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Abstract 
Triple-negative breast cancer (TNBC) is the most aggressive breast cancer subset with limited targeted chemotherapies. TNBC is defined by the absence of the estrogen, progesterone, and HER2 hormonal receptors on the cell surface, and targeted hormonal-based therapies are ineffective. The current standard of care for these patients remains untargeted systemic chemotherapy that does not discriminate between healthy and cancerous tissue, resulting in severe dose limiting side effects. Identifying a novel biomarker for this disease remains a top priority in targeted cancer therapy.
Extracellular exposure of phosphatidylserine (PS) is tightly regulated in healthy cells. Typically confined to the inner cytosolic leaflet, once extracellularly exposed, it acts as an “eat me” signal for macrophage phagocytosis. However, cancer (especially TNBC) cells have high externalized PS, but do not undergo apoptosis, making PS a promising biomarker for TNBC therapy. Annexin A5 (ANXA5) is the native binding partner to PS and can be used to actively target and deliver chemotherapeutic agents to the tumor microenvironment via PS externalization. 
	While many advancements have been made in developing targeted chemotherapeutics, protein-drug conjugates have changed how cancer is treated. Protein-drug conjugates consist of a protein linked to a drug, and depending on the conjugation method, a linker that connects the protein and drug together. The protein acts as a delivery vehicle to localize a drug to cancer cells and vasculature through a cancer biomarker. By targeting and localizing the drug to the tumor, less drug is needed to induce cell death, resulting in fewer side effects. 
This dissertation will focus on translating two ANXA5 protein drug conjugates and developing one ANXA5-protein drug conjugate for the treatment of TNBC. ANXA5 has proven to be an invaluable delivery vehicle with high specificity to externalized PS. A microtubule inhibitor, a DNA alkylating agent, and a histone deacetylase inhibitor have all been linked to ANXA5, and all three ANXA5 drug conjugates have shown better anticancer activity than their respective free drug in vitro. ANXA5 protein drug conjugates provide a novel avenue to treat an untargeted cancer. 
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Cancer is one of the leading causes of death worldwide. By the year 2040, it is estimated that 28.4 million new cancer cases will be diagnosed worldwide, an increase of 47% compared to 2020 [1]. The standard of care for many patients includes conventional untargeted chemotherapy, radiation, and/or surgery. Conventional chemotherapeutic drugs are administered systemically, are nonselective, have rapid body clearance, and have a wide biodistribution [2, 3]. Consequently, high doses of chemotherapy are needed to achieve sufficient accumulation in the tumor. However, higher doses induce systemic toxicity and death of healthy tissues, which results in severe side effects, and a higher dose can induce drug resistance, generating a more aggressive phenotype [2, 3]. To increase therapeutic efficiency and decrease side effects, researchers have engineered drug delivery systems to passively or actively target tumors. 
Passive and active targeting are two of the largest fields of drug delivery. Passive targeting exploits the enhanced permeability and retention (EPR) effect to deliver drugs and nanoparticles to tumors. However, the EPR effect is heavily debated and extremely heterogeneous among cancer types, leading to low drug uptake [3]. It is estimated that only 1% of passive targeted chemotherapies reach the tumor; however, the therapeutic efficiency increases by 10 times when using an active targeting method [4]. Active targeting relies on the overexpression of biomarkers in tumor cells and tumor vasculature as docking stations for monoclonal antibodies, proteins, and/or peptides to increase the accumulation and therapeutic effects of chemotherapies and nanotechnology. Although active targeting and engineered nanotechnology have increased the efficacy of drug delivery, protein corona formation changes the surface properties of nanoparticles and can bury the targeting agent, leading to off-target unloading [5]. Additionally, the heterogeneity of biomarkers plays a confounding role in the fight against cancer. 
Biomarkers can be used to diagnose cancers or select treatment options. More importantly, biomarkers can act as a magnet to actively target a cancer treatment to tumor cells and tumor vasculature. To date, the FDA has approved targeted treatments for 33 different cancers; however, each disease typically requires a unique biomarker, and there is a need for novel and translational biomarkers across cancer types [6-8]. A universal targeting strategy is a top priority in cancer therapy. Phosphatidylserine is an excellent translational biomarker candidate for all cancer types. 
Phosphatidylserine (PS) is restricted to the inner leaflet of the plasma membrane in healthy cells; however, as cells become apoptotic, PS is flipped to the outer leaflet, promoting phagocytic removal [9]. Although PS is constantly exposed at elevated levels in cancer cells, they do not undergo apoptosis and the tumor survives. This increase in external PS makes it an attractive biomarker for targeted cancer treatment. The protein annexin A5 (ANXA5), which binds to PS, can be used to deliver targeted treatments to the primary tumor, tumor vasculature, and metastases.

[bookmark: _Toc116910982]Phosphatidylserine 
The asymmetric phospholipid composition of plasma membranes is tightly regulated and provides insights into cellular health. In healthy cells, the outer leaflet is mainly composed of phosphatidylcholine and sphingomyelin, whereas the inner leaflet is composed of phosphatidylinositol, phosphatidylethanolamine, and phosphatidylserine (PS) [10]. While PS constitutes a small fraction of the membrane (3–10%), it is the only anionic phospholipid in the bilayer and plays a major role in regulating cell death and removal [9, 11]. Its negative charge contributes to the regulation of many cellular functions both internally and externally, but this dissertation will focus on the extracellular expression of PS as a biomarker target. 
The expression of PS in the cytosolic leaflet maintains cellular homeostasis. This asymmetry is maintained by two calcium-dependent transporters, flippase and scramblase (Figure 1) [12]. Flippase is an adenosine triphosphate (ATP)-dependent transporter that exclusively transports anionic phospholipids to the cytosolic membrane against their concentration gradient. Scramblase is ATP-independent and randomly moves phospholipids bidirectionally across the plasma membrane. Together, these transporters regulate PS expression (Figure 1). While the regulation of PS in healthy cells is widely accepted, PS regulation in cancer is not fully known. 
The increased externalization of PS in many cancer types make it a potential biomarker for cancer therapy. Compared to healthy cells, tumor cells and tumor vasculature alter their total phospholipid concentration, have more PS in the plasma membrane, and have up to seven times more externalized PS [13-19]. PS is highly externalized in metastatic triple-negative breast cancer, glioblastoma, and astrocytoma, suggesting that high PS exposure on the outer leaflet is associated with aggressive and metastatic tumors [14]. Although upregulated PS externalization in cancer is widely accepted, the exact mechanism remains elusive [20]. It is suggested that Brac-1 germline mutations [21-23], intracellular calcium levels [14], intracellular and extracellular pH levels [24, 25], phosphorylation of PS transporters  [26-30], and protein expression of the PS transporters [31] all impact externalization of PS on cancer cells. Additionally, PS aids in the metastatic potential of cancer cells [32-36] and induces an immunosuppressive tumor microenvironment mainly through macrophage interactions [37-41]. Because of these compounding factors, targeting PS with its native binding partner annexin A5 is an attractive option for targeted cancer therapy. 
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[bookmark: _Toc118910646]Figure 1: Flippase and scramblase activity based on cell state
a) At steady state, PS is sequestered to the inner leaflet. ATP11A/C is turned on, while TMEM16F and Xkr8 are turned off. b) During cellular stress, mitochondria release calcium into the cytosol. The calcium then binds to ATP11A/C, turning it off and preventing PS from being returned to the inner leaflet. TMEM16F is turned on, randomly switching PS to the inner and outer leaflet. During this time, Xkr8 is off. c) If cellular stress persists, the mitochondria release caspases to activate apoptosis. Caspase cleaves the long cytosolic loops of ATP11ATP/C, irreversibly turning it off. Caspases also cleave Xkr8, resulting in constitutive activation and random expression of PS. During this time, TMEM16F is off. d) Phosphorylation reversibly turns on Xkr8, and potentially turns off ATP11A/C. Scramblase remains off during this time [12]. © Elsevier. All Rights Reserved

[bookmark: _Toc116910983]Annexin A5 (ANXA5)
The non-apoptotic externalization of PS in cancer cells can be targeted via ANXA5 to deliver chemotherapeutic agents to the tumor [42]. ANXA5 is a member of the annexin protein family and is the native binding partner to PS in the body. The annexin family is characterized by its ability to bind negatively charged phospholipids in the presence of calcium. Additionally, annexins must possess structurally conserved sequences of approximately 70 amino acid residues that comprise the annexin core domain [43, 44]. There are 12 ANXA genes in humans, all of which have 4 annexin core domains (except ANXA6, which has 8), in addition to the C-terminal and N-terminal domains. Each core domain consists of 5 alpha helices (A, B, C, D, and E) that contain binding sites for both calcium and negatively charged phospholipids. ANXA5 was the first member of the ANXA family to be crystallized and imaged, illustrating the bent-disk shape of the protein (Figure 2).
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[bookmark: _Toc118910647]Figure 2: Ribbon structures of ANXA5 and repeated domains 
a) The C-terminal domains consist of four structurally conserved domains (I: red, II: blue, III: yellow, IV: green). Calcium binding sites are indicated by orange balls. Membrane binding occurs on the convex side, and the protein does not undergo conformational changes after binding. The N-terminal domain is indicated in black. b) Domain I represents the repeated domains consisting of five alpha helices (A, B, C, D, and E) [45]. © J. Wang, J. Liu, Y. Cao, M. Hu, and Z. Hua. Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).

ANXA5 (~36 kDa) is an extracellular protein that reversibly binds PS. ANXA5 was first discovered as an anticoagulant protein and soon gained traction as a novel biomarker for apoptosis due to its high binding affinity for PS (dissociation constant Kd = 15 nM) in the presence of calcium [46]. The binding of ANXA5 to PS is regulated by calcium-binding sites on the protein, and domain IV is critical for both calcium and PS membrane binding [45]. Each ANXA5 core has three different calcium-binding sites between the AB loop (type II calcium binding), which is necessary for PS binding, whereas the DE loop and B site (type III calcium binding) increase the binding affinity of the protein to the membrane [43]. Twelve molecules of calcium can be bound, and the specific binding orientation promotes ANXA5 trimerization while maintaining the membrane in the liquid-crystal phase [43, 47]. A unique feature of ANXA5 is that it does not undergo conformational changes and retains its concave-bent shape after binding and trimer formation, which assists in cell internalization [48]. The ANXA5 trimers self-assemble into an ordered 2D lattice, increasing the surface tension and concaving the plasma membrane inward (Figure 3) [49-51]. This indicates that internalization is non-receptor-mediated and solely driven by ANXA5 binding/trimerization, which is advantageous because internal cell signaling is not required for entry. Once internalized, the endosome containing ANXA5 fuses with a lysosome. and the protein is degraded. ANXA5 has a circulation half-life of 4 min but has high PS-mediated tumor uptake in mice [52]. Because the EPR effect is beneficial for molecules over 40 kDa, it is unlikely that the passive EPR effect is a major contributor to ANXA5 localization in the tumor; it is therefore likely that active targeting of PS drives ANXA5 tumor uptake [53]. 
Due to the high binding affinity and nonreceptor-mediated endocytosis of ANXA5, it is an attractive option to actively target the exposure of PS on tumor cells and tumor vasculature. To date, the use of ANXA5 to target and treat melanoma, lymphoma, neuroblastoma, and pancreatic, lung, breast, prostate, ovarian, colon, and non-small cell cancers has been investigated, demonstrating it as a useful delivery vehicle for many types of cancer therapy [54]. The work presented in this dissertation will focus on targeting triple-negative breast cancer. 
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[bookmark: _Toc118910648]Figure 3: Internalization of ANXA5 into cells is nonreceptor-mediated
A) ANXA5 binds to upregulated and externalized PS in cancer cells. B) After binding, ANXA5 does not undergo conformational changes, which induces trimerization. Formation of the trimer increases the surface tension on the plasma membrane and concaves the membrane inward. C) An endosome containing the ANXA5 trimer is formed. D) The ANXA5 endosome fuses with a lysosome, and the protein is degraded. Figure created using Biorender.com. 

[bookmark: _Toc116910984]Why triple negative breast cancer? 
While PS is a translational biomarker across cancer types, this dissertation will focus on treating breast cancer, more specifically triple-negative breast cancer through ANXA5-PS mediated protein drug conjugates. 
For women worldwide, breast cancer is the most diagnosed and deadly cancer type and does not discriminate against developed or developing countries (Figure 4) [55]. When focusing on the United States of America, breast cancer rates have been increasing at approximately 0.5% per year since the mid 2000s (Figure 5).  In 2022 alone, nearly one-third of all cancer diagnoses in women will be a breast cancer diagnosis [6]. While breast cancer is widespread, it is heterogeneous and is defined by the hormonal receptor status on the cell surface. 
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[bookmark: _Toc118910649]Figure 4: Breast cancer is the most common cancer site for females worldwide 
 [55] © CP. Wild, E. Weiderpass, BW Stewart. Creative Commons Attribution (CC BY) license (http:// https://creativecommons.org/licenses/by-nc-nd/3.0/igo/).
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Description automatically generated][bookmark: _Toc118910650]Figure 5: Breast cancer has been the most diagnosed cancer in in the United States of America from 1975 to 2018.
 [6] © RL Siegel, KD. Miller, HE Fuchs, A. Jemal. Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).


The three hormonal receptors that categorize breast cancer subtypes are estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor 2 receptor (HER2). When cancers are ER, PR, and/or HER2 positive, patients tend to have a positive response rate to targeted endocrine-based therapies, have lower cell proliferation rates, lower tumor grades, and often have a good prognosis (Figure 6) [56]. Unlike ER, PR, and HER2 positive breast cancer subtypes, triple- negative breast cancer (TNBC) is defined by the absence of all three hormonal receptors rendering the triple negative phenotype. 
To be categorized as TNBC, less than 1% of the tumor cells must stain positive for ER and PR and must have a staining score of 0 to +1 for HER2 as determined by immunohistochemistry [57]. Although molecular cell staining defines this breast cancer subtype, TNBC is the most heterogenous breast cancer subtype and is further categorized into four different transcriptional subtypes or six different molecular subtypes. TNBC is the most aggressive breast cancer and has a high proliferation index (Figure 6) [56, 58]. The aggressive nature of this disease results in high rates of metastasis to the bone, brain, liver, and lungs resulting in poor survival [56, 59, 60].
TNBC makes up 15-20% of all breast cancer cases in the United States of America and has the lowest 5-year survival rate of all breast cancers [56, 60, 61]. According to the National Institutes of Health Surveillance, Epidemiology, and End Results Program (SEER) (https://seer.cancer.gov), TNBC 5-year survival is only 77.1% in comparison to hormonal positive breast cancer which has a 5-year survival rate of 89.9%. Once TNBC regionally or distantly metastasizes, the 5-year survival rates drop to 65.8% and 12.0% respectively [56, 60]. 
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[bookmark: _Toc118910651]Figure 6: Breast cancer hormonal receptor status in correlation to prognosis, therapy response, and cell proliferation rate.
When breast cancer cells ER, PR, or HER2 positive patients tend to have a better prognosis, better response to endocrine-based therapies, and have lower proliferation index and tumor grade. TNBC cells are negative for all three receptors and tend to have a poor prognosis, poor response to endocrine-based therapies, and have high cell proliferation and tumor grade [56]. © M. Zubair, S. Wang and N. Ali. Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).




	Because TNBC is defined by the lack of hormonal receptors (ER, PR, and HER2) on the cell surface, targeted endocrine-based therapies are ineffective (Figure 6). TNBC has been coined an orphan disease because of limited success in developing targeted treatments, and the standard of care for TNBC patients remains untargeted-conventional chemotherapy, radiation, and/or surgery [57, 62]. TNBC is treated with a wide range of chemotherapeutic drugs (topoisomerase II inhibitors, DNA alkylating agents, microtubule targeting taxanes, anti-metabolites, and/or platinum agents), but the drugs are nonselective and induce dose-limiting side effects all over the body (e.g. hair loss, nausea, vomiting, fatigue, hearing loss, weight loss, bone loss, reproductive damage, nephrotoxicity, hepatotoxicity, cardiotoxicity, and/or neurotoxicity) [63-66]. On top of dose-limiting side effects, heterogenous tumor barriers such as multi-drug exporters, cancer stem cells, hypoxia, and aberrant signaling pathways all promote singular- and multi-drug resistance [66, 67].  These compounding factors severely limit the therapeutic options for this disease.

[bookmark: _Toc116910985]Current Targeted Treatments for TNBC 
It has only been in the last four years that the FDA has approved targeted poly(ADP-ribose) polymerase (PARP) inhibitors, checkpoint inhibitors, and an antibody-drug conjugate for TNBC [57, 68-71]. PARP inhibitors target the genetic instability of cancer and inhibit the repair of single-strand DNA breaks through PARP enzymes. While PARP inhibitors have been advantageous in treating TNBC with germline BRAC mutations, they have been met with challenges in the clinic. PARP inhibitors have high rates of drug resistance, are only effective for the 20% of TNBC patients with BRCA mutations, and increase the overall risk of serious adverse events when compared to traditional chemotherapy [68, 72-74]. Checkpoint inhibitors also provide a targeted treatment for TNBC. 
Checkpoint inhibitors provide a long-lasting anticancer response in patients, and TNBC has been categorized as a tumor with a high density of tumor-infiltrating lymphocytes, especially CD8+ T-cells [75, 76]. However, less than 20% of TNBC patients respond to an immune checkpoint blockade therapy, suggesting that there are compounding factors in the TME that prevent an adaptive antitumor response [77, 78]. TNBC patients have benefited from adding checkpoint inhibitors to their standard-of-care chemotherapy regimens, but when a checkpoint inhibitor is added, 100% of patients experience treatment-related adverse events [69]. The adverse events can be severe and impact the remaining quality of life for patients (e.g., hepatitis, arthralgia, hyper/hypothyroidism, blurred vision, and type 1 diabetes mellitus) [69, 76, 79]. Lastly, only one antibody-drug conjugate has been approved for TNBC.  
Sacituzumab-govitecan (SG) is a trophoblast cell-surface antigen 2 (Trop-2) targeted humanized antibody linked to the topoisomerase-I inhibitor, SN-38, with a hydrolysable linker. Trop-2 is overexpressed in many cancer types including TNBC and aids in tumorigenesis and anchorage dependent cell growth [80]. SN-38 is the active from of the prodrug, irinotecan, and is linked to the antibody with a property linker that allows for pH-mediated release of the drug in the tumor cell and the tumor microenvironment (TME) [80-82]. While pH-mediated drug release takes advantage of the pH difference between the plasma (pH = 7.4) and the TME (pH = 4.0-5.0), the spontaneous hydrolysis of the linker results in unloading of SN38 systemically [83, 84]. Additionally, the internalization of the antibody is only 2-fold higher than the control, indicating its cellular internalization maybe inefficient [83]. This suggests the SG antibody drug conjugate may not be acting as a traditional targeting antibody, but more as an SN-38 prodrug to localize the drug to the tumor microenvironment [83]. In the Phase III ASCENT clinical trial, SG side effects for TNBC patients included neutropenia, leukopenia, diarrhea, anemia, febrile neutropenia, alopecia, and fatigue [85]. When comparing the SG treatment group to traditional chemotherapy, the SG treatment group had side effects that occurred more frequency and presented more severely [85]. 
Although PARP inhibitors, checkpoint inhibitors, and SG have provided targeted treatments for TNBC, their therapeutic benefit is constrained by dose-limiting side effects, drug resistance, off target drug unloading, and lack of biomarkers to successfully treat TNBC. There is still a need to develop TNBC targeted therapies to decrease systemic side effects and increase the therapeutic impact of the therapy. Like many other cancer cells, TNBC has an increase in PS externalization, but the cells do not undergo apoptosis [14]. PS externalization has been correlated to tumor malignancy, and because TNBC is an innately aggressive tumor, TNBC is an ideal disease to focus ANXA5-PS based therapies [15]. 
[bookmark: _Toc116910986]ANXA5 Protein Drug Conjugates 
This dissertation focuses on translating and developing novel ANXA5 protein drug conjugates for the treatment of TNBC. Protein-drug conjugates consist of a protein linked to a drug. A linker may be needed to join the protein and drug together depending on the functional groups available for conjugation (Figure 7). 
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[bookmark: _Toc118910652]Figure 7: Composition of protein drug conjugates 
Depending on functional groups found on the drug molecule and protein, drugs can be directly linked to the protein (as indicated by the black seven-point star) or linked to a protein with a small linker (as indicated by the black 9-point start with a small gray rectangular linker). 


The ANXA5 protein-drug conjugates fill a unique space in the fight against cancer. First, ANXA5 acts as a delivery vehicle to localize a drug to cancer cells and vasculature through cancer’s natural PS externalization. Second, by targeting and localizing the drug to the tumor, less drug is needed to induce cell death, resulting in fewer side effects. Third, the ANXA5-drug conjugates are cost-effective and easy to produce. ANXA5 is easily produced in Escherichia coli (E. coli) because ANXA5 does not require post-translational modifications like some monoclonal antibodies. E. coli also provides fast-growth kinetics and high cell densities increasing protein production [86]. Additionally, by needing fewer drug, the overall cost remains lower. Fourth, ANXA5 is biologically compatible. ANXA5 is a human protein and does not require any other species’ DNA or protein fragments for protein formation, unlike chimeric or humanized antibodies [87]. Finally, the simple design consisting of the protein, drug, and if applicable, linker, makes it an elegant platform to treat cancer. The simple design of antibody-drug conjugates (as seen with our ANXA5-drug conjugates) also has been advantageous in obtaining FDA approval for cancer therapy, indicating the ANXA5-drug conjugates could be easily translated into a clinical trial [88]. The three ANXA5-drug conjugates explored in this dissertation are ANXA5-mertansine (ANXA5-DM1), ANXA5- chlorambucil (ANXA5-CMB), and ANXA5-valproic acid (ANXA5-VPA). 
[bookmark: _Toc116910987]ANXA5-DM1 
[bookmark: _Toc116910988] History of DM1
Mertansine (DM1) a derivative of maytansine has shown to be a powerful anticancer agent and has a rich history dating back 50 years. In 1972, Maytansine was isolated from the Maytenus serrata plant, and the class of drugs now referred to as “maytansinoids” was born [89]. DM1 and the four other maytansinoid derivatives displayed profound anticancer activity against both liquid (leukemia: P388 and KB) and solid (melanoma: B16 and lung carcinoma) tumors [89, 90]. In 1977, Maytansine was discovered to be a competitive inhibitor for the vinblastine binding sites on tubulin
and was 200-1000 fold more toxic than the vinca alkaloids [91]. This indicated that maytansinoids induce cell death by microtubule inhibition. By 1978, the first phase I clinical trials for both solid and liquid tumors began [92-95]. Although some patients benefited from the anticancer activity of maytansine, dose-limiting side effects were observed at doses as low as 0.5-2 mg/m2 [92-95]. Maytansine caused central nervous and gastrointestinal system toxicity, and nearly every patient experienced severe tiredness, weakness, nausea, vomiting, and diarrhea. The side effects were so severe some patients refused to finish the maytansine treatment, indicating the free drug is too toxic for systemic use, and this limited the therapeutic potential of the drug in the clinic [92-95]. Because of the severe side effects, it would take another decade before maytansinoids would be utilized as a chemotherapeutic agent.
	The invention of monoclonal antibodies revived maytansinoids as anticancer agents. ImmunoGen’s goal was to link maytansine to a monoclonal antibody to maintain the cytotoxic action but simultaneously decrease the systemic side effects. However, maytansine did not contain any functional groups suitable for cross linking [96, 97]. The team developed a synthetic derivate of maytansine that contained a lone sulfhydryl that would enable the team to link the molecule to the monoclonal antibody via a disulfide bond  [96, 97]. The synthetic maytansine derivative was coined “drug maytansinoid 1” or DM1 (Figure 8) [98]. DM1 was 3-10 fold more toxic than maytansine and was successfully linked to several antibodies [97]. By linking DM1 to the humanized anti-CanAg antibody (Cantuzumab-DM1), the maximum tolerated dose of DM1 increased to 235 mg/m2 for intravenous administration every 3 weeks, or 115 mg/m2 for weekly intravenous administration [97, 99].  The addition of the antibody increased the maximum tolerated dose by 470 and 230 times more than the 0.5 mg/m2 dose observed with free maytansine [97]. It would take another decade before the first and only DM1 based antibody drug conjugate would be approved by the FDA. In 2013, the FDA approved trastuzumab-emtansine (T-DM1) for HER2 positive metastatic breast cancer, and in 2019, T-DM1’s approval was expanded for early-stage HER2 positive breast cancer [100, 101]. By linking DM1 to an antibody the drug’s mechanism of action does not change.
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[bookmark: _Toc118910653]Figure 8: Maytansine and DM1 molecular structures
DM1 contains a lone sulfhydryl group which provides a chemical group suitable for cross linking. 
 [11]. © Elsevier. All Rights Reserved.


[bookmark: _Toc116910989]DM1 mechanism of action
DM1 is a potent anticancer drug that inhibits microtubule formation. Microtubules are small hollow tubes used for intracellular trafficking, cell movement, and provide structural support for dividing cells. Microtubules are composed of / tubulin heterodimers held together by noncovalent bonds [102]. Originally, it was thought that maytansine binds to the same binding site as vinca alkaloids, but it is now known that vinca alkaloids and maytansinoids bind to different sites on the  tubulin subunit [103]. Maytansinoids bind to  tubulin and inhibit the longitudinal polymerization by either blocking the addition of new tubulin subunits or forming drug-tubulin complexes that cannot be added to the growing microtubules [104]. In contrast, the vinca alkaloids act as a wedge between the / tubulin heterodimers and block the conformational change necessary to form the microtubules [104]. By inhibiting microtubule formation, DM1 causes mitotic catastrophe by preventing the kinetochores (proteins that connect chromosomes to microtubules during mitosis) to connect to the microtubules (because DM1 inhibits microtubule formation), forcing the cell into apoptosis during metaphase, ultimately inhibiting mitosis [105]. On top physically inducing cell death by blocking microtubule formation, DM1 has also been shown to alter the type of cell death from apoptosis to an immunogenic cell death.
[bookmark: _Toc116910990]Immunogenic cell death 
	Harnessing the body’s immune system is the next frontier in cancer therapy. The goal of immunotherapy is to maintain or restore our bodies innate and adaptive antitumor response to eliminate primary and metastatic lesions. Although immunotherapies have shown to be an invaluable addition to some cancers, it is not effective for all cancers because of the complex nature of the TME [106]. 
Cancer is a parasite composed of the body and will trick the body into believing it is a healthy group of cells. This phenomenon even occurs when the tumor has a high concentration of infiltrating lymphocytes. Although this is not a comprehensive list, tumors modulate the immune system to promote tumor survival in various ways. First, tumors have an extremely heterogeneous expression and often will lose major histocompatibility (MHC) class I/II molecules to prevent recognition of the cells by T cell receptors (TcR) and evade immune destruction [107, 108]. Second, high PS externalization promotes immune tolerance mainly through the Tryro3, Axl, and Mertk (TAM) receptors on macrophages. TAM signaling is essential for the phagocytosis of apoptotic cells. The TAM ligands (Gas6 and Pros1) act as a bridge to link PS and TAM receptors together to enhance phagocytosis by macrophages and promote anti-inflammatory cytokine release through suppression of nuclear factor-κB (NF-B) and STAT-1 to limit the adaptive immune response to cells with extracellular PS exposure [37, 38]. Phagocytosis increases the secretion of the immunosuppressive cytokines IL-10, TGF-, and IL-4, restricting dendritic cell maturation and natural killer cell activation [38, 39]. Third, tumors upregulate immune checkpoint-inhibiting ligands (e.g., PD-L1) that inactivate CD8+ T-cells. When PD-L1 binds to PD-1, this interaction blocks the downstream signaling caused by the TcR engagement with MHC I/II molecules [109]. The PD-L1 and PD-1 interaction causes an impaired T-cell activation and IL-2 production, ultimately protecting the tumor cell from immune destruction [109]. Additionally, PD-L1/PD-1 expression decreases T-cell homing to the tumor, and PD-L1 protects the tumor cells from cytotoxic lymphocyte-mediated cell lysis [110, 111]. Lastly, hypoxia also has negative impacts on immune regulation in the TME.
TNBC is an extremely heterogeneous disease, but a hypoxic tumor microenvironment and low response rates to immune checkpoint inhibitors remain an interlinked and underlying thread of this disease. TNBC is a fast-growing cancer, and hypoxia is more prevalent in TNBC than other breast cancer subtypes [112]. As the tumor cells divide, the distance between the cells and existing vasculature increases, generating an oxygen and nutrient gradient [113]. When the oxygen concentration remains low, the cancer cells adapt and alter downstream gene expression, mainly through hypoxia-inducible factor one-alpha (HIF1-) to promote survival. Under normal oxygen concentration (~ 9% O2) HIF1- is hydroxylated by the prolyl hydroxylase domain-containing enzymes (PDH) at conserved proline residues for proteasomal degradation, but under hypoxic concentrations (~ 1-2% O2), the PDH activity is diminished and HIF1- becomes stabilized [114]. Once stabilized, HIF1- enters the nucleus, forms a heterodimer with HIF-1, and complexes with p300/CBP. The entire complex (HIF1-- HIF-1- p300/CBP) then binds hypoxia response element on DNA which activates hundreds of genes that regulate angiogenesis, metastasis, epithelial to mesenchymal transition, cancer stemness, metabolic reprogramming, and immune modulation [115, 116]. Of particular importance to cancer therapy is the negative effects hypoxia has on immune modulation. 
Although TNBC is the most immunogenic breast cancer subtype, only 18.5% of patients respond to an immune checkpoint blockade therapy [77, 78]. One explanation for poor antitumor immune response is the presence of hypoxic pockets in the TME that activates HIF1- expression in both cancer and immune cells. 
While HIF1- regulation is complex and involves multiple signaling pathways, the phosphoinositide 3-kinase/protein kinase B/mammalian target of rapamycin (PI3K/AKT/mTOR) signaling pathways provides an upstream target to regulate hypoxia and subsequent HIF1- expression. The PI3K/AKT/mTOR is one of the most dysregulated signaling pathways for solid cancers, with nearly 70% of all cancer having an abnormal expression [117, 118]. The mTOR protein expression is upregulated in TNBC, making mTOR a targetable molecule to regulate HIF1-  [119]. 
When the TME remains hypoxic, PI3K phosphorylates AKT which indirectly activates mTOR [118].  mTOR is a catalytic subunit for the mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2), but only mTORC1 is sensitive to rapamycin treatments. mTORC1 regulates many key processes necessary for cell growth and proliferation based on nutrient, energy, and oxygen status [116]. In contrast, mTORC2 regulates AKT phosphorylation to regulate cell survival and metabolism [116]. Once activated, mTORC1 regulates transcription of HIF1- expression through STAT3 and regulates transcription of HIF1- expression through 4E-BP1/eIF4E and S6K1 [120]. Hypoxia and HIF1- also regulate the adaptive immune response. 
Hypoxia in the spleen and lymph nodes most likely plays a protective role, where the low oxygen concentration promotes the expression of HIF1-  to prevent the activation of CD8+ T-cells and TcR mediated signaling [121]. In the tumor, hypoxia causes effector cell suppression by downregulating the transcriptional and translational expression of IFN-γ, TNF-α, and granzyme B in CD8+ T-cells which characterizes T-cell exhaustion [112]. Hypoxia also induces HIF1- dependent epigenetic inactivation of CD8+ T-cells and natural killer cells through interactions with HDAC1 [112]. More importantly, hypoxia and HIF1- also upregulate PD-1 on T-cells and PD-L1 on tumor cells, dendritic cells, tumor-infiltrating macrophages, and myeloid-derived suppressor cells promoting tumor immunity [121]. While many factors decrease immune activation in the TME, the type of cell death caused by chemotherapy can also impact immune activation. 
Classical apoptosis is the body’s elegant way of removing sick or dying cells with the innate immune system, mainly through macrophage phagocytosis. While inducing classical apoptosis can be beneficial in decreasing tumor burden, it does not take advantage of the adaptive immune system. Recently, immunogenic cell death (ICD) has been characterized as a unique pathway to activate the adaptive immune system against cancer. 
The Nomenclature Committee of Cell Death (NCCD) defines ICD as “a form of regulated cell death that is sufficient to activate an adaptive immune response in an immunocompetent host” (Figure 9) [122]. For a chemotherapeutic agent to be considered an ICD inducer, the dying cells must externalize or secrete damage-associated molecular patterns (DAMPs) after treatment with the drug [123]. After the release of the DAMPs, they must bind to their cognate receptors on antigen-presenting cells that promote the recruitment, activation, and maturation of the antigen-presenting cells [123, 124]. Additionally, the antigen-presenting cells must migrate to the tumor-draining lymph nodes where they can train cytotoxic T-cells for the destruction of cancer [123]. 
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[bookmark: _Toc118910654]Figure 9: Immunogenic cell death
Immunogenic cell death is a regulated form of cell death that elicits an adaptive antitumor immune response. [124] © A. Ahmen and S. WG. Tait. Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/)



[bookmark: _Toc116910991]Immunogenic cell death damage-associated molecular patterns
ICD is characterized by the release of three hallmark DAMPs: extracellular release of ATP, extracellular expression calreticulin, and extracellular release of high mobility group box 1 (HMGB1) [123, 125]. Unlike apoptosis, the ICD hallmarks cause spatiotemporal activation of the adaptive immune responses through the recruitment of antigen-presenting cells and tumor-specific cytotoxic lymphocytes to eliminate the tumor (Figure 10) [125]. The DAMPs all work together to increase the activation of the adaptive immune response. 
	Extracellular ATP release is a “find me” signal for antigen-presenting cells and increases dendric cell activation through the P2RX7 receptor [123, 126]. The binding of ATP to P2RX7 activates the NLRP3 inflammasome and promotes IL-1 section, which is necessary for dendric cells activation and cross-presentation to tumor-specific cytotoxic T-cells [123, 126]. Calreticulin is a protein confined to the lumen of the endoplasmic reticulum where it aids in calcium regulation in the cell, production of MHC molecules, and aids in antigen loading onto MHC molecules [123]. Upon ICD, calreticulin translocates to the extracellular plasma membrane before caspase 3-mediated PS exposure [123]. Extracellular calreticulin binds to the CD91 receptor on dendritic cells prompting the release of TNF- and IL-6 [127]. Because calreticulin is exposed before apoptosis-mediated PS expression, calreticulin shifts the dying cell recognition from macrophages, which promote immune tolerance, to dendritic cells, which prime cytotoxic T-cells for antitumor immunity. The calreticulin-mediated phagocytosis increases the release of proinflammatory cytokines and aids in the priming of T-helper cells [123, 128]. HMGB1 is a nuclear-non-histone chromatin-associated protein that aids in DNA organization and transcriptional regulation. Once HMGB1 is extracellularly released, it acts as an inflammatory cytokine in the late stage of ICD after both the nuclear and plasma membrane have been permeabilized [123, 129]. Once HMGB1 binds to its receptors (RAGE, TLR2/4/9, CXCR4, or TIM-3) on antigen-presenting cells, it encourages the recruitment and maturation of dendritic cells for T-cell priming [130]. 
When linked to an antibody, DM1 has induced immunogenic cell death both in vitro and in vivo [131, 132]. In vitro, DM1 has increased the extracellular release of ATP and HMBG1 and increased the extracellular exposure of calreticulin [131]. In vivo, DM1 promoted tumor lymphocyte infiltration, increased INF- production, enhanced antigen uptake, and activated cytotoxic lymphocytes in the tumor-draining lymph nodes [132]. Because hypoxia is an intrinsic property of TNBC that increases PD-1/PD-L1 checkpoint molecules, targeting HIF1- through mTOR-mediated signaling with rapamycin, in tandem with an anti-PD-l monoclonal antibody, is a logical choice to pair with ANXA5-DM1 for cancer therapy. 
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[bookmark: _Toc118910655]Figure 10: Spaciotemporal adaptive immune system activation by immunogenic cell death
a) ICD-inducing agent kills the cell ultimately causing the b) release of ICD DAMPs to recruit dendritic cells into the TME. c) ICD DAMPs bind to their respective receptors and promote tumor antigen uptake by on immature dendric cells d) causing dendritic cell maturation. e) Mature dendritic cells migrate to the tumor-draining lymph nodes, where they present tumor antigens to naïve T cells and release IL-6, IL-1, TNF-, and INF- to aid in T cell differentiation. f) Cytotoxic T cells migrate from the tumor-draining lymph node to the TME and kill tumor cells through the stimulation of the FasR/FasL pathway to release perforin and Granzyme B. Image adaptive from [127]. © M. Zhu, M. Yang, J. Zhang, Y. Yin, X. Fan, Y. Zhang, S. Qin, H. Zhang, F. Yu. Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).

[bookmark: _Toc116910992]

ANXA5-DM1 conjugate 
The ANXA5-DM1 conjugate was previously designed in our lab by Ben Southard [133]. This work optimized the conjugation of ANXA5 and DM1 together through a two-step reaction utilizing sulfosuccinimidyl 4-(N-maleimidomethyl) cyclohexane-1-carboxylate (Sulfo-SMCC) crosslinking (Figure 11). Sulfo-SMCC contains both an amine-reactive N-hydroxysuccinminde (NHS ester), and a sulfhydryl-reactive maleimide group. First, the NHS ester reacts with the primary amines (lysine resides) on ANXA5 creating a stable amide bond between the two molecules. Second, DM1 is introduced, and the maleimide on ANXA5-sulfo-SMCC reacts with the lone sulfhydryl group on DM1 creating a non-cleavable thioester bond. The thioester bond reduces random drug unloaded outside the tumor microenvironment [134, 135]. Another advantage of the thioester bond is that it requires internalization and lysosomal breakdown of the protein for the drug to be released (Figure 12) [136]. The lysosomal breakdown produces two main drug metabolites, S-Methyl-DM1 and Lysine-SMCC-DM1, which are both as effective as the parent DM1 molecule [137].
ANXA5 and DM1 are both excellent candidates for sulfo-SMCC crosslinking. ANXA5 has 22 primary lysine residues and up to 22 molecules of DM1 molecule can be loaded onto one ANXA5 molecule. ANXA5 only contains one sulfhydryl molecule (cysteine residue) on the N-terminal domain, limiting the ANXA5-ANXA5 byproduct formation. DM1 does not have any primary amines and therefore is unable to react with sulfo-SMCC. This means DM1-DM1 byproducts are not formed.



[bookmark: _Toc118910656]Figure 11: ANXA5-DM1 crosslinking scheme
DM-1 is linked to ANXA5 in a two-step reaction. First, the lysine residues on ANXA5 are activated with sulfosuccinimidyl 4-(N-maleimidomethyl) cyclohexane-1-carboxylate (Sulfo-SMCC). Second, DM1 is introduced and the maleimide on ANXA5-sulfo-SMCC reacts with the lone sulfhydryl group on DM1. Image adapted from: https://www.thermofisher.com/order/catalog/product/22322.
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[bookmark: _Toc118910657]Figure 12: ANXA5-DM1 mechanism of action
a) ANXA5-DM1 binds to PS expressing cancer cells. b) ANXA5-DM1 is internalized and ANXA5 is broken down in the lysosome. c) Free DM1 diffuses out of the lysosome and causes mitotic catastrophe. Image created with Biorender.com.  





[bookmark: _Toc116910993]ANXA5-CMB 
[bookmark: _Toc116910994]History of CMB 
Chlorambucil (CMB) is one of the world’s oldest chemotherapeutic drugs and is on the World Health Organization’s List of Essentials Medicines [138, 139]. While CMB has proven to be a lifesaving drug, its discovery resulted from chemical warfare. During World War I, mustard gas was used as a chemical weapon and caused severe-blistering chemical burns on the skin, eye, and respiratory tract [140]. Although mustard gas killed fewer than 5% of individuals who received care after exposure, the debilitating effects were enough to make Allied forces offer governmental funding for a mustard gas antidote in the following years [140, 141]. Mustard gas was shown to induce severe leukopenia and bone marrow toxicity, as early as 1919, but it would not be until an accident during World War II that the chemotherapeutic potential of mustard gas was brought to light [142, 143].
Off the shore of Bari Italy, a ship containing 100 tons of mustard gas was attacked during an air strike and nearly 1000 men died of mustard gas inhalation and leukopenia [141]. This accident prompted American scientists to develop mustard gas derivatives that were safer, but just as toxic as the sulfur-based mustard gas for cancer therapy. In 1942, Dr. Gilman Goodman, developed the first nitrogen-based mustard gas derivative, chlormethine [144]. Chlormethine had promising results in an animal model but could only be injected intravenously because it was too reactive to be administered orally. By introducing an electron-withdrawing aromatic ring next to the nitrogen atom, the aromatic ring in the center of CMB delocalizes electrons away from the nitrogen atom and decreases aziridinium ion formation. This modification made CMB less reactive than its aliphatic progenitor and could be taken orally (Figure 13)  [145]. CMB was approved by the FDA in 1957 and has been used for over 65 years for the treatment of hematopoietic malignancies such as chronic lymphocytic leukemia, lymphoma, and myeloma [146-149]. 
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[bookmark: _Toc116910995]CMB Mechanism of Action 
CMB is an aromatic mustard gas derivative and induces cell death through DNA alkylation. The two electrophilic chlorine atoms typically react with the N7 on guanine in DNA and RNA generating covalent adducts [145, 146, 150]. The adduct then reacts with a neighboring base generating an intrastrand and/or opposite strand crosslink [146]. Once cross-linked the DNA and RNA cannot be opened for translation/transcription, and the cell undergoes apoptosis. While CMB has proven to be an excellent anti-cancer agent, it is untargeted and common side effects are nausea, vomiting, sores/ulcers in the mouth, swollen glands, low white cell count, unusual bleeding/bruising, overall tired/weakness, and changes in menstruation [151]. By utilizing the terminal carboxylic acid moiety on CMB, it can be linked to ANXA5, and a targeted treatment of CMB is created. 

[bookmark: _Toc116910996]ANXA5-CMB conjugate 
The ANXA5-CMB conjugate was previously designed in our lab by Dr. Patrick McKernan and Charles Bagarie [152, 153]. This work optimized the conjugation of ANXA5 and CMB together through carbodiimide crosslinking chemistry. 1-ethyl-3-(3-dimethylamino)propylcarbodiimide hydrochloride (EDC) is a zero-length carboxy to amine crosslinker (Figure 14). First, EDC activates the carboxylic acid on CMB creating the unstable o-acylisourea active ester. Next, ANXA5 is introduced, and the primary amines (lysine residues) displace the EDC crosslinker generating a stable amide bond between ANXA5 and CMB. By linking CMB to ANXA5, a targeted delivery of CMB has been created (Figure 15).
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Description automatically generated][bookmark: _Toc118910659]Figure 14: ANAX5-CMB crosslinking scheme 
First, CMB is activated with EDC. The CMB-EDC reaction generates a reactive O-acylisourea ester intermediate. Next, a primary amine (lysine reside) on ANXA5 is introduced, and the EDC is displaced generating an sourea by-product and the ANXA5-CMB conjugate. Image adapted from https://www.thermofisher.com/order/catalog/product/22980.
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Description automatically generated][bookmark: _Toc118910660]Figure 15: ANXA5-CMB mechanism of action
a) ANXA5-CMB binds to PS-expressing cancer cells. b) ANXA5-CMB is internalized, and ANXA5 is broken down in the lysosome. c) Free CMB diffuses out of the lysosome and enters the nucleus, where it crosslinks DNA and induces apoptosis.  Image created with Biorender.com.  





[bookmark: _Toc116910997]
ANXA5-Valproic Acid 
[bookmark: _Toc116910998]Valproic Acid History 
The last drug of interest for this dissertation is valproic acid (VPA). VPA is a short-chain fatty acid that was first synthesized in 1882 when exploring new organic solvents [154]. In 1963, VPA was discovered as an antiepileptic agent, and in 1978, VPA was granted FDA approval for seizures and is well tolerated in patients [155]. The lifesaving antiepileptic mechanism of action has gained VPA a spot on the World Health Organizations List of Essential Medicine [156]. However, VPA’s anticancer activity was just discovered over the past 21 years [157]. VPA has been classified as an histone deacetylase inhibitor (HDACi) and has displayed anticancer activity in many cancer types. As a HDACi, VPA helps to reset the epigenetic modifications that play a confounding role in cancer onset, progression, and underlie all 10 hallmarks of cancer (Figure 16) [158-160]. 
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[160] © L. Hontecilla-Prieto, R. Flores-Campos, A. Silver, E. de Alava, N. Hajji, and D. J. Garcia-Dominguez. Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).







[bookmark: _Toc116910999]Histone Acetylation 
Epigenetic modifications are “tags” placed on DNA or histones which promote the opening or closing of the chromatin structure, which regulates transcription and gene expression within a cell without altering the sequence of the DNA. Of particular interest for cancer is histone acylation. Histone acetylation is a reversible epigenetic modification and is regulated by histone acylase transferases (HAT) and histone deacetylases (HDAC) (Figure 17) [161]. HATs transfer an acetyl group from acetyl-CoA to the amino groups of N-terminal lysine residues on histones [162, 163]. The addition of the acetyl group removes the positive change of the lysine residue, disrupts the electrostatic interaction with the negatively charged DNA, and opens the chromatin structure promoting transcription (Figure 18) [162-164]. However, HDACs remove the acetyl group via hydrolysis. The removal of the acetyl group re-establishes the electrostatic interaction between the positively charged lysine and negatively charged DNA and closes the chromatin structure repressing transcription. 
In many cancer types, including TNBC, HDACs are overexpressed and cause a global downregulation of histone H3 and H4 acetylation, shifting the chromatin structure to a closed position (Figure 19) [163, 165]. The closed chromatin structure decreases the transcription of tumor suppressor genes and increases oncogenes transcription that promotes growth/proliferation, differentiation/metastasis, angiogenesis, and inflammation.  This overexpression of HDACs makes them an attractive target to regulate cancer growth, but treating solid cancers with HDACi have been met with limitations. 

[image: figure 2][bookmark: _Toc118910662]Figure 17: Acetylation of histones is regulated by HAT and HDAC
HATs transfer an acetyl group from acetyl-CoA to the amino groups of N-terminal lysine resides. In contrast, HDACs remove the acetyl group from the N-terminal lysine residues [161].  Reprinted with permission from Springer © 2021. 
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Description automatically generated][bookmark: _Toc118910663]Figure 18: Acetylation regulates transcription 
HATs transfer an acetyl group from acetyl-CoA to the amino groups of N-terminal lysine resides, disrupting the electrostatic interaction between the DNA and histones, ultimately opening the chromatin structure to promote transcription.  HDACs remove the acetyl group from the N-terminal lysine residues re-establishing the electrostatic interaction between the DNA and histones and ultimately closing the chromatin structure. 
[164] © R. Hai, L. He, G. Shu. Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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Description automatically generated][bookmark: _Toc118910664]Figure 19: Aberrant histone acetylation patterns for cancer 
For breast cancer, there is an apparent global downregulation of histone acetylation on histones 3 and 4. [162] © D. Wu, Y. Qie, Y. Jiao, X. Qui, and D. Liu. Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).



To date, the FDA has approved four HDACi (vorinostat, panobinostat, belinostat, and romidepsin), but they are only approved for hematological cancers. As single agents, the FDA-approved HDACi have limited therapeutic benefits for solid cancers [166]. This is most likely due to the poor pharmacokinetic profiles the HDACi have in the body because of low water solubility and cell permeability [167]. To overcome these issues, four different HDACi-antibody-drug conjugates have been created. The first is vorinostat linked to cetuximab, the second is vorinostat linked to trastuzumab, the third is ST8176AA1 linked to trastuzumab, and the fourth is ST8176AA1 linked to cetuximab  [168-170]. Like other ADC, the antibodies are only targeted to cancers expressing HER2 (trastuzumab) or epidermal growth factor receptor (cetuximab), meaning these therapies can only be used on cancers expressing these receptors. Because vorinostat and ST8176AA1 do not possess any primary amines, alcohols, or phenols, the drugs must undergo multistep reactions before they can be linked to the antibody [168, 170]. By increasing the complexity of the chemistry needed to link the antibody and drugs together, the yield decreases while simultaneously increasing the cost of production. There is a need to develop a novel targeted HDACi for cancer therapy, that requires simple chemistry to maximize the yield while maintaining a low cost. VPA is an excellent candidate for the simple EDC crosslinking mechanism due to the single carboxylic acid moiety on the molecule (Figure 20). 
[bookmark: _Toc118910665]Figure 20: Valproic acid molecular structure
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[bookmark: _Toc116911000]Valproic Acid Mechanism of Action
VPA is a class I and class IIa HDACi that leads to hyperacetylation of histones H3 and H4 with favorability at the lysine 9 residue of histone H3 and lysine 8 residue of histone H4 [171-174]. VPA blocks HDAC activity by binding to the catalytic site [175]. More specifically, the carboxylic acid on VPA complexes with the zinc ion in the active site of the HDAC preventing substrate access into the catalytic site [176, 177]. As a free drug, VPA is a potent regulator of gene expression. In cervical cancer, VPA induced a two-fold upregulation of over 1,000 genes, which include genes that regulate cell cycle control, apoptosis, and tumor suppressors. Additionally, a two-fold downregulation of over 500 genes was also observed, which include genes that regulate tumor survival [174, 178]. 
As for breast cancer, VPA has a wide range of anticancer effects. VPA has been shown to regulate apoptosis by upregulation of P21, Bak, and M30 protein expression, caspase 3 and 7 activations, downregulation of Bcl-2 protein, as well as, halt cycle progression at the G0/G1 phase [179-182]. Additionally, VPA has been shown to turn TNBC cells ER- positive and re-sensitize drug-resistant tumors [183-187]. While VPA is an excellent candidate as an anticancer drug, it requires high doses (1-10 mM after 72 hours) to be effective in vitro [187-191]. Additionally, VPA is associated with high liver, heart, and brain metabolism. Additionally, when VPA is in blood, it is bound to albumin, limiting clinical translation for cancer therapy [187-191]. Because HDAC are overexpressed enzymes that contribute to almost every aspect of cancer growth and progression, creating a targeted treatment of ANXA5-VPA to reset the acetylation homeostasis in TNBC will create the first HDAC-targeted treatment for this orphan disease (Figure 21). 
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[bookmark: _Toc118910666]Figure 21: ANXA5-VPA mechanism of action
a) ANXA5-VPA binds to PS-expressing cancer cells. b) ANXA5-VPA is internalized, and ANXA5 is broken down in the lysosome. c) Free VPA diffuses out of the lysosome and enters the nucleus, where it inhibits HDAC activity resetting the acetylation homeostasis.  Image created with Biorender.com.  




[bookmark: _Toc116911001]Scope of Dissertation 
TNBC remains an untargeted disease burdened by a lack of targeted biomarkers on the cell surface. Patients are forced to rely on high doses of untargeted and nonselective chemotherapy resulting in severe dose-limiting side effects. This dissertation will focus on exploiting TNBC’s upregulated extracellular PS exposure as a targetable biomarker for cancer therapy. The unifying theme of this dissertation is utilizing three different ANXA5-based protein drug conjugates for the treatment of TNBC. This dissertation will primarily focus on expanding existing in vitro and in vivo knowledge about two ANXA5-protein drug conjugates and developing one ANXA5-protein drug conjugate for the treatment of TNBC:
1. ANXA5-DM1 
a. Characterize the protein-to-drug ratio through mass analysis
b. In vitro characterization of ANXA5-DM1 binding to TNBC and healthy vasculature and mammary epithelium 
c. In vitro quantification of ANXA5-DM1 cytotoxicity on TNBC and healthy vasculature and mammary epithelium and assess ANXA5-DM1 as an ICD inducer 
d. In vivo translation in an immunocompetent mouse model to assess ANXA5-DM1 as a free agent or in combination with an mTOR inhibitor and checkpoint-inhibiting antibody. 
2. ANXA5-CMB 
a. In vitro quantification of ANXA5-DM1 cytotoxicity on healthy vasculature and mammary epithelium 
b. In vivo translation in an immunocompetent mouse model to assess ANXA5-DM1 as a mouse model and dosage optimization
3. ANXA5-VPA 
a. Create ANXA5-VPA conjugate and characterize the drug-to-protein ratio
b.  In vitro quantification of ANXA5-DM1 cytotoxicity on TNBC 
[bookmark: _Toc116911002]Publications 
Chapter 1 has material from a peer-reviewed review article in Cancer Letters, of which I was the first author [54]. The in vitro work in Chapter 3 has been submitted to Molecular Biomedicine and is currently being revised. I will be a co-first author for this publication. The in vivo work will also be submitted to a peer-reviewed journal, and I will be the first author of this publication. Chapter 5 has been submitted to the University of Oklahoma’s Office of Technology Commercialization as an invention disclosure with the hope of obtaining a patent. Dr. Harrison and I have co-authored the invention disclosure. This work will ultimately be submitted to a peer-reviewed journal for publication, where I will be the first author. 
While outside the scope of this dissertation, I have also assisted in the development of an ANXA5-ampicillin conjugate for the treatment of infectious diseases [192]. I was a co-author for this publication. This further illustrates the translational application of ANXA5, as well as, the expertise I have gained in bioconjugation. Additionally, I have provided ANXA5 for a collaboration with Dr. Wilhelm’s group, where I was a co-author on a publication in Nano Letters [193]. Finally, I will be a co-author on at least 2 other publications with Gabriela Faria’s work utilizing an ANXA5-single-walled carbon nanotube conjugate in combination with photothermal therapy and immune stimulation for the treatment of TNBC.
[bookmark: _Toc116911003]Chapter 2: Materials and Methods 
[bookmark: _Toc116911004]ANXA5 production
[bookmark: _Toc116911005]ANXA5 expression
Recombinant ANXA5 was produced in BL21(DE3) Escherichia coli (E. coli) transfected with a pET-30 Ek/LIC/ANXA5 plasmid. E. coli was first grown in 10 ml and expanded to 1 L.  E. coli were grown in Terrific Broth (TB) medium containing 35 ug/ml kanamycin (Fisher Scientific, Pittsburgh, PA, USA) 37 C and shaking at 220 rpm to an optical density (OD) of 1.2. To stimulate ANXA5 expression, 0.4 mM isopropyl β-D-thiogalactopyranoside (IPTG) (Fisher Scientific, Pittsburgh, PA, USA) was added to the culture. ANXA5 protein expression occurred for 19 hours at 25 C and shaking at 200 rpm. E. coli containing ANXA5 protein was harvested via centrifugation at 3500 x g for 5 minutes and stored at -20 C overnight. E. coli was lysed via sonication, and the cell suspension was centrifuged at 3500 x g for 2 hours. The supernatant was retained for purification. 

[bookmark: _Toc100050995][bookmark: _Toc113362820][bookmark: _Toc116911006]ANXA5 immobilized metal affinity chromatography purification
ANXA5 was purified via immobilized metal affinity chromatography (IMAC). The supernatant was loaded into a 5 ml HisTrap HP column (Cytiva, Marlborough, MA, USA) with 500 mM NaCl (VWR, Randor, PA, USA) and 40 mM imidazole (Sigma-Aldrich, St. Louis, MO, USA) to reduce non-specific protein binding. Once ANXA5 was loaded into the column, the column was washed with 50 ml of wash buffer 1 (20 mM sodium phosphate buffer (Fisher Scientific, Pittsburgh, PA, USA) containing 500 mM NaCl, and 40 mM imidazole, pH 7.4). Next, the column was washed with 300 ml of wash buffer 2 (20 mM sodium phosphate buffer containing 500 mM NaCl, 40 mM imidazole, and 1.0% Triton X-114 (Sigma-Alrich, St. Louis, MO, USA), pH 7.4) to remove endotoxins. ANXA5 was eluted with an elution buffer (20 mM sodium phosphate buffer containing 500 mM NaCl, 500 mM imidazole, pH 7.0). After elution, ANXA5 was dialyzed into 20 mM sodium phosphate buffer, pH 7.4, to remove excess imidazole and salt for His-tag cleavage. His-Tag was cleaved via an engineered HRV 3C protease (Sino Biologics, Wayne, PA, USA) cleavage site that cleaves the sequence LEVLFQ↓GP removing the polyhistidine-tag according to the manufacturer’s instructions. Cleaved ANXA5 was dialyzed in 20 mM sodium phosphate buffer containing 100 mM NaCl at pH 7.4. A Bradford assay (Bio-Rad, Hercules, CA, USA) was used to determine protein concentration (Appendix A, Figure 74). The ANXA5 protein solution was flash frozen in liquid nitrogen and stored at -80 C.  
[bookmark: _Toc100050999][bookmark: _Toc113362821][bookmark: _Toc116911007]ANXA5-DM1 Bioconjugation 
ANXA5 and DM1 (MedChemExpress, Monmouth Junction, NY, USA) were linked together through sulfosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate (sulfo-SMCC) (TCI, Portland, OR, USA) crosslinking chemistry. First, 13.76 mM (6 mg/ml) of sulfo-SMCC is dissolved in DI water. If the sulfo-SMCC does not fully dissolve, gently heat the sulfo-SMCC mixture to 40-50 C. Allow the solution to cool to room temperature before the addition of the protein. Next, add 200 L of the sulfo-SMCC solution to 1 ml of 27.77 M (1 mg/ml) ANXA5 and allow to react for 1 hour at 4°C on an orbital shaker. The maleimide moiety of the sulfo-SMCC linker readily captures the only thiol functional group in DM1. Dissolve 9.03 mM (6.66 mg/ml) DM1 in DMSO (Fisher Scientific, Pittsburgh, PA, USA). Add 150 L of DM1 mixture to ANXA5-sulfo-SMCC solution and allow to react for 2 hours at 4°C on an orbital shaker. The resulting ANXA5-DM1 biconjugate is then purified from excess free DM1 with an 8-hour dialysis in 2 L of 30 mM sodium phosphate buffer at pH 7.4 with a regenerated cellulose dialysis membrane of MWCO 12-14 kDa (Fisher Scientific, Pittsburgh, PA, USA) at 4 °C. Dialysate is changed at least once to ensure removal of unreacted molecules. 

[bookmark: _Toc116911008][bookmark: _Toc100051002][bookmark: _Toc113362824]ANXA5-CMB Bioconjugation 
The ANAX5-CMB bioconjugate was synthesized by linking CMB (TCI America, Portland, OR, USA) to ANXA5 via 1-ethyl-3(3-dimethylaminopropyl)carbodiimide (EDC) crosslinking chemistry. CMB (6.5 mM) is dissolved in 50 µL of an acid alcohol solution of 3% HCl and 95 % EtOH v/v (VWR Inc., Radnor, PA, USA). A working solution is prepared by diluting this acid alcohol solution in 1 mL of 30 mM PBS (Mallinckrodt Chemicals, Phillipsburg, NJ, USA) at pH 4.5. The carboxylic acid moiety of CMB is then activated with 65 mM EDC, forming an unstable O-acylisourea intermediate for 30 minutes. Excess reactive EDC is quenched with 2 mM β-mercaptoethanol (Sigma-Aldrich, St. Louis, MO, USA), preventing the formation of crosslinked byproducts downstream. The resulting solution of CMB-EDC is added to 2 mL of 27.77 M (1 mg/ml) ANXA5 in 30 mM PBS, where the activated CMB reacts readily with the primary amines of ANXA5 lysine residues for 12 h at 4 °C [194]. At this point, excess CMB forms a visible precipitate in neutral pH solution and is removed by centrifuging at 10,000 rcf for 1 h at 4 °C. The supernatant is collected, and the resulting ANXA5-CMB bioconjugate is further purified from excess free CMB with an 8-hour dialysis in 2 L of 30 mM sodium phosphate buffer at pH 7.4 with a regenerated cellulose dialysis membrane of MWCO 12-14 kDa (Fisher Scientific, Pittsburgh, PA, USA) at 4 °C. Dialysate is changed at least once to ensure removal of unreacted molecules. 
[bookmark: _Toc116911009] ANXA5-VPA Bioconjugation 
The ANAX5-VPA bioconjugate was synthesized by linking valproic acid, sodium salt (Cayman Chemicals, Ann Arbor, MI, USA) to ANXA5 via 1-ethyl-3(3-dimethylaminopropyl)carbodiimide (EDC) crosslinking chemistry. VPA at a concentration of 69.5 mM (10 mg/ml) was dissolved in PBS (pH 7.4). The carboxylic acid moiety of VPA is then activated with 851.6 mM (132 mg/ml) EDC forming an unstable O-acylisourea intermediate for 30 minutes. Excess reactive EDC is quenched with 2 mM β-mercaptoethanol (Sigma-Aldrich, St. Louis, MO, USA), preventing the formation of crosslinked byproducts downstream. The resulting solution of VPA-EDC is added to 1 mL of 27.77 M (1 mg/ml) ANXA5 in 30 mM PBS, where the activated VPA reacts readily with the primary amines of ANXA5 lysine residues for 2 hours at 25 °C. The resulting ANXA5-VPA biconjugate is then purified from excess free VPA with an 8-hour dialysis in 2 L of 30 mM sodium phosphate buffer at pH 7.4 with a regenerated cellulose dialysis membrane of MWCO 12-14 kDa (Fisher Scientific, Pittsburgh, PA, USA) at 4 °C. Dialysate is changed at least once to ensure removal of unreacted molecules. 

[bookmark: _Toc116911010]ANXA5-Drug Conjugate SDS-PAGE Quantification 
Drug loading was confirmed via SDS-PAGE. ANXA5 and ANXA5-DM1, ANXA5-CMB, or ANXA5-VPA were denatured in 2x Laemelli sample buffer (Bio-Rad, Hercules, CA, USA) and heated to 100 C for 5 minutes. Samples were transferred to 4-20% mini-protean TGX precast 10-well gradient gels (Bio-Rad, Hercules, CA, USA).  The samples were run at 200 V for 30 minutes in 1% tris-glycine-SDS running buffer (Bio-Rad, Hercules, CA, USA) stained with Imperial stain (Thermo Fisher, Waltham, MA, USA) and destained with DI water overnight. DI water was changed at least once, and to decrease destaining time a paper towel was added. 

[bookmark: _Toc116911011]Denaturing Intact Mass Analysis 
Denaturing intact mass analysis mass analysis on ANXA5 and ANXA5-drug conjugates was performed by Dr. Aaron Bailey, at The University of Texas Medical Branch in Galveston, Texas using the following procedure: Samples containing purified ANXA5-DM1 and ANXA5-CMB (0.14 mg/mL final concentration) were analyzed using size exclusion chromatography (SEC) coupled directly to mass spectrometry. Sample injection (1 µL) and on-line SEC-desalting was accomplished using an organic/acidic mobile phase (30% acetonitrile, 0.1% formic acid, 0.02% trifluoroacetic acid) pumped with a Vanquish Horizon UHPLC system (Thermo Scientific) through a SEC UHPLC column (BEH200 SEC 4.6 x 50 mm, Waters), at a flow rate of 20 µL/min. The LC flow path was connected in line with an Orbitrap Eclipse Tribrid mass spectrometer (Thermo Scientific) via a heated electrospray ionization (HESI-II) ion source (Thermo Scientific). The ion source was operated with 3500 V spray voltage, sheath gas setting of 40 units, auxiliary gas setting of 10 units, and vaporizer temperature of 75˚C. The MS capillary temperature was set to 325˚C. Intact mass spectra were generated by using an RF Lens setting of 50 V to desolvate protein ions, isolating a mass range of m/z 500-450, and reacting isolated ions with proton transfer charge reduction for 6 ms, followed by scanning for charge reduced intact protein product ions using a mass range of m/z 500 – 8000. Intact protein ions were detected in the Orbitrap, scanning at a resolution setting of 50,000 (at m/z 200). Raw LC-MS data were analyzed using BioPharma Finder (Thermo Scientific) software. LC-MS spectra representing intact ANXA5-DM1 profiles were deconvoluted using the ReSpect and Sliding Window algorithms with a ReSpect mass tolerance of 20 ppm, a Sliding Window mass tolerance of 20 ppm, and a deconvolution mass range of 35 – 45kDa  [195]. Intact mass assignments of individual ANXA5-DM1(n) conjugate isoforms were based on tolerance of 100 ppm. Drug-to-protein ratio was calculated as a weighted average of the ReSpect-Sliding Window abundances for each of the ANXA5-DM1(n) isoforms detected.
[bookmark: _Toc113362825][bookmark: _Toc116911012]Cell lines and Culture Conditions
All cell lines and cell media were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA) except HAAE-1, which was purchased from Corielle Institute (Camden, NJ, USA). EMT6 murine breast carcinoma cells were cultivated with Waymouth's MB 752/1 medium (Gibco [Thermo Fisher], Waltham, MA, USA) supplemented with 2 mM glutamine, 15% FBS, and 1% antibiotic-antimitotic (10,000 IU penicillin, 10,000 g/ml streptomycin, and 25 g/ml amphotericin B, Corning, Kennebunk, MA, USA). 4T1 murine breast cancer cells were cultivated with Roswell Park Memorial Institute 1640 medium (RPMI-1640) supplemented with 10% FBS and 1% antibiotic-antimitotic. Human umbilical vein endothelial cells (HUVEC) were cultured in vascular cell basal medium supplemented with endothelial cell growth kit BBE (0.2% bovine brain extract, 5 ng/ml rh EGF, 10 mM L-glutamine, 0.75 Units/ml heparin sulfate, 1 g/ml hydrocortisone, 50 g/ml ascorbic acid, 2% FBS, ATCC) and 1% antibiotic-antimycotic. Human abdominal aorta endothelial (HAAE-1) cells were cultured in Hams F-12 medium supplemented with 30 g/ml endothelial cell growth supplement (15 mg/500 ml media), 17.5 U/ml heparin (8750 U/500 mL or 17.5 mg heparin / 500 ml), 10% FBS, and 1% antibiotic-antimycotic. MCF10A nontumorigenic human breast epithelial cells were cultured in mammary epithelial growth medium (MEGM) with MEGM bullet kit (Lonza, Greenwood, SC, USA) (2 mL BPE, 0.5 ml hEGF, 0.5 ml insulin, 0.5 ml hydrocortisone, 0.5 ml GA), the GA-1000 was omitted due to ATCC recommendations. Additionally, ATCC recommends 100 ng/ml cholera toxin (Sigma-Aldrich, St. Louis, MO, USA), which was added to the MCF10A cell culture medium as well as 1% antibiotic-antimycotic. 
 	All adherent cells were passaged using 0.25 % (w/v) trypsin in 0.53 mM EDTA (Thermo Fisher Scientific, Waltham, MA, USA) except MCF10A, which used soybean trypsin inhibitor for trypsin neutralization. All cell lines were cultured under a 5% CO2 supplemented atmosphere at a temperature of 37 °C and 100% relative humidity. Medium was refreshed every 48 h.  Adherent cancer cell cultures were grown to less than 75% confluence, and healthy cell lines cells were grown to confluency because they decrease PS expression upon confluency. Cell type description can be found in Appendix B5. 

[bookmark: _Toc100051010][bookmark: _Toc113362826][bookmark: _Toc116911013]In Vitro Binding Studies 
[bookmark: _Toc100051011][bookmark: _Toc113362827][bookmark: _Toc116911014]Colorimetric adherent cell binding strength 
Binding strength was analyzed via a modified indirect ELISA.  Cells (50,000 cells/well) were grown onto 24 well plates and fixed with 0.025% glutaraldehyde once cancer cells were 70-80% confluent. Cancer cells were blocked with 0.5% bovine serum albumin (BSA) for 1 hour at 37 C. Cells were incubated with 0-20 nM of biotinylated ANXA5 for 2 hours at 37 C and 5% CO2. ANXA5 was biotinylated with ROCHE biotin protein labeling kit (ROCHE, Basel, Switzerland) and the level of biotinylating was quantified with Pierce Biotin Quantification kit (Pierce Biotechnology, Walham, MA, USA) per manufacturer’s instructions (see appendix B6 and B7). Cells were washed four times with 0.5% BSA to removed unbound ANXA5.  Cells were then seeded with 2 μg/ml streptavidin-horseradish peroxidase (Strep-HRP) for 1 hour at room temperature. Cells were washed four times with 0.5% BSA to remove unbound Strep-HRP and the chromogenic substrate O-phenylenediamine (OPD) and 30% hydrogen peroxide were added to each well to induce a yellow color change. Cells were incubated at room temperature in the dark. Supernatant was collected, and the absorbance was read at 450 nm on a BioTek Synergy HT microtiter plate reader (Winooski, VT). For each concentration of biotinylated ANXA5, the specific binding was obtained by subtracting non-specific binding, when no calcium was present (biotinylated ANXA5 with 5 mM of EDTA), from the total binding (biotinylated ANXA5 with 2 mM CaCl2). The dissociation constant was determined using the nonlinear regression one site total and nonspecific binding model in GraphPad Prism version 9 software (Graph Pad, San Diego California, USA).

[bookmark: _Toc113362828][bookmark: _Toc116911015]Flow cytometry analysis of ANXA5 calcium dependence
To validate ANXA5 calcium dependence, flow cytometry was utilized. For all flow cytometry studies ANXA5-FITC (Abcam Cambridge, MA, USA) was utilized per manufacturer’s recommendations. Briefly, 50,000 cells/well were seeded onto 24 well plates and treated 24 hours later. Cells were lifted from the plate with standard trypsinization methods. Cells were collected at 1-5 x 105 cells via centrifugation and resuspended in 500 L of binding buffer supplied by manufacturer. To chelate the calcium in the binding buffer, 5 mM of EDTA was added. Next, 5 L of FITC-ANXA5 was added incubated for 15 minutes in the dark at room temperature. After incubation, cells were analyzed on a BD Biosciences Accuri C6 flow cytometer (Franklin Lakes, NJ, USA), with excitation at 488 nm and a 533/30 band pass filter, which was used to capture 5,000 gated events per sample. Data was collected and analyzed with BD C6 Accuri software. All experiments were conducted in triplicate. 
[bookmark: _Toc116911016]Fluorescent analysis of ANXA5 binding in suspension 
To compare ANXA5 binding between 4T1, EMT6, and MCF10A cells, a fluorescent in suspension assay was utilized.  ANXA5-FITC (Abcam Cambridge, MA, USA) was utilized per manufacturer’s recommendations. Briefly, cells were grown in T-75 plates until 70-80% confluent for TNBC cells and 90-100% confluent for healthy cells. Cells were lifted from the plate with standard trypsinization methods. Cells were collected at 5 x 105 cells via centrifugation and resuspended in 100 L of the binding buffer supplied by manufacturer. Next, 1 L of ANXA5-FITC was added and incubated on an orbital shaker 5 minutes at room temperature in the dark. After incubation, cells were centrifuged at 500 x g for 5 minutes to remove unbound ANXA5-FITC. Cells were resuspended in 100 L of binding buffer and transferred to an opaque black 96 well plate. Fluorescence (ex/em 486/528, sensitivity 100) was read on a BioTek Synergy HT microtiter plate reader. All experiments were conducted with a sample size of 6-9. 
[bookmark: _Toc116911017]ANXA5 binding stability 
Cells were grown in 24 well plates to 70-80% confluence and incubated with 100 nM of biotinylated ANXA5-HRP for 2 h then washed. On days 0, 1, and 2, separate sets of cells. Quantification of bound ANXA5 protein was performed using a chromogenic assay as described for evaluating binding strength.
[bookmark: _Toc113362829][bookmark: _Toc116911018]Flow cytometry analysis of confluency effects on ANXA5 binding
To determine the effects confluency has on both cancerous and healthy cell ANXA5 binding, flow cytometry was utilized.  For all cell types, cells were grown to 50-70% confluency (non-confluent) or 90-100% confluency (confluent). Cells were lifted from the plate with standard trypsinization methods. Cells were collected at 1-5 x 105 cells via centrifugation and resuspended in 500 L of binding buffer supplied by manufacturer. Next, 5 L of FITC-ANXA5 was added and incubated for 15 minutes in the dark at room temperature. After incubation, cells were analyzed on BD Biosciences Accuri C6 (Franklin Lakes, New Jersey, USA), with excitation at 488 nm and a 533/30 band pass filter, which was used to capture 5,000 gated events per sample. Data was collected and analyzed with BD C6 Accuri software. All experiments were conducted in triplicate. 

[bookmark: _Toc113362830][bookmark: _Toc116911019]In vitro cytotoxicity studies 
[bookmark: _Toc113362831][bookmark: _Toc116911020]ANXA5 cytotoxicity 
Cell viability was assayed by a resazurin assay (n = 3-5). Cancer cells were seeded at 5,000 cells/well in 96 well plates and treated 24 hours after seeding. Healthy cells were seeded at 10,000 cells per well in 96 well plates and treated once cells reached 90-100% confluency. Cells were treated with 0-0.7 M of ANXA5 in fully supplemented growth medium supplemented with 2 mM calcium to promote ANXA5 binding. After 72 hours, the cell medium was removed, and 100 l fresh medium containing 10% Alamar Blue (Bio-Rad Laboratories, Hercules, CA, USA) was added to each well. Cells were placed back into the incubator for 2-6 hours to allow cells to reduce the resazurin dye and induce a color change to assess viability. Media (100 l) was transferred to opaque black plates, and fluorescence (ex/em 530/590, sensitivity 50) was read on a BioTek Synergy HT microtiter plate reader. Percent viability was determined by comparing treatment groups to the untreated control (0 M). 
[bookmark: _Toc113362832]
[bookmark: _Toc116911021]ANXA5-DM1 cytotoxicity validation 
Cell viability was assayed by a resazurin assay (n = 3). EMT6 cells were seeded at 5,000 cells/well in 96 well plates and treated 24 hours after seeding. Cells were treated with 0-1000 nM of DM1 in the ANXA5-DM1 conjugate in growth medium fully supplemented with 2mM of calcium to promote ANXA5 binding. After 72 hours, an Alamar Blue assay was utilized to determine viability. Percent viability was determined by comparing treatment groups to the untreated control (0 M).
[bookmark: _Toc113362833][bookmark: _Toc116911022]ANXA5-DM1 healthy cell cytotoxicity 
Cell viability was assayed by a resazurin assay (n = 3-6). HAAE-1, HUVEC, and MCF10A cells were seeded at 10,000 cells per well in 96 well plates and treated once cells reached 90-100% confluency. Cells were treated with 0-10 M of DM in the ANXA5-DM1 conjugate or free DM1 in growth media fully supplemented with 2 mM calcium to promote ANXA5 binding. After 72 hours, an Alamar Blue assay was utilized to determine viability. Percent viability was determined by comparing treatment groups to the untreated control (0 M). 
[bookmark: _Toc116911023]ANXA5-DM1 seeding density effects on cytotoxicity 
To explore seeding density effects on ANXA5-DM1 cytotoxic effects, cells were seeded at 5,000 or 10,000 cells per well in 96 well plates and treated 24 hours later. Cells were seeded with 0-10 nM of ANXA5-DM1 or free DM1 for 24 hours in growth media fully supplemented with 2 mM calcium to promote ANXA5 binding. After 72 hours, an Alamar Blue assay was utilized to determine viability. Percent viability was determined by comparing treatment groups to the untreated control (0 M).
[bookmark: _Toc116911024]ANXA5-CMB healthy cell cytotoxicity 
Cell viability was assayed by a resazurin assay (n = 3-6). HUVEC and MCF10A cells were seeded at 10,000 cells per well in 96 well plates and treated once cells reached 90-100% confluency. Cells were treated with 0-100 M of CMB in the ANXA5-CMB conjugate in growth media fully supplemented with 2 mM calcium to promote ANXA5 binding. After 72 hours, an Alamar Blue assay was utilized to determine viability. Percent viability was determined by comparing treatment groups to the untreated control (0 M). 
[bookmark: _Toc116911025]ANXA5-VPA TNBC cytotoxicity 
Cell viability was assayed by a resazurin assay (n = 3). EMT6 and 4T1 cells were seeded at 5,000 cells/well in 96 well plates and treated 48 hours after seeding. Cells were treated with 0-100 mM of VPA in the ANXA5-VPA conjugate or free VPA growth medium fully supplemented with 2mM of calcium to promote ANXA5 binding. After 72 hours, an Alamar Blue assay was utilized to determine viability. Percent viability was determined by comparing treatment groups to the untreated control (0 M).

[bookmark: _Toc113362834][bookmark: _Toc116911026]Immunogenic cell death studies 
[bookmark: _Toc116911027]ATP release 
To determine if ANXA5-DM1 induces ATP release from cells after treatment, an ATP luminescence kit (Molecular Probes, Eugene, OR, USA) was utilized according to manufacture’s instructions. Briefly, EMT6 and 4T1 cells were seeded at 5,000 cells/well in 96 well plates and treated 24 hours after seeding. Cells were treated with 0 or 10 nM of DM1 in the ANXA5-DM1 conjugate or free DM1 for 24 hours. After 24 hours, 10 L of cell media was added to 90 L of standard reaction solution in a white plate. Luminesce reading was obtained from the plate reader, and ATP concentration was calculated by comparing luminescence reading to a standard curve (Appendix B12 and Figure 77). 

[bookmark: _Toc116911028]Calreticulin externalization 
To determine if ANXA5-DM1 induces calreticulin surface expression, flow cytometry was utilized. EMT6 and 4T1 cells were seeded at 25,000 cells/well in 24 well plates and treated 24 hours after seeding. Cells were treated with 0 or 10 nM of DM1 in the ANXA5-DM1 conjugate or free DM1 for 24 hours. After 24 hours, media was collected into microcentrifuge tubes to collect dead cells. To ensure there would be enough cells, three wells were combined to be one sample. Cells in the plates were then washed with PBS, and 100 L of trypsin was added to each well. Once, 90% of cells were removed from the plate (2-5 minutes), cells were added to the microcentrifuge tubes, and centrifuged at 500 x g for 5 minutes. Cells were resuspended in 200 l. of 0.5% BSA-PBS and counted to have at least 100,000 cells per sample. Cells were then fixed with 4% PFA (Thermo Fisher Scientific, Waltham MA, USA) for 20 minutes at 4 C. Cells were then washed two times with 500 l of 0.5% BSA-PBS at 500 x g for 5 minutes. After the second wash, cells were resuspended in 100 l of 0.5% BSA-PBS, and 1 l of CD16/CD32 Fc Block (eBioscience, San Diego, CA, USA) was added. Cells were then incubated for 20 minutes at 4 C.  Finally, 1 l of FITC labeled calreticulin (Novus Biologicals, Centennial, CO, USA) was added. Cells were incubated for another 30 minutes at 4 C in the dark. After incubation, cells were analyzed on BD Biosciences Accuri C6 (Franklin Lakes, New Jersey, USA) with excitation at 488 nm, and a 533/30 band pass filter was used to capture 10,000 gated events per sample. Data was collected and analyzed with BD C6 Accuri software. One sample composed of three wells, and each sample was analyzed 3 times. All experiments were conducted in triplicate. 

[bookmark: _Toc100051017][bookmark: _Toc113362835][bookmark: _Toc116911029]In Vivo Tumor Models 
All animal studies were performed in accordance with the protocols approved by the Institutional Animal Care and Use committee (IACUC) at the University of Oklahoma. Animals were housed in a pathogen-free facility at the University of Oklahoma and monitored daily. 

[bookmark: _Toc100051018][bookmark: _Toc113362836][bookmark: _Toc116911030]4T1 Tumor Implantation in BALB/cJ Mice 
Six-week-old BALB/cJ mice (Jackson Laboratory; 000651) were injected with 1x105 4T1 cells in the fourth mammary fat. Tumor cell implantation were performed with 30-gauge needle with 50% matrigel (Corning, Corning, NY, USA) and 50% PBS in 100 L. 

[bookmark: _Toc100051019][bookmark: _Toc113362837][bookmark: _Toc116911031]EMT6 Tumor Implantation in BALB/cJ Mice 
Six-week-old BALB/cJ mice (Jackson Laboratory; 000651) were injected with 1x106 cells in the fourth mammary fat. Tumor cell implantation were performed with 30-gauge needle in with cells suspended in 100 L PBS. 
[bookmark: _Toc100051020][bookmark: _Toc113362838][bookmark: _Toc116911032]Mice Mass and Tumor Volume 
Mice mass and tumor volumes were measured every 3-7 days during each study. Tumor volumes were measured using caliper measurements, and volume was determined though the modified ellipsoid formula , where length is the longest diameter of the tumor and the perpendicular diameter is the width [196, 197]. 

[bookmark: _Toc100051021][bookmark: _Toc113362839][bookmark: _Toc116911033]ANXA5-DM1 Preliminary Dosing 
[bookmark: _Toc100051022][bookmark: _Toc113362840]Mice were implanted with 4T1 cells on day 0. Once tumors reached 3-5 mm in diameter, treatment began. Mice were treated with 0-0.25 mg/kg of DM1 intraperitonially (IP) in the ANXA5-DM1 conjugate once every 7 days for 21 days. Tumor volumes and survival were monitored. 

[bookmark: _Toc116911034]ANXA5-DM1 Holistic Treatment 
Mice were implanted with EMT6 or 4T1 cells on day 0. Once tumors reached 3-5 mm in diameter, treatment began. Mice were treated IP with 0.025 mg/kg ANXA5-DM1 once every 7 days, 5 mg/kg, rapamycin daily, and/or 5 mg/kg anti-PD1 on days 1, 5, 9 of treatment (Figure 22) Mice were treated for 21 days, and survival was monitored. 

[bookmark: _Toc118910667]Figure 22: Treatment groups and dosing schedule for holistic dosing treatment

[bookmark: _Toc116911036][image: Diagram
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[bookmark: _Toc116911037]ANXA5-DM1 Intratumoral Treatment 
Mice were implanted with EMT6 cells on day 0. Once tumors reached 3-5 mm in diameter, treatment began. Mice were treated with 0-0.25 mg/kg of DM1 intratumorally (IT) in the ANXA5-DM1 conjugate daily for 21 days, and tumor volumes and survival were monitored.  
[bookmark: _Toc116911038]ANXA5 immunogenicity 
Protein specific antibody titers were analyzed as previously described [198]. Briefly, 3 mg/kg of ANXA5 was administered daily for 21 days. One mouse was euthanized at day 0, 10, and 21 of treatment, and blood was collected via a cardiac puncture. Blood was allowed to coagulate at room temperature for 30 minutes, then centrifuged at 3,500 x g for 10 minutes, retaining the supernatant and stored at – 80 C. A sandwich ELISA assay was performed to determine protein specific antibody titers. A 0.1 M carbonate coating buffer and 20 μg/mL ANXA5 were incubated overnight at 4°C on high binding capacity ELISA 96 well plates (VWR; Ranor, PA, USA). Plates were then washed and blocked with fetal bovine serum, and plasma dilutions were incubated overnight at 4°C. Following additional washes, goat anti-mouse IgG and IgM conjugated to HRP (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA; 315-035-044) was used to develop OPD as described in the in vitro binding assays. Antibody titers are presented as the greatest dilution that produces a positive result. ELISA absorbance cut off values were determined by the mean of the negative controls + 3 SD, so any absorbance value above this value was considered positive [199].
[bookmark: _Toc116911039]ANXA5-CMB Dosing 
Mice were implanted with 4T1 cells on day 0. Once tumors reached 3-5 mm in diameter, treatment began. Mice were treated with 0-5 mg/kg of ANXA5-CMB or free CMB IP daily or on a 5 day on 2 days off dosing cycle that continued for 21 days. Tumor volume and survival were monitored. 

[bookmark: _Toc116911040]Statistics 
All statistical analysis was performed with GraphPad Prism 9 version 4.1. A student’s T-test was performed for ANXA5-calcium dependence binding, confluency effects for ANXA5 binding, and dose specific cytotoxicity studies that utilized two groups. A one-way analysis of variance (ANOVA) was performed for the in-suspension binding, ANXA5 cytotoxicity, ATP release, calreticulin surface expression, mice mass, and tumor volumes studies that utilized 3 or more groups. Tukey’s multiple comparison post hoc analysis was utilized to determine statistical significance between the groups. A log-rank Cox-Mantel test was preformed to analyze survival. A cut off value of p < 0.05 indicated significance for all studies. 

[bookmark: _Toc116911041]Chapter 3: ANXA5-DM1 Results and Discussion 
[bookmark: _Toc113362843][bookmark: _Toc116911042]E. coli Growth Buffer Optimization 
The effects of Escherichia coli (E. coli) growth medium on ANXA5 production is summarized in Figure 23. Previously, ANXA5 has been transformed and produced in E. coli [200]. E. coli is a cheap, fast, and efficient way to amplify plasmids to produce recombinant proteins, but the growth media can impact production yield. All E. coli growth media contain yeast extract as a source of vitamins and minerals and tryptone as a nitrogen source for nucleic acid and amino acid production [201]. However, the amount of yeast extract, tryptone, glycerol, and the addition of a buffer can affect bacterial cell growth and ultimately protein yield [201, 202]. 
Previously, E. coli containing the ANXA5 vector was grown in Luria broth (LB) medium and had an average yield of approximately 35 mg of purified ANXA5 per liter of medium [152, 198]. While 35 mg of ANXA5 is a high yield when compared to other ANXA5 productions in literature, further optimization of the E. coli growth buffer could increase the overall yield [203, 204]. LB medium is the most common growth medium for E. coli, but the acidification of the medium from glucose metabolism can limit cell density and viability [86, 201]. Terrific broth (TB) medium is a “richer” broth and contains nearly five times more yeast extract than the LB medium and includes glycerol and a potassium phosphate buffer [201, 202]. The addition of glycerol provides an additional energy source for the bacterial cells allowing for faster growth but also increases the survival of bacteria [201, 202]. The addition of the phosphate buffer prevents TB acidification, increasing viability [201]. TB can hold five times more biomass than LB, making TB an ideal medium to increase ANXA5 production yield [205]. When E. coli bearing the ANXA5 vector is grown in TB media, the protein production yield significantly increases. The average yield was approximately 130 mg of purified ANXA5 per liter of medium. By switching the E. coli growth medium to TB, 3.6 times more ANXA5 can be produced. [bookmark: _Toc118910668]Figure 23: E. coli growth medium effects on ANXA5 production.
TB media significantly increased ANXA5 production from 35 mg/L with LB media to 130 mg/L with TB media. Statistical significance was performed with a student’s T-test. Data is represented as mean   SD. Statistical significance is denoted by *(p < 0.05).
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[bookmark: _Toc116911043]ANXA5-DM1 Characterization 
ANXA5-DM1 was characterized via SDS-PAGE, absorbance, and intact denaturing mass spectroscopic analysis. Previously, Ben Southard characterized the ANXA5-DM1 conjugate through SDS-PAGE and absorbance at 288 nm [206]. Through SDS-PAGE size quantification and absorption of DM1 at 288 nM (Appendix B2), the drug-to-protein ratio was 6  3 molecules of DM1 to 1 molecule of ANXA5 (Figure 24). The sulfo-SMCC crosslinking chemistry makes the ANXA5-DM1 conjugate readily reproducible as shown by two separate conjugations in lanes 6 and 7, with an unconjugated ANXA5 control in lane 5. A majority of the conjugate exists as a monomer ranging from 37-44 kDa, but a small amount of the conjugate exists at approximately 72 kDa, indicating protein-protein crosslinking. While protein-protein crosslinking is not the desired outcome of the conjugation, ANXA5 requires trimer formation for internalization, and this small portion of dimerized ANXA5 may aid in protein internalization into the cell. [bookmark: _Toc118910669]Figure 24: SDS page of ANXA5-DM1 conjugate
ANXA5-DM1 shows a mass increase consistent with 6   3 molecules of DM1 added to each protein in lanes 6 and 7. Lane 5 has unconjugated ANXA5 as a control. 
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Denaturing intact mass analysis further confirmed drug loading. Denaturing intact mass analysis was completed by Dr. Aaron Bailey at the University of Texas Medical Branch. The mass analysis of ANXA5 showed the protein ANXA5 exists as isobaric isomers, meaning the protein has two distinct species with the same nominal mass but different exact masses as determined by the retention time. The isomer’s retention time differs by 1.6 minutes (Appendix A, Figure 68), and the mass only differs by 21.07 Da.  Additionally, our ANXA5 protein differs from the NCBI protein database (accession number NP_001145.1) by 21 Da (Figure 25). This mass change is most likely due to a substitution of histidine (H) to asparagine (N) and a loss of another H. H-to-N substitutions are one of the most common mutations of wild-type amino acids [207]. Additionally, when examining H to N substitutions at the structural level, this substitution typically does not impact the secondary structure, especially alpha-helices [207]. The ANXA5 family is defined by the ANXA5 core domain which consists of five alpha helices, meaning this mutation probably does not impact the structure and function of the ANXA5 protein [43, 44]. 
By deconvoluting the ANXA5-DM1 conjugate in the mass range of 35-45 kDa, a left-shifted bell curve distribution of ANXA5-DM1 is observed (Figure 26). Each linker and drug add 975 Da to the weight of the protein, and the ANXA5-DM1 conjugate had a range of 1 to 8 linker(s) and drug(s) added. The weighted average of the drug-to-protein ratio was obtained using ReSpect and sliding windows algorithms. The weighted average of the conjugate was 3.9 molecules of DM1 to 1 molecule of ANXA5, which is within the range previously found with SDS-PAGE. The intact mass analysis further verified the makeup of the ANXA5-DM1 conjugate and confirms the conjugate is readily reproducible. 
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Description automatically generated][bookmark: _Toc118910670]Figure 25: ANXA5 mass intensity
ANXA5 exists as two isobaric isomers and differ by 21.07 Da. 
[bookmark: _Toc118910671]Figure 26: ANXA5-DM1 mass analysis
Drug to protein ratio was calculated as weighted average of deconvoluted spectra using ReSpect and sliding windows algorithms. Each linker-drug adds 957 Da indicated by the pastel boxes. Weighted average of ANXA5-DM1 was 3.8 molecules of DM1 to 1 molecule of ANXA5.



[bookmark: _Toc116911044]ANXA5 Binding 
[bookmark: _Toc116911045]Colorimetric binding 
To confirm the ability of the ANXA5 to bind to PS on the surface of TNBC cells, equilibrium binding experiments with increasing concentrations of biotinylated ANXA5 were used. Initially, biotinylation of the ANXA5-DM1 was attempted but, a low biotinylation level of the protein was observed. Because biotinylation of the protein also utilizes the primary amines (lysine residues), biotin loading was hindered by the previous addition of the drug. To overcome this, ANXA5 was labeled with biotin, and DM1 was omitted for binding studies. Although DM1 was omitted from binding studies, biotin acts as a placeholder for the drug because it utilizes the same residues for conjugation and confirms that the lysine resides are not necessary for protein binding. For all binding studies, 4-7 molecules of biotin were loaded onto 1 ANXA5 protein, which is equivalent to the loading of DM1 onto ANXA5. 
	Cells were treated with 0-20 nM of ANXA5, and total, non-specific, and specific binding were obtained. Total binding was obtained by supplementing 0.5% BSA with 2 mM Ca2+ to promote ANXA5 binding. Non-specific binding was obtained by supplementing 0.5% BSA with 5 mM EDTA, a calcium-chelating agent. The EDTA removes excess calcium and inhibits ANXA5 binding. Specific binding was obtained by subtracting non-specific binding from total binding. The dissociation constant (Kd) was obtained using GraphPad Prism 9 software using nonlinear regression of binding saturation of one site.  
	After subtracting out 0 nM ANXA5 background absorbance, the non-specific binding was essentially 0, meaning ANXA5 was not binding to the EMT6 and 4T1 cells (Figure 27 a/b). The total and specific binding were nearly identical indicating the binding of ANXA5 to PS is calcium-dependent (Figure 27 a/b). The dissociation constants are given in Table 1. The Kd is an equilibrium constant that measures when 50% of the binding sites (PS) are occupied by the protein (ANXA5). The smaller the Kd, the less protein is needed to occupy the binding sites and indicates a high affinity for the ligand.  In the case of cancer treatment, it is beneficial to have antibody/protein drug conjugates with high affinity and specificity to the cancer cells while sparing healthy cells. 
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Description automatically generated][bookmark: _Toc118910672]Figure 27: Binding strength of ANXA5 on TNBC with PS externalization
  a) EMT6 and b) 4T1 cells were incubated with 0-20 nM of ANXA5. Total binding (green square with dot-dash line) was measured with the addition of 2 mM Ca2+ to promote ANXA5 binding. Nonspecific binding (red triangle with dashed line) was measured with the addition of EDTA to chelate residual Ca2+, inhibiting ANXA5 binding. Specific binding (black square with solid line) was obtained by subtracting nonspecific binding from total binding. The dissociation constant of the specific binding was 1.14 nM for EMT6 cells and 2.31 nM for 4T1 cells.  Data presented as mean  SD (n = 3).





[bookmark: _Toc118910725]Table 1: ANXA5 dissociation constants on 4T1 and EMT6 cell lines 
	Cell line
	Dissociation Constant (Kd) 

	4T1
	2.31 nM 

	EMT6
	1.14 nM 



[bookmark: _Toc116911046]Flow cytometry calcium dependence 
To further validate ANXA5-PS calcium dependence, flow cytometry was utilized. Flow cytometry 
analysis was conducted on EMT6 and 4T1 with 13 nM of ANXA5-FITC, in the presence of calcium (to promote binding) or EDTA (to inhibit binding). The concentration of 13 nM of ANXA5 is a PS-saturating amount as established by our colorimetric binding assays. The presence of calcium significantly increased ANXA5-FITC binding to EMT6 and 4T1 cells as indicated by median fluorescent intensity when compared to EDTA-treated cells (Figure 28). The presence of calcium increased binding by 2 to 4.7 times for EMT6 and 4T1 cells, respectively. Additionally, the presence of calcium shifts the ANXA5-FITC histogram to the left in comparison to the unstained and EDTA curves (Appendix A, Figures 69 and 70). In comparison to our colorimetric binding assay which allows for 2 hours for binding, this flow cytometry protocol limited binding to 15 minutes. While binding time was decreased by 8 times, there is still a significant increase in ANXA5-FITC binding to the surface of the cell. This indicates the binding of ANXA5 to external PS is fast and specific when calcium is present. 
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Description automatically generated][bookmark: _Toc118910673]Figure 28: Flow cytometry analysis of the effects of calcium of ANXA5-PS binding
The binding of ANXA5 to PS on a) EMT6 and b) 4T1 cell membranes is calcium-dependent. TNBC cells were incubated with ANXA5-FITC (13 nM) for 15 minutes at room temperature and then analyzed via flow cytometry. When calcium is chelated with EDTA, ANXA5 binding is significantly decreased. Statistical analysis was performed with a student’s T-test with data represented as mean  SD (n = 3). Statistical significance is denoted by ****(p < 0.0001). 


[bookmark: _Toc116911047]ANXA5 binding in suspension
To compare ANXA5-PS binding on cancerous cells to healthy cells, a fluorescent in suspension binding assay was conducted. EMT6, 4T1, and MCF10A healthy mammary cells were incubated with 13 nM of ANXA5 for 5 minutes in the presence of calcium to promote binding. While both cancer cells had an increase in relative fluorescent intensity, 4T1 cells had significantly more ANXA5 binding than both EMT6, and MCF10A cells (Figure 29). Because high  PS extracellular exposure on cancer cells has been associated with more aggressive and metastatic tumors, it is unsurprising that the most metastatic and aggressive tumor model had the highest ANXA5 binding [14]. It is also important to note that the ANXA5 binding studies utilize a human ANXA5 protein on both human and murine cell lines, indicating the human ANXA5 binds to PS on murine cells in an extremely fast and specific manner in addition to human cells.
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[bookmark: _Toc118910674]Figure 29: ANXA5-PS binding comparison for murine TNBC and MCF10A healthy human mammary cells 
4T1 cells have significantly more ANXA5 binding than EMT6 and MCF10A cells. TNBC and MCF10A cells were incubated with ANXA5-FITC (13 nM) for 5 minutes at room temperature and then analyzed in suspension for relative fluorescent intensity. Statistical analysis was performed with a one-way ANOVA with Tukey’s multiple comparisons with data represented as mean  SD (n = 6-9). Statistical significance is denoted by **(p < 0.0021) and ***(p < 0.0002). 




[bookmark: _Toc116911048]Binding Stability 
[image: Shape

Description automatically generated with medium confidence]The binding stability of ANXA5 was determined in the presence of calcium over two days (Figure 30) [208]. EMT6 displayed excellent stability on day 1. The cells had 100% more protein bound on day 1 in compared to day 0, but a steep drop off was observed on day 2 with less than 20% of the original ANXA5 protein present. For 4T1 cells, ANXA5 binding was more consistent with a small drop off to 50% on day 1 and followed by an increase back to 100% on day 2. This data suggests that a higher amount of ANXA5 is needed for internalization on EMT6 than in comparison to 4T1 cells. However, both cells had ANXA5 present after 48 hours of incubation, indicating ANXA5 can remain in solution or bound to cells for an extended duration of time. [bookmark: _Toc118910675]Figure 30: Binding stability of ANXA5 over 2 days for EMT6 and 4T1 cell lines
Cells were seeded with 100 nM of ANXA5 for 0-2 days. At each day ANXA5 binding was quantified by absorbance and day 0 was normalized to 100%. EMT6 cells had a 100% increase in ANXA5 binding on day 1 followed by a steep drop off by day 2. 4T1 cells had a small drop off to 50% on day 1 and by day 2 ANXA5 binding returned to 100% (n = 6). 


[bookmark: _Toc116911049]Flow cytometry analysis for confluency mediated PS exposure 
The next goal was to determine how to model healthy cell PS exposure in vitro. Previous work by Brent Van Rite and John Krais has determined that when healthy vascular cells (HAAE-1) are grown to 100% confluency, PS externalization is decreased which mimics healthy vasculature [209, 210]. To validate this finding, flow cytometry was used to measure the median fluorescent intensity of ANXA5-FITC binding to confluent and non-confluent HAAE-1, MCF10A, and EMT6 cells. The median fluorescent intensity was calculated by subtracting the median fluorescent intensity of unstained cells from the median fluorescent intensity of ANXA5-FITC stained cells in the presence of calcium. Cells were stained with 13 nM of ANXA5-FITC to saturate external PS on the cell surface as established by the colorimetric binding assay. 
For the TNBC cell line EMT6, confluency did not impact ANXA5-FITC binding to exposed PS (Figure 31a). However, confluency did impact healthy vascular and mammary cells ANXA5-PS binding. When HAAE-1 and MCF10A cells are non-confluent, ANXA5-FITC binding is 1.4 and 4.3 times more as determined by the median fluorescent intensity in comparison to confluent cells (Figure 31 b and c). This finding suggests PS externalization on healthy vascular and mammary cells is contact-dependent. The confluent HAAE-1 and MCF10A cells mimic healthy vasculature and mammary epithelium by decreasing PS externalization. This provides a model for both healthy and cancerous vasculature and epithelium to test the cytotoxicity of the conjugate. Moving forward, all healthy cell cytotoxicity studies will have cells grown to confluency to mimic PS exposure in vivo. 
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Description automatically generated][bookmark: _Toc118910676]Figure 31: Confluency effects of ANXA5-PS binding to TNBC and healthy cells
a) Confluency does not impact ANXA5 binding to TNBC EMT6 cells. Confluent healthy cells b) HAAE-1 and c) MCF10A cells have significantly less ANXA5 binding to the cell surface. Cells were grown to 50-70% confluency (nonconfluent) or 90-100% confluency (confluent) and incubated with 13 nM of FITC-labeled ANXA5 for 15 minutes at room temperature and then analyzed via flow cytometry. Statistical analysis was performed with a student’s T-test with data represented as mean   SD (n = 2-3). Statistical significance is denoted by *(p < 0.033) and ** (p < 0.0021).



[bookmark: _Toc116911050]ANXA5 In Vitro Cytotoxicity 
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]To ensure DM1 is causing the cytotoxic action of the conjugate, cytotoxicity studies of ANXA5 were carried out on TNBC cells (EMT6 and 4T1), as well as, healthy vascular (HUVEC and HAAE-1) and mammary (MCF10A) cells. Cells were treated with 0-0.7 M of ANXA5. Cells were treated on day 1 and incubated with the conjugate for 72 hours. After 72 hours, cell viability was analyzed via a fluorescent Alamar Blue assay. Percent viability was determined by normalizing the control (0 M ANXA5) to 100% and comparing each treatment group to the control (n = 3-5). 
The cytotoxic effects of ANXA5 against five different cell lines are shown in Figure 32. The presence of ANXA5 on two TNBC and three healthy cell lines did not significantly impact viability with doses up to 0.7 M. The inhibitory concentration of 50 percent (IC50) protein equivalent for ANXA5 in the ANXA5-DM1 conjugate is 0.052 nM [133]. The highest dose of 0.7 M ANXA5, is nearly 13,460 times more protein than found in the ANXA5-DM1 concentration that induces 50% cell death for TNBC cells. These findings are not surprising given the fact that ANXA5 has a protection function for both healthy and cancerous cells. 
Umbilical cells have high ANXA5 protein content, and the presence of ANXA5 is necessary for forming the maternal-fetal interface during pregnancy [211, 212]. ANXA5 also binds to syncytiotrophoblasts (human placenta cells) to prevent coagulation, maintains blood flow to the placenta, and aids in membrane resealing of trophoblasts [212-214]. Additionally, ANXA5 is an anticoagulant protein that competes with the prothrombin complex and prevents it from binding to PS, ultimately preventing coagulation and decreasing vascular inflammation [212, 215]. ANXA5 has a protective function on umbilical cells, placental cells, developing trophoblasts, and vascular cells and explains why healthy vascular cell viability was not impacted by increasing ANXA5 concentration. On the other hand, ANXA5 is overexpressed in breast cancer, cervical colorectal cancer, hepatocellular carcinoma, non-small cell lung cancer, and renal cell carcinoma and aids in tumorigenesis, metastasis, progression, and survival [216-221]. This suggests ANXA5 may act as an oncogenic protein, and the TNBC cells were not impacted by increasing ANXA5 concentration. These findings also suggest that ANXA5 is a nontoxic protein, and the cytotoxic action of the ANXA5-DM1 conjugate is a result of the addition of the drug to the protein and not ANXA5 alone. 
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Description automatically generated][bookmark: _Toc118910677]Figure 32: 72-hour cytotoxic effects of ANXA5 on cancerous and healthy cell lines
EMT6, 4T1, HUVEC, HAAE-1, and MCF10A cells were incubated with 0-0.7 M of ANXA5 for 72 hours. Viability was determined by an Alamar Blue assay, and each sample was represented as a percentage of the untreated control (0 M). Data represented as mean   SD (n = 3-5). 



[bookmark: _Toc116911051]ANXA5-DM1 TNBC Cytotoxicity Validation 

Previously, Ben Southard established the ANXA5-DM1 conjugate to have an IC50 value of 0.21 nM for EMT6 cells [133]. To validate this finding, EMT6 cells were treated with 0 to 100 nM of DM1 in the ANXA5-DM1 conjugate. Cells were treated on day 0 and incubated with the conjugate for 72 hours. After 72 hours, cell viability was analyzed via a fluorescent Alamar Blue assay. Percent viability was determined by normalizing the control (0 uM DM1) to 100% and comparing each treatment group to the control (n = 3). 
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Description automatically generated]ANXA5-DM1 has significant cytotoxic effects on EMT6 cells at doses below 1 nM after 72 hours of treatment (Figure 33). When comparing two determinations of the IC50 to that obtained by Ben Southard, both readily reproduce an IC50 value below 1 nM as shown in Table 2. ANXA5-DM1 has very similar IC50 values to the antibody-drug conjugate consisting of trastuzumab, a HER2-targeting antibody, linked to DM1 (T-DM1). T-DM1 displayed high cytotoxicity against HER2+ amplified cell lines (SK-BR-3 and BT-474) with IC50 values of 0.22 nM and 4.26 nM after 72 hours [222].  However, an IC50 value could not be obtained for MCF7 cells which have normal HER2 expression, indicating T-DM1 treatment is only beneficial for cancer cells with an over-expression of HER2. [bookmark: _Toc118910678]Figure 33: Validation of ANXA5-DM1 cytotoxicity on EMT6 cells 
The IC50 concentration of ANXA5-DM1 for EMT6 cells is 0.41 nM. Cells were treated on day 0 and incubated with free ANXA5 in fully supplemented growth medium with 2 mM of calcium for 72 hours. Viability was determined by the Alamar Blue assay, and each sample was represented as a percentage of the untreated control. Data is represented as mean  SD (n = 3).


[bookmark: _Toc118910726]Table 2: IC50 values of ANXA5-DM1
	ANXA5-DM1 sample
	IC50

	1 (Ben Southard) 
	0.21 nM

	2 
	0.82 nM

	3 
	0.20 nM

	Average 
	0.41  0.35 nM




T-DM1 induces cell death in two ways, first by antibody-mediated effects and second by drug-mediated effects. Trastuzumab targets the HER2 receptor to prevent HER2-HER2 dimerization and ultimately inhibits the activation of the intracellular tyrosine kinase and downstream signaling of phosphatidylinositol 3-kinase (PI3K)–AKT–mammalian target of rapamycin (mTOR) and RAS–mitogen-activated protein kinase (MAPK) signaling pathways, decreasing proliferation, cell mobility, invasiveness, and cell survival [105, 223]. After Trastuzumab binds to HER2, the antibody-drug conjugate is internalized through receptor-mediated endocytosis. The endosome fuses with a lysosome, causing lysosome degradation of the antibody and allowing active transport of DM1 into the cytoplasm, where it inhibits microtubule polymerization and the cell undergoes apoptosis [105]. Although T-DM1 significantly improves patient outcomes, nearly every patient treated with T-DM1 develops resistance over time through reduced HER2 expression, T-DM1 recycling, and/or an increase in drug efflux transporters [105, 224].
ANXA5 may be a better delivery vehicle than Trastuzumab because ANXA5 does not impact cell viability or signaling and has a direct degradation route. Trastuzumab and T-DM1 induce the same amount of antibody-dependent cell-mediated cytotoxicity for HER2-expressing cells [225]. ANXA5 does not induce cell death, and a more predictable drug-mediated cell death can be observed. ANXA5 also does not impact cell signaling, which limits the cancer cell’s ability to dysregulate or mutate signaling pathways to promote cancer-specific survival. ANXA5 internalization is non-receptor mediated, and the protein will not be salvaged or recycled. 
ANXA5 does not possess an Fc domain like antibodies, so it cannot interact with an Fc receptor (FcRn). When antibodies are bound to the FcRn, the antibody is salvaged and recycled. The antibody will not undergo lysosomal degradation, and the drug will not be released into the cell [226]. However, when molecules are not bound to an FcRn, the unbound molecules, like ANXA5, are transported to the lysosome for lysosomal degradation, ultimately releasing the drug to induce apoptosis [226]. ANXA5 solely acts as a delivery vehicle and helps to restrict the ability of cancer to mutate as opposed to Trastuzumab.

[bookmark: _Toc116911052]Seeding Density Effects on ANXA5-DM1 Cytotoxicity 
ANXA5-DM1 has proven to be a reliable anticancer agent that induces significant cell death under 1 nM after 72 hours, but the effects of cell seeding density and ANXA5-DM1 have yet to be explored. EMT6 cells were seeded at either 5,000 or 10,000 cells per well and treated with 0 to 10 nM of DM1 in the ANXA5-DM1 conjugate for 24 hours. Cells were treated on day 0 and incubated with the conjugate for 24 hours. After 24 hours, cell viability was analyzed via a fluorescent Alamar Blue assay. Percent viability was determined by normalizing the control (0 nM DM1) to 100% and comparing each treatment group to the control (n = 3). 
	ANXA5-DM1 induced significantly more cell death at doses of 0.1-10 nM for cells seeded at 5,000 cells per well versus 10,000 cells per well (Figure 34). The IC50 value for 5,000 cells per well was 0.033 nM and the IC50 for 10,000 cells per well was 0.15 nM. When cells are seeded at 12,000 cells per well, an IC50 value for ANXA5-DM1 could not be obtained after 24 hours of treatment, but after 72 hours of treatment, the IC50 was found to be 0.21 nM [133]. The cells seeded at 5,000 cells per well needed 4.5 times less drug to induce 50% cell death than cells seeded at 10,000 cells per well, suggesting cell density impacts the cytotoxic action of the ANXA5-DM1 conjugate.  Similar trends for free DM1 were observed, but the IC50 value for the free drugs could not be obtained at these doses (Appendix A, Figure 72). 
Although the loss of contact inhibition is a hallmark of cancer, higher cell density alters cell signaling, growth, and metastasis. For TNBC, when cells are seeded at a high density, the invasion of cancer into an epithelial monolayer in vitro and lung metastases in vivo is decreased [227-229]. Cell aggregation proportionally increases as with cell density [230]. Cell aggregation provides a “dilution effect”, where one cell may act as a sink for the chemotherapy to spare the entire population, or the entire cell aggregation will absorb a small amount of the chemotherapy, keeping the drug concentration to a sublethal amount [231]. Additionally with more cells present, the demand for resources also increases. Higher seeding density causes nutrient depletion, and chemotherapeutic drugs have been shown to induce autophagic protein and lysosomal enzymes in as little as 48 hours after initial seeding [232, 233]. Interestingly, autophagic activity decreases during mitosis [234]. When cells are seeded at higher seeding densities, the cells are not actively dividing. Because DM1 is a microtubule inhibitor, it will only induce cell death in cells that are actively dividing. While higher seeding densities may 1) impact cell invasion/metastases, 2) provide dilution effects, and 3) induce autophagy, there are very few studies that compare starting cell density to growth characterization of the cells, so more work in this area is needed to fully understand how seeding densities effect targeted chemotherapy [235]. However, this may indicate that the ANXA5-DM1 conjugate would be better suited for early-stage intervention when tumors are not as burdened by nutrient and space depletion. 
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[bookmark: _Toc118910679]Figure 34: 24 hour Seeding density effect for ANXA5-DM1 on EMT6 cytotoxicity
The IC50 for cells seeded with 5k cells per well was 0.033 nM, and the IC50 for cells seeded at 10k cells per well was 0.15 nM. EMT6 cells were seeded at 5k or 10k cells per well and treated with 0-10 nM DM1 in the ANXA5-DM1 conjugate in fully supplemented growth medium with 2 mM calcium. Cell viability was measured via an Alamar Blue assay, and each sample was represented as a percentage compared to the untreated control (0 nM) after 24 hours. Statistical analysis at each dose was performed with a student’s T-test with data represented as mean   SD (n = 3). Statistical significance is denoted by *(p < 0.033), **(p < 0.0021), and *** (p < 0.0002). 



[bookmark: _Toc116911053]ANXA5-DM1 Healthy Cell Cytotoxicity 

Previously, Ben Southard established the ANXA5-DM1 conjugate to have enhanced cytotoxicity against murine TNBC cells when compared to free DM1. The IC50 values of the TNBC cells are summarized in Table 3. By conjugating DM1 to ANXA5, the conjugate was 130 to 377 times more effective at inducing cell death than the free drug after 72 hours [133]. While the cytotoxic activity of the ANXA5-DM1 conjugate is excellent against TNBC cells, the cytotoxicity of the conjugate must be quantified for healthy mammary and vasculature cells. 

[bookmark: _Toc118910727]Table 3: ANXA5-DM1 and DM1 IC50 values for 4T1 and EMT6 cells. 
	Cell line
	ANXA5- DM1 IC50 
	DM1 IC50 
	IC50 Ratio 

	4T1 
	0.85 nM 
	320 nM 
	377

	EMT6
	0.21 nM 
	28 nM 
	130



ANXA5-DM1 cytotoxicity studies were carried out on confluent healthy vascