold increase in α-SMA 

intensity with reprocessed PLA compared to sham controls, which was decreased in the aPLA+2DG, but 

not aPLA+HA group (Figure 4.17a; Figure 4.18). With TGF-β intensity, aPLA+HA was elevated relative to 

other groups (Figure 4.17b; Figure 4.18). Compared to aPLA+HA, aPLA+2DG revealed 1.4- and 1.8-fold 

decrease in α-SMA and TGF-β intensities, respectively (Figure 4.17b). 
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Increased fibroblast activation, measured by α-SMA expression, in the PLA microenvironment 

was reduced by inhibiting glycolysis using 2DG and not neutralizing acidity using HA. Compared to HA, 

2DG reduced both α-SMA and TGF-β expression. This suggests that metabolism, and not acidity, 

regulates fibroblast activation in the PLA microenvironment.  

 

 

 

Figure 4.17 Activation of fibroblasts in the polylactide (PLA) microenvironment is regulated by 
immunometabolism. a) Compared to sham controls, mean fluorescence intensity (MFI) of alpha‐smooth 
muscle actin (α‐SMA) is increased following surgical implantation of amorphous PLA (aPLA) or a 
combination of aPLA and hydroxyapatite (HA), but not a combination of aPLA and 2‐deoxyglucose (2DG). 
b) Compared to other groups, MFI of transforming growth factor‐beta (TGF‐β) is increased in aPLA + HA. 
Mean (SD); sham (n = 15), aPLA (n = 15), aPLA + 2DG (n = 15), aPLA + HA (n = 10); one‐way ANOVA 
followed by Tukey's post‐hoc test. 
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Figure 4.18 Immunohistochemical staining with a-SMA-eFluor 660 and TGF-b-PE using a DAPI mounting 
medium show fibroblast activation following implantation of amorphous polylactide (aPLA) with and 
without 2-deoxyglucose (2DG) or hydroxyapatite (HA) when compared to sham controls (scale bars, 50 
µm). 
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The following text includes excerpts from the manuscript titled “The role of mitochondrial complex I in 

the proinflammatory response to polylactide implants”, currently under review at ACS Applied 

Engineering Materials343. 

PLA implants increase immune infiltration and inflammatory states in the implant microenvironment, 

and some effects can be modulated by metformin 

We then used our s.c. implantation mouse model to test for potential immunomodulatory 

effects arising from the inhibition of oxidative phosphorylation. We compared reprocessed aPLA and 

cPLA to respective polymers that incorporated metformin, which chemically inhibits complex I of the 

mitochondrial ETC (mETC).  

In comparison to sham groups, nucleated hematopoietic (CD45+) and macrophage (F4/80+) cell 

populations were increased around aPLA and cPLA biomaterials (Figure 4.19a-b)386. However, the 

incorporation of metformin did not reduce CD45+ or F4/80+ populations (Figure 4.19a-b). Dendritic 

(CD11c+) cell populations were elevated in the cPLA but not the aPLA microenvironment (Figure 

4.19c)386. The incorporation of metformin in either aPLA or cPLA increased dendritic cell numbers 

compared to aPLA or cPLA alone (Figure 4.19c). 

 

 

Figure 4.19 Polylactide (PLA) implants increase immune cell infiltrate into implant microenvironment, 
and this can be modulated by incorporation of metformin. a, Unlike with amorphous PLA (aPLA), the 
incorporation of metformin (met) in crystalline PLA (cPLA) increases the frequency of nucleated 
hematopoietic (CD45+) populations in the implant microenvironment. b, With the incorporation of met, 
there is increased macrophage recruitment in the aPLA and not the cPLA microenvironment. c, The 
incorporation of met increases the proportion of recruited dendritic (CD11c+) cells in the aPLA and cPLA 
microenvironment. Mean (SD), one-way ANOVA followed by Tukey’s multiple comparison test, n = 3.  
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We then wanted to test the effects of our implants on macrophage polarization in vivo. We 

assigned proinflammatory and anti-inflammatory macrophage (F4/80) populations as CD86+CD206- and 

CD206+, respectively387, 388. Whereas the fold change of proinflammatory with respect to anti-

inflammatory macrophages was increased, the fold change of anti-inflammatory with respect to 

proinflammatory macrophages was decreased in the aPLA and cPLA microenvironment (Figure 4.20a-

b)386. The incorporation of metformin neither decreased proinflammatory nor increased anti-

inflammatory ratios (Figure 4.20a-b).  

Macrophage activation in vivo exists on a continuum of functional phenotypes389. For this 

reason, we also quantified expression of arginase 1 (Arg1), another M2 marker, in the implant 

microenvironment. Compared to sham groups, Arg1 levels were increased in the biomaterial 

microenvironment of aPLA and cPLA implants (Figure 4.20c). The seemingly conflicting effects of aPLA 

and cPLA on macrophage expression of these M2 markers highlights the fact that macrophage response 

to PLA in vivo is not discretely polarized into wholly proinflammatory M1 or anti-inflammatory M2 

phenotypes. Interestingly, the incorporation of metformin increased Arg1 levels in the cPLA but not the 

aPLA microenvironment (Figure 4.20c).  

 

 

Figure 4.20 The proinflammatory states of macrophages are not reduced by incorporation of metformin 
in polylactide (PLA) implants. a, The fold change of proinflammatory (M1; CD86+CD206-) with respect to 
anti-inflammatory (M2; CD206+) macrophage is neither reduced in the aPLA nor cPLA microenvironment 
following the incorporation of metformin. b, The fold change of M2 to M1 macrophage is unchanged by 
the incorporation of metformin. c, Unlike with aPLA, arginase 1 (Arg1) levels are increased by the 
incorporation of metformin in the cPLA microenvironment. Mean (SD), one-way ANOVA followed by 
Tukey’s multiple comparison test, n = 3. 
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We also looked at the effects of PLA implants with and without metformin on the polarization 

states of dendritic cells in vivo. The fold change of proinflammatory (D1) with respect to anti-

inflammatory (D2) dendritic cells was increased (Figure 4.21a), and the fold change of D2 with respect to 

D1 dendritic cells was decreased (Figure 4.21b) around aPLA and cPLA biomaterials386. The incorporation 

of metformin in aPLA or cPLA implants had no effects on anti-inflammatory ratios (Fig. 4.21b). 

Consistent with observations made with macrophages, the incorporation of metformin in cPLA 

increased Arg1 levels compared to cPLA alone (Fig. 4.21c). 

 

 

Figure 4.21 The incorporation of metformin affects the polarization states of dendritic cells in the 
polylactide (PLA) microenvironment. b, The fold change of proinflammatory (D1; CD86+CD206-) dendritic 
cells with respect to anti-inflammatory (D2; CD206+) dendritic cells is deceased with incorporation of 
metformin in the aPLA microenvironment; this difference is not significant with cPLA. h, The fold change 
of D2 to D1 dendritic cells is unchanged by the incorporation of metformin in aPLA or cPLA implants. i, 
Unlike with aPLA, Arginase 1 (Arg1+) dendritic cell populations are increased by the incorporation of 
metformin in cPLA implants. Mean (SD), one-way ANOVA followed by Tukey’s or Newman-Keul’s 
multiple comparison test, n = 3. 
 

Next, we characterized effects of PLA implants with and without metformin on T cell 

populations and activation states. We observed that CD3+ T cell populations were decreased around 

aPLA and cPLA implants, and that the inclusion of metformin did not alter T cell frequencies (Figure 

4.22a). Among T cells, CD8+ cytotoxic T cells as well as CD4+ T helper cells were increased around aPLA 

and cPLA implants, but the addition of metformin did not alter CD4 and CD8 levels (Figure 4.22b-c). 

Interestingly, the inclusion of metformin in cPLA but not aPLA implants concomitantly elevated IL-4 and 

IFN- cytokine production from T helper cells (Figure 4.22d-e). 
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Figure 4.22 Metformin exerts differential effects on the activation states of T-cells in the polylactide 
(PLA) microenvironment. a, Overall T-cell (CD3+CD11b- gated on CD45+ cells) populations are decreased 
in aPLA and cPLA implants relative to sham surgeries, and this is unchanged by the incorporation of 
metformin. b-c, Frequencies of T helper lymphocytes (CD45+CD3+CD4+ cells; b) and cytotoxic T 
lymphocytes (CD45+CD3+CD8+ cells; c) are increased in aPLA and cPLA implants relative to sham, but this 
is unaffected by incorporation of metformin in aPLA or cPLA implants. d-e, Unlike with aPLA implants, 
both T helper 2 cells expressing interleukin-4 (IL-4; d) as well as T helper 1 cells expressing interferon-
gamma (IFN-g; e) are increased by incorporation of metformin in cPLA implants. Mean (SD), one-way 
ANOVA followed by Tukey’s multiple comparison test, n = 3. 
 

The following text includes excerpts from the manuscript titled “Regulating the proinflammatory 

response to implanted composite biomaterials comprising polylactide and hydroxyapatite by targeting 

immunometabolism”, published in Bioactive Materials342. 

aPLA-hydroxyapatite composite biomaterials increase immune infiltration and inflammatory states in 

the implant microenvironment, and some effects can be modulated by glycolytic inhibitors 

Because hydroxyapatite (HA) is so commonly used as a mineral to neutralize the acidic 

environment produced by PLA implants, we next wanted to test the effects of amorphous polylactide-
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hydroxyapatite (aPLA+HA) composite biomaterial implants in vivo, with and without glycolytic inhibition. 

We utilized our 6-week mouse model with s.q. implanted aPLA+HA biomaterials, with or without 

incorporated glycolytic inhibitors aminooxyacetic acid (a.a.) or 2-deoxyglucose (2DG) at previously 

optimized doses104, 386, 390. These two small molecule inhibitors act at different steps in glycolysis; a.a. 

inhibits uptake of glycolytic substrates and glutamine metabolism, 2DG inhibits hexokinase in the 

glycolytic pathway391, 392.  

Although implantation of aPLA+HA increased overall nucleated hematopoietic (CD45+) cell 

populations, incorporation of a.a. but not 2DG reduced CD45+ levels (Figure 4.23a). Consistent with prior 

observations393, 394, implantation of aPLA+HA increased levels of F4/80+ macrophages395 relative to sham 

controls, but incorporation of a.a. or 2DG did not reduce cellular recruitment (Figure 4.23b). We also 

observed that CD11c+ dendritic cell populations were elevated in the aPLA+HA microenvironment 

compared to sham controls as previously reported393, 394, and that incorporation of either a.a. or 2DG 

reduced these dendritic cell numbers (Figure 4.23c). 

Previously, we have observed that, relative to aPLA alone, aPLA+HA does not reduce Ly6G+ 

neutrophils recruited to the biomaterial microenvironment386. Here, we found that, compared to sham 

controls, aPLA+HA implantation elevated neutrophil levels (Figure 4.23d). Remarkably, incorporating a.a. 

or 2DG in aPLA+HA modulated this proinflammatory tendency (Figure 4.23d). Elevated neutrophil levels 

are prevalent in murine bone defects implanted with micron-sized HA particles, an effect that is reduced 

by using nano-sized HA particles396. Reduced neutrophil levels are correlated with the pro-regenerative 

macrophage phenotype that is necessary to drive bone regeneration396. This observation is 

translationally relevant as HA potently activates human neutrophils in-vitro354, 397, 398. 
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Figure 4.23 The numbers of immune cell populations present in the amorphous polylactide-
hydroxyapatite (aPLA+HA) composite biomaterial microenvironment can be differentially affected by 
targeting different glycolytic steps via metabolic inhibitors. a, Flow cytometry quantification of 
nucleated hematopoietic (CD45+) cells gated on live cells. b, Flow cytometry quantification of 
macrophages (F4/80+ cells) gated on live CD45+ cells. c, Flow cytometry quantification of dendritic 
(CD11c+) cells gated on live CD45+ cells. d, Flow cytometry quantification of neutrophil (Ly6G+) cells 
gated on live CD45+ cells. One-way ANOVA followed by Tukey’s or Newman-Keul’s multiple comparison 
test, n = 3; amorphous polylactide (aPLA), hydroxyapatite (HA), aminooxyacetic acid (a.a.), 2-
deoxyglucose (2DG). 
 

To test the effects of aPLA+HA implants on macrophage polarization in vivo, we again 

designated proinflammatory and anti-inflammatory macrophage (F4/80) populations as CD86+CD206- 

and CD206+, respectively388, 399. Relative to sham controls, aPLA+HA elevated proinflammatory (M1)-like 

and reduced anti-inflammatory (M2)-like macrophage levels as compared to sham controls. Flow 

cytometric analysis showed an increased fold change of M1 with respect to M2 macrophages; 

importantly, incorporation of a.a. and 2DG reduced this M1/M2 ratio (Figure 4.24a). Although 

implantation of aPLA+HA decreased the fold change of M2 to M1 macrophages, our glycolytic inhibitors 

did not mitigate this to a statistically significant extent (Figure 4.24b).  

Also in our F4/80+ macrophages, we observed that aPLA+HA increased Arg1 levels (Figure 4.24c) 

relative to sham controls, likely from its immunomodulatory capability396, 400. Additionally, incorporation 

of a.a. but not 2DG to aPLA+HA tended to further increase Arg1 levels among macrophages, although 

this trend was not statistically significant (Figure 4.24c).  
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Figure 4.24 Activation states of macrophages in the amorphous polylactide hydroxyapatite (aPLA+HA) 
composite biomaterial microenvironment are differentially affected by targeting different glycolytic 
steps. a, Fold change of proinflammatory (M1; CD86+CD206-) macrophages with respect to anti-
inflammatory (M2; CD206+) macrophages. b, Fold change of M2 macrophages with respect to M1 
macrophages. c, Quantification of Arginase 1 (Arg1+) macrophages. One-way ANOVA followed by 
Tukey’s multiple comparison test, n = 3; amorphous polylactide (aPLA), hydroxyapatite (HA), 
aminooxyacetic acid (a.a.), 2-deoxyglucose (2DG).  
 

Finally, given that elevated CD11c+ dendritic cell numbers in the aPLA+HA microenvironment 

were reduced by a.a. and 2DG (Figure 4.23c), we then looked at polarization states of dendritic cells. 

Compared to sham controls, the fold change of proinflammatory (D1) dendritic cells relative to anti-

inflammatory (D2) dendritic cells was increased in the microenvironment of aPLA+HA implants; yet, 

incorporation of a.a. or 2DG did not reduce D1 dendritic cell levels (Figure 4.25a). Furthermore, although 

the fold change of D2 dendritic cells to D1 dendritic cells was decreased in aPLA+HA compared to sham 

controls, incorporating a.a. or 2DG did not increase D2 dendritic cell proportions (Figure 4.25b).  

Expression of Arg1 among dendritic cells was increased following implantation of aPLA+HA 

relative to sham controls (Figure 4.25c). Notably, compared to aPLA+HA, incorporating a.a. further 

elevated Arg1 expression among dendritic cell populations (Figure 4.25c). Increased Arg1 expression in 

the composite biomaterial microenvironment could arise from inhibition of aspartate-aminotransferase 

by a.a., which obviates metabolic and transcriptional activation of immune cells into proinflammatory 

states401. Elevated Arg1 is a crucial driver of osteoinduction, creating a pro-regenerative composite 

biomaterial microenvironment402.  
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Figure 4.25 Inflammatory states of dendritic cells are affected in the amorphous polylactide-
hydroxyapatite (aPLA+HA) composite biomaterial microenvironment. a, Fold change of proinflammatory 
(D1; CD86+CD206-) dendritic cells with respect to anti-inflammatory (D2; CD206+) dendritic cells. g, Fold 
change of D2 with respect to D1 dendritic cells. h, Quantification of Arginase 1 (Arg1+) dendritic cells. 
One-way ANOVA followed by Tukey’s or Newman-Keul’s multiple comparison test, n = 3; amorphous 
polylactide (aPLA), hydroxyapatite (HA), aminooxyacetic acid (a.a.), 2-deoxyglucose (2DG). 
 

DISCUSSION 

The following text throughout this section includes exerpts from our manuscripts titled the manuscript 

titled “Polylactide Degradation Activates Immune Cells by Metabolic Reprogramming”, published in Adv. 

Sci.104; “Regulating the proinflammatory response to implanted composite biomaterials comprising 

polylactide and hydroxyapatite by targeting immunometabolism”, published in Bioactive Materials342; 

and “The role of mitochondrial complex I in the proinflammatory response to polylactide implants”, 

currently under review at ACS Applied Engineering Materials343. 

Cell responses to PLA extracts 

Upon treatment with polylactide (PLA) degradation products (extracts), mouse embryonic 

fibroblasts (MEFs) expressed increased bioenergetic (ATP) activity, as well as extracellular acidification 

rate (ECAR) and proton efflux rate (PER). Increased ATP production could implicate a variety of cell 

processes, including cell growth/metabolic activation. Increased ECAR activity signifies increased 

glycolytic activity. This occurred as a result of treatment with both amorphous PLA (aPLA) and semi-

crystalline PLA (cPLA) extracts, and effects could be mitigated by glycolytic inhibitors in a dose-

dependent manner.  

Upon treatment with PLA extracts, primary bone marrow-derived macrophages (BMDMs) 

expressed increased bioenergetic (ATP) activity, as well as increased oxygen consumption rate (OCR), 

extracellular acidification rate (ECAR) and proton efflux rate (PER). ECAR and PER indicate glycolytic 

activity whereas OCR indicates mitochondrial activity and macrophage activation. Activation from 
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treatment with aPLA and cPLA extracts was confirmed with increased expression of proinflammatory 

cytokines, which could also be mitigated with glycolytic inhibitors as well, suggesting dependence on 

immunometabolism for immune cell activation.  

L-lactic acid as driver of PLA extract-induced chronic inflammation 

Lactate is a signaling molecule in immunity403 and cancer progression404. Its role when combined 

with LPS is conflicting, with reports of proinflammatory and anti-inflammatory effects405, 406. However, a 

stand-alone ability of lactate to activate immune cells is novel, as prior inflammatory and cancer models 

did not simulate prolonged exposure times, a critical feature of cancer and immune microenvironments. 

This is significant in that it elucidates a potential mechanism whereby PLA implant breakdown products 

signal to surrounding cells inducing inflammation; this identifies a therapeutic target that could be used 

in combination with current treatments to mitigate acidification in the PLA bioimplant environment. 

Targeting immunometabolism induced by PLA extracts in vivo 

The glycolytic inhibitors 3PO, 2DG, and a.a. effectively mitigated aPLA and cPLA-induced 

increase in ATP in MEFs, and changes in OCR, ECAR and proinflammatory cytokine secretion of BMDMs 

in vitro culture. In BMDMs, the ox-phos inhibitors rot, met, AA, and olig also effectively mitigated aPLA-

induced ATP increases and cPLA-induced OCR increases. These effects are outlined in Figure 4.26. 

 

Figure 4.26 Graphic showing effects of amorphous polylactide (aPLA) and semi-crystalline polylactide 
(cPLA) extracts and metabolic inhibitors on fibroblasts (MEFs; a), effects of aPLA and metabolic 
inhibitors on macrophages (BMDMs; b), and effects of cPLA and metabolic inhibitors on BMDMs (c). 
Extracellular acidification rate (ECAR), proton efflux rate (PER), , oxygen consumption rate (OCR), 3‐(3‐
pyridinyl)−1‐(4‐pyridinyl)−2‐propen‐1‐one (3PO), 2‐deoxyglucose (2DG), aminooxyacetic acid (a.a.), 
rotenone (rot), metformin (met), antimycin A (AA), oligomycin (olig.), arginase-1 (Arg1), interleukin (IL), 
monocyte chemoattractant protein (MCP1), tumor necrosis factor (TNF). Created with BioRender.com. 
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In aPLA and cPLA s.c. implants, metformin modulated macrophage and dendritic cell numbers 

and activation, as outlined in Figure 4.27. In composite biomaterials comprising aPLA and HA, 2DG 

and/or a.a. decreased CD45 nucleated hematopoietic cell infiltrate, decreased proinflammatory 

neutrophil infiltration, and modulated macrophage and dendritic cell infiltrate and activation, as 

outlined in Figure 4.27. 

 

Figure 4.27 Graphic showing in vivo effects of amorphous polylactide (aPLA) implants (a), aPLA and 
hydroxyapatite (aPLA+HA) composite biomaterial implants (b), and semi-crystalline polylactide (cPLA) 
implants (c). F-18 fluorodeoxyglucose (FDG), 2‐deoxyglucose (2DG), aminooxyacetic acid (a.a.), 
metformin (met), arginase-1 (Arg1), interleukin (IL), monocyte chemoattractant protein (MCP1), tumor 
necrosis factor (TNF). Created with BioRender.com. 
 

Thus, the immunometabolic activation induced by PLA implants has been shown to be 

therapeutically targeted by glycolysis and ox-phos inhibitors in a preclinical model. 

Clinical implications 

Despite its role as a neutralizer of acidity, we found that hydroxyapatite (HA) increases 

proinflammatory infiltrate into the implant microenvironment. We found increased numbers of 

nucleated hematopoietic cells and F4/80+ macrophages. We also found increased numbers of CD11c 

dendritic cells. Both macrophages and dendritic cells had increased proinflammatory CD86 expression as 

compared with anti-inflammatory CD206, suggesting a predominantly M1-like and D1-like cells present 
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in the implant microenvironment; however, the plasticity in polarization of these immune cells is 

demonstrated by additionally increased anti-inflammatory Arg1 expression, which shows an 

intermediate or overlapping polarization phenotype in the immune infiltrate populations surrounding 

the PLA explant.  

In conclusion, we uncover new ways by which different biomaterials affect the immune 

microenvironment, such as altering the ratio of proinflammatory to anti-inflammatory cell populations. 

We demonstrate that controlling metabolic states by modifying glycolytic flux around implanted 

composite biomaterials is capable of: a) decreasing neutrophil recruitment; b) decreasing 

proinflammatory macrophage populations; c) decreasing dendritic cell numbers; d) and increasing Arg1 

expression among dendritic cells. Aminoxyacetic acid (a.a.), one of the metabolic inhibitors, has already 

been used safely in clinical trials for the treatment of other disease conditions364, making it a 

translatable small molecule for incorporation into composite biomaterials for future clinical use. Prior to 

translation, additional studies are needed to characterize the release profiles of metabolic inhibitors 

from composite biomaterials as well as the effects of implanting composite biomaterials containing 

embedded metabolic inhibitors in musculoskeletal tissues, such as bone defects, for regenerative 

medicine applications. It may thus be beneficial to reevaluate our clinical approach to mitigating PLA 

extract-induced chronic inflammation. 
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CHAPTER 5: 

DISCUSSION, PROPOSED FUTURE STUDIES, AND THERAPEUTIC POTENTIAL 
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DISCUSSION 

Conceptual origins of extracellular vesicle mediated immunocarcinogenesis 

Under homeostatic conditions, colon cells proliferate rapidly in a highly regulated context. 

Cancerous colon cells (CRCs) exhibit genetic and epigenetic alterations leading to uncontrolled 

proliferation and invasion of colon cancer cells into the underlying stroma. Ulcerative colitis is known to 

induce field cancerization, commonly resulting in chromosomal instability34, founder mutations in TP53 

and KRAS genes 23, and epigenetic changes such as methylation-induced gene silencing36. Signals 

secreted by aberrantly active immune and stromal cells in chronic inflammation such as colitis 

remarkably resemble that of the tumor microenvironment (TME)407. However, current treatments to 

target prediscovered mediators have not eradicated the progression of cancer in patients with colitis, 

suggesting potential for a different signaling mediator of immunocarcinogenesis.  

We discovered EVs from LPS-activated macrophages, modeling macrophages in ulcerative 

colitis, can contribute to colonic inflammation and complex tumorigenesis, and revealed some 

contradictory, “push and pull”, results from adding EVs to various transformed cells in culture and to 

tissues in vivo models of cancer. A review of the literature in 201637 revealed that EVs from various cell 

types, cancer-associated immune cells or cancer cells, can affect each of the Hallmarks of Cancer as 

originally described by Hanahan and Weinberg in 2000 and then revised in 2011408, 409.  The effects of 

EVs were dependent on cell type of origin of the EVs being studied, and the state of that cell type, and 

their effects on cancer or stromal cells in the tumor. The involvement of EVs, as a cellular 

communication mechanism, has been well established in cancer and cancer progression, but the role 

each type of EV from each type of cell in the tumor microenvironment, and the yin-yang of pro-tumor or 

anti-tumor effects are complex and are part of the balance/imbalance of cancer growth and immune 

control.  

A main hallmark of cancer is invasion and the ability of cells to be mobile and metastasize. As 

part of this hallmark, there was early evidence of a cellular signal(s) from primary tumors that could 

create premetastatic niches in distant organs410, indicating that there was information transfer from 

cells in the primary tumor to distant sites that would precede the colonization of those sites with cancer 

cells. The concept that a tumor could condition a tissue for colonization over significant distances in the 

body, was suggestive of a communication mechanism that was more complex than secreted soluble 

signaling factors. Extracellular vesicles were implicated in this process and then more recently, their role 

has been further validated411, 412 and has been shown to be regulated through immunometabolic 

reprogramming413 much like the results described here in chapter 4, and in our published reports, on 
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immune responses to biomaterials. Preconditioning of a metastatic niche has been demonstrated in 

models of colorectal cancer414 and many other cancers415. These observations and the early studies of 

the premetastatic niche were foundational to the ideation that EVs mediate immunocarcinogenesis. 

Our foundational immunocarcinogenesis hypothesis can be stated as, signals from chronically 

activated immune cells could create a premalignant niche, much like the premetastatic niche, in which 

epithelial cells aberrantly receive signals from EVs from activated immune cells that precondition the 

epithelium to become malignant. These aberrant immune signals act to predispose the dysregulated 

epithelial cells to subsequent cellular changes that transform them and lead to primary cancers. 

Although easily stated, proving this hypothesis in the complex environment of intact organs and tissues 

of immunocompetent animals where localizing the initial premalignant events is a daunting “needle in a 

haystack” problem is difficult. It is daunting because the act of “unstacking the hay” to find the needle 

would disassemble the mechanism being studied, i.e., cells in tissues with active immune surveillance. 

This is, in effect, a cancer analogy of Schrodinger’s cat where epithelial cells are in a box with relatively 

opaque walls, the body, and the cells exist in a state of superposition in which they are simultaneously 

both normal and premalignant. The concept of immunocarcinogenesis proposes that the immune 

system, when chronically over stimulated, is a “poison” for the cells within the box, the body, and the 

organs in which they are contained. With these studies, we have only just scratched the surface of this 

problem. Revealing the signals and processes of immunocarcinogenesis is a challenge, and here we 

describe some initial models that have revealed potential signals and have led to provocative 

observations. These models have supported our fundamental hypothesis, but leaves many questions for 

cancer biologists and immunologists to address in the future. 

Clinical implications of our experimental findings 

The discovered effects of EVs from LPS-activated macrophages (EVLPS) on colon cells in culture 

and the tumor microenvironment (TME), and protein contents detected to be differentially expressed 

relative to EVs from non-activated macrophages (EVnon), are outlined in Figure 5.1. 
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Figure 5.1 Summary of the effects from extracellular vesicles (EVs) from macrophages (Ms) activated 
with lipopolysaccharide (LPS) on colon cells in vitro culture and on immune infiltrate in the tumor 
microenvironment (TME). Mesenchymal to epithelial transition (MET), tumor-associated macrophages 
(TAMs), dendritic cells (DCs), major histocompatibility complex II (MHC II), granulocytic myeloid-derived 
suppressor cells (g-MDSCs). Created with BioRender.com. 
 

I found that EVs from Raw264.7 macrophages activated with IFN plus LPS decreased the growth 

rate of recipient CT26 colon cancer cells. However, EVs from Raw264.7 macrophages activated with LPS 

alone increased anchorage-independent growth rate of CT26 cells and increased growth rate of 4T1 

breast cancer cells. Because LPS-activation of macrophages eventually induces IFN secretion, these cells 

are still being exposed to lower levels of IFN. This suggests that directly activating macrophages with 

LPS and higher concentrations of IFN at the same time affects macrophage-secreted EV signaling 

toward a more cytotoxic profile; this coincides with evidence in the literature showing these “M1-EVs” 

to be anti-tumorigenic, as is described in the introduction for Chapter 2. Parsing out the pro- and anti- 

cancer effects of activated macrophage-derived EVs required a molecular dissection of the processes 

involved, which revealed some of the complexities of the immune-epithelial cell interactions involved in 

immunocarcinogenesis. 

The immune response of certain patients in response to colitis is context-dependent, and 

consequent tumorigenicity may be affected by many factors including composition of the microbiome. 
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We have shown that response of macrophages to LPS, a gram-negative bacterial component present in 

the context of chronic inflammation, may be concentration dependent. Other investigators have 

observed that the concentration of LPS used to stimulate macrophages can differentially affect cellular 

responses; for example, at high concentrations of LPS stimulation (100 – 1000 ng/ml), CD14 is not 

necessary for macrophages to produce TNF- 416. I found that stimulating primary bone marrow-derived 

macrophages with 10 ng/ml LPS led to increased nitric oxide (NO) secretion over time than BMDMs 

activated with 100 ng/ml LPS. However, EVs from BMDMs activated with 100 ng/ml LPS induced 

increased cell growth rate in recipient colon cancer cells compared to EVs from BMDMs treated with 10 

ng/ml LPS. Relative to acute inflammation, chronic inflammation is characterized by long-term, low-level 

activation of immune infiltrate. When stimulated with 100 ng/ml LPS, BMDMs secreted lower NO which 

classically indicates a lower M1 activation status; “lower-level” activated BMDM-secreted EVs induced 

increased proliferation in recipient colon cells, implying that chronic inflammation may have different 

effects on tumorigenesis than acute inflammation that is followed by repair. The caveat to this finding is 

that stimulating BMDMs with higher LPS concentrations may decrease cell viability, so there may have 

been decreased number of BMDMs secreting NO which led to decreased detection relative to 10 ng/ml. 

It should also be noted that I administered the same number of EVLPS and EVnon to recipient colon cells 

and tumors. However, inflammation and colitis has been shown to increase number of macrophages 

present in tissue415; experimentally identifying the relative concentration of EVs secreted by 

macrophages in homeostatic conditions as compared to colitis and applying this to my in vitro in vivo 

model may produce more relevant results. However, even if I am administering a higher number of EVnon 

than is physiologically relevant, my results still show a difference with EVLPS administration and 

sufficiently proves functional effect changes. However, this weakens the potential finding of increased 

levels of GSN in non-activated macrophages, since there would theoretically be fewer EVnon present in 

homeostatic conditions.  

Of note, EVs from non-activated iBMDMs (EVnon), a model of macrophages in the homeostatic 

colon, decreased anchorage independent growth of MC38 colon cells relative to untreated colon cells, a 

hallmark of transformation. This may be due to increased levels of GSN protein inducing tumor 

suppressive effects, which we found to be downregulated in EVs from LPS-activated macrophages 

(EVLPS). Indeed, macrophages have been shown to be involved in mediating homeostasis in the colonic 

epithelium40, which requires involved regulation of the rapid proliferation and turnover rate required of 

epithelial and stromal cells. This suggests that EVnon is involved in regulating uncontrolled proliferation of 

colon cells, which may suggest a tumor suppressive function of EVnon that is lost in EVLPS. Investigating 
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the therapeutic potential of administering EVs containing tumor suppressive proteins such as GSN may 

offer a promising approach to reduce cancer risk in colitis patients.  

Though EVs are very prevalent and promising as biomarkers and potential therapeutic targets to 

prevent disease progression, EV studies are limited because different models may lack EV traceability, 

throughput, clinical translatability, or feasibility417. The main purpose of my using macrophage cell line-

secreted EVs is feasibility, as it would have required an excessive number of mice to isolate enough EVs 

for my experiments. I showed similar effects on colon cell growth treated with EVs from primary bone 

marrow-derived macrophages (BMDMs) compared to immortalized BMDMs (iBMDMs), which implies 

iBMDM EVs are a physiologically relevant model in this sense. However, cell lines seem to behave 

differently, in our studies, possibly due to endotoxin desensitization in culture and the fact that cell lines 

are, by definition, immortalized and hence malignant or at least premalignant with some of the cellular 

controls dysregulated. For example, THP1 macrophages secreted more TNF- upon LPS treatment, and 

also produced EVs that increased epithelial cell growth rate more than did THP1 monocyte-derived EVs. 

In contrast, EVs from primary BMDMs that secreted less NO (treated with higher concentration of LPS) 

increased colon cell growth rate to a greater extent than EVs from BMDMs that secreted higher NO 

(treated with lower concentration of LPS).  

Importantly, we discovered that EVLPS can mediate immune infiltrate within the TME even when 

introduced to tissue preceding tumor emergence. Specifically, administration of EVs from LPS-activated 

macrophages into tissue before tumor emergence resulted in subsequently induced tumors to express: 

decreased number of TAMs, increased CD86 expression in non-TAM macrophages, and increased CD86 

expression in neutrophils relative to all other conditions. This crucial observation suggests that EVs from 

activated macrophages can mediate tissues in premalignant states to affect subsequent tumorigenesis. 

However, whether these effects are overall pro-tumorigenic or anti-tumorigenic is yet to be fully 

defined.  

LPS- vs Lactic acid-induced activation of macrophages 

We showed that the PLA degradation product L-lactic acid directly signals to macrophages to 

increase metabolism and activation. Specifically, PLA extracts tend to increase ECAR and OCR in primary 

murine BMDMs. One group elucidated the immunometabolic effects of LPS and lactate in primary 

murine BMDMs418. In comparison, LPS treatment of BMDMs increased ECAR but decreased OCR418. This 

suggests that LPS increases glycolysis but decreases mitochondrial respiration in BMDMs, whereas 

lactate increases both. Metabolic reprogramming is a hallmark of cancer, but each cancer tissue has its 

own metabolic features419. In oral squamous cell carcinoma cell lines, for instance, ECAR and OCR were 
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found to be increased relative to non-cancer cells420. One study showed inhibiting glycolysis (ECAR) and 

mitochondrial respiration (OCR) in colon cancer cells resulted in increased apoptosis421.  

Interestingly, LPS-activated BMDMs secreted higher levels of lactate relative to non-activated 

BMDMs418. Thus, these two signaling molecules may affect immunometabolism and chronic 

inflammation in conjunction. Also, 2DG and olig. were found to decrease macrophage secretion of IL-6 

and/or IL-10 induced by LPS activation418. Moreover, macrophage EVs have also been shown to mediate 

bone regeneration91. This suggests that in sterile chronic inflammation in the absence of bacterial 

components such as LPS, L-lactic acid could signal to activate macrophages, affecting EV secretion and 

mediating bone regeneration.  

Gender disparities in colitis-associated cancer 

Many epidemiology studies in eastern and western countries have shown no marked sex 

disparities in incidence of ulcerative colitis between genders422. Blumenstein et al. reported men to have 

an increased risk of IBD-associated CRC, though this may be due to alcohol and diet 423. A population-

based study in Western countries reported men had a higher incidence of colitis than women only after 

age 45 424. However, other studies show higher familial expression of IBD in females, especially in 

Crohn’s disease425. Relative to males, IL-10 deficient female mice were found to be more susceptible to 

developing inflammation linked with an increase in fecal miR-21 levels426, which can induce CAC through 

many signaling networks427. Women with IBD experience increased stress, sexual and psychological 

issues relevant to the disease. Importantly, stress has been shown to contribute to colon cancer 

incidence in mouse models of CAC; daily restraint-induced stress in mice increased tumor numbers upon 

AOM/DSS treatment 280. Moreover, female hormones play a notable role in IBD, and active IBD is 

correlated with decreased fertility in females422. In our study, female mice were used because females 

typically exhibit stronger immune responses. Further studies will be necessary to compare sex call for 

future research in male mice as well.  

PROPOSED FUTURE STUDIES 

It should be recognized that using transformed cells to represent a premalignant context is 

inherently a flawed model; use of EVs from non-transformed HOXB3-differentiated macrophages may 

mitigate this concern. This sheds light on the need for more in vivo studies, which contain components 

of the immune system that we simply do not have the capacity to replicate the entirety of the complex 

environment of chronic inflammation or cancer in vitro. Future experiments using orthotopic models 

(e.g., AOM/DSS mouse or rat model of colitis-associated cancer) is ideal, to include tissue-resident cells 

such as goblet cells and tissue-resident macrophages, as well as involvement of the microbiome. This 
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could also elucidate the role of tissue-resident macrophages, as some of embryonic origin are found in 

colon but this population may slowly get replaced by bone marrow macrophages over time, and their 

role is unclear171. Depletion of certain cell types may elucidate their role in response to EVs from LPS-

activated macrophages (EVLPS) through tumorigenesis. 

We are currently completing single-cell RNA sequencing of CD45+ cells, as well as bulk RNA 

sequencing of live cells and CD11b+ myeloid cells isolated from mouse tumors treated with conditions 

outlined in Figure 3.15 and Table 3.1. Further characterization of other cell subtypes affected by EVLPS in 

vivo may further elucidate signaling effects. For example, because ASS1 expression has been found to be 

associated with increased number of cancer-associated fibroblasts428, it would be interesting to 

characterize fibroblast and stromal cell infiltrate in our in vivo experimental model. I also proposed to 

characterize expression of markers that are highly expressed in human CRC including CD163 (M2 

marker), iNOS (M1), and Arg1 (M2)429. 

I also propose to perform studies on different colon cancer cell types with different mutational 

statuses. For example, CT26 tumors are Kras mutant and p53 WT, opposite to MC38 tumors. 

Furthermore, using human tumor models induced with or without certain immune cell subtypes in 

immunodeficient mice may elucidate the role of individual immune cells in response to EVs from LPS-

activated macrophages as the sole source of inflammatory signals representing colitis. Developing these 

models would require balancing physiological relevance with dissecting signals for easier comprehension 

of functional effects.  

However, the clinical translatability of preclinical cancer models is low430, 431. Along with Dr. Aitor 

Aguirre, we are proposing a model showing clinical translatability using human induced pluripotent stem 

cells (iPSC)-derived macrophages to stimulate and isolate EVs, for administration onto iPSC-derived 

human colonic organoids (HCOs). This model dissects EV signaling for ease of characterization of 

functional effects while also remaining physiologically relevant in a non-cancer, premalignant context in 

3D. 

THERAPEUTIC POTENTIAL 

My findings reveal macrophage EVs in colitis as a potential mediator of immunocarcinogenesis. 

Identifying more EV-associated proteins and RNAs that mediate colitis-associated cancer may elucidate 

therapeutic targets with the potential to prevent or irradicate cancer in patients with inflammatory 

bowel disease and other chronic inflammatory conditions. Targeting potential mediators in 

macrophage-derived EVs—either by inhibiting protumorigenic cargo like ASS1 or by enhancing tumor-

suppressive elements like GSN—may offer new therapeutic strategies for preventing cancer in colitis 
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patients. Further characterization of how these interventions affect CRC cell transformation and cancer 

progression could validate these EV components as viable clinical targets. Therapies could include 

engineered EVs to target macrophage EVs driving colitis-associated cancer, e.g., polyethylene glycol 

(PEG) surface modification may enhance targeting efficiency432. 

The concept of immunocarcinogenesis is applicable to many other GI organs, including cells of 

the esophagus, liver, stomach, and pancreas, as well as other organs that are at risk of malignancy 

subsequent to inflammation including breast, prostate, lung and bladder. For example, many cancer 

types, including melanoma, hepatocellular carcinoma, and prostate cancer, silence argininosuccinate 

synthase 1 (ASS1) expression, making tumor cells dependent on external arginine delivery for metabolic 

activity, i.e., arginine auxotrophic433. In theory, delivery of EVs from LPS-activated macrophages 

containing ASS1 to these tumor cells has the potential of providing a survival advantage for these ASS1-

silenced tumor cells. This reveals ASS1 as a potential target for these cancer types. Future studies 

confirming this could elucidate an improved combination therapy for ASS1-silenced cancers.  
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APPENDIX A: MATERIALS 

Table A.1 Antibodies used for immunoblotting and flow cytometry. 

Use Antibody Name Primary/ 

Secondary 

Dilution Catalog No Vendor 

WB Cebpb 1° 1200 ab32358 Abcam 

WB COX2 1° 500 A3560 ABClonal 

WB Fra1 1° 500 sc-28310 Santa Cruz Bio 

WB CD81 1°  10037 Cell Signaling 
Technology 

WB Alix 1°  12422-1-AP Protein Tech 

WB Flot-1 1°  BDB610820 Fisher 
Scientific 

WB GAPDH 1° 2000 10494-1-AP Protein Tech 

WB Anti-rabbit IgG, HRP-
linked 

2° 2000 7074 Cell Signaling 
Technology 

WB Anti-mouse IgG, HRP-
linked 

2° 2000 7076 Cell Signaling 
Technology 

Flow CD45 BV605 1°-conjugated 300 103140 Biolegend 

Flow CD11b AF700 1°-conjugated 400 101222 Biolegend 

Flow F4/80 BV785 1°-conjugated 300 123141 Biolegend 

Flow MHC II PerCP 1°-conjugated 200 107624 BioLegend 

Flow CD86 BV421 1°-conjugated 200 105032 BioLegend 

Flow CD206 APC 1°-conjugated 200 141708 BioLegend 

Flow IL-4 BV650 1°-conjugated 1200 BDB564004 Biolegend 

Flow Arg1 PE-Cy7 1°-conjugated 400 25-3697-80 ThermoFish 

Flow iNOS BUV 615 1°-conjugated 500 366-5920-82 ThermoFish 

Flow CD3 SparkBlue 550 1°-conjugated 100 100260 BioLegend 

Flow CD4 APC-Fire 810 1°-conjugated 100 100480 BioLegend 

Flow CD8a BB700 1°-conjugated 100 566409 BD 

Flow IL-17a AF647 1°-conjugated 200 506911 BioLegend 

Flow IFN APC-Fire 750 1°-conjugated 500 505859 BioLegend 

Flow FoxP3 PE 1°-conjugated 40 320007 Biolegend 

Flow Ly6C BV510 1°-conjugated 200 128033 Biolegend 

Flow Ly6G PacBlue 1°-conjugated 250 127612 BioLegend 

Flow CD11c PE/Dazzle 594 1°-conjugated 500 117348 BioLegend 

Flow CD31 BUV 737 1°-conjugated 200 612802 BD 
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Table A.2 Cell lines used throughout this dissertation. 

Cell Line Host Species Cell Type Source 

Raw264.7 Balb/c mouse Macrophage 
(leukemia) 

ATCC 

J774   Stanford Contag Lab 
stock 

THP1 Human Promonocyte 
(leukemia) 

ATCC 

U937 Human Promonocyte 
(leukemia) 

Stanford Contag Lab 
stocks 

4T1 Balb/c mouse Triple negative breast 
cancer* 

Dr. Michael Bachmann 

Immortalized bone marrow-
derived macrophages (iBMDMs) 

C57Bl/6 
mouse 

Macrophages (J2 virus 
introduced v-myc and 
v-raf/mil oncogenes) 

Dr. Andrew Olive 

Caco2 Human Colorectal carcinoma* Dr. Michael Bachmann 

CT26 Balb/c mouse Colorectal carcinoma 
(fibroblast) 

Stanford Contag Lab 
stocks 

MC38 C57Bl/6 
mouse 

Colorectal carcinoma Kerafast 

NIH 3T3 mouse Mouse embryonic 
fibroblast (MEF)* 

Dr. Michael Bachmann 

*Stably transfected with LuBiG plasmid containing genes encoding blastocidin resistance, green fluorescence 

protein and luciferase under the CMV promoter 

 

Table A.3 Primers used for RT-qPCR. 

 Transcript 
Name 

Target Species Forward primer Reverse primer Vendor 

1 E-cadherin Mouse atcctcgccctgctgatt accaccgttctcctccgta IDT 

2 Vimentin Mouse ATGCTTCTCTGGCACGTCT
T 

AGCCACGCTTTCATACTG
CT 

IDT 

3 N-cadherin Mouse gccatcatcgctatccttct ccgtttcatccataccacaaa IDT 

4 Snai1 Mouse gtccccaactacgggaaact gggatcctgccaactcct IDT 

5 Twist1 Mouse agctacgccttctccgtct tccttctctggaaacaatgaca IDT 

6 Slug Mouse cattgccttgtgtctgcaag agaaaggcttttccccagtg IDT 

7 ZEB1 Mouse aggtgatccagccaaacg ggtggcgtggagtcagag IDT 

8 B-catenin Mouse ATGGAGCCGGACAGAAA
AGC 

TGGGAGGTGTCAACATC
TTCTT 

IDT 

9 mGAPDH Mouse AACTTTGGCATTGTGGAA
GG 

ACACATTGGGGGTAGGA
ACA 

IDT 
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APPENDIX B: PERMISSIONS 

Chapter 4 contains modified text, with some direct excerpts, from the previously published papers that 

are listed below (all excerpted text and figures are marked as such in the dissertation text). These papers 

and manuscript relate to the chronic inflammatory responses to biomaterials as a comparator to chronic 

inflammation associated with LPS exposure and colitis. My contributions to this work focuses on the 

immune response as both a means to learn new approaches, study unique mechanisms of immune 

activation, and assess chronicity of immune stimulation.  

1. Maduka, C. V., Alhaj, M., Ural, E. E., Habeeb, O. M., Kuhnert, M. M., Smith, K., Makela, A. V., 

Pope, H., Chen, S., Hix, J. M., Mallett, C. L., Chung, S. J., Hakun, M., Tundo, A., Zinn, K. R., 

Hankenson, K. D., Goodman, S. B., Narayan, R. and Contag, C. H. Polylactide Degradation 

Activates Immune Cells by Metabolic Reprogramming. Advanced Science 10, e2304632, 

doi:10.1002/advs.202304632 (2023). 

2. Maduka, C. V., Makela, A. V., Tundo, A., Ural, E. E., Stivers, K. B., Kuhnert, M. M., Alhaj, M., 

Hoque Apu, E., Ashammakhi, N., Hankenson, K. D., Narayan, R., Elisseeff, J. H. and Contag, C. H. 

Regulating the proinflammatory response to composite biomaterials by targeting 

immunometabolism. Bioactive Materials 64-73, doi:10.1016/j.bioactmat.2024.05.046 (2024). 

3. Maduka, C. V., Makela, A. V., Tundo, A., Ural, E. E., Stivers, K. B., Alhaj, M., Narayan, R., 

Goodman, S. B., Ashammakhi, N., Elisseeff, J. H., Hankenson, K. D. and Contag, C. H. Role of 

mitochondrial complex I in the proinflammatory response to polylactide implants. ACS Applied 

Engineering Materials 2, doi:10.1021/acsaenm.4c00393 (2024). 
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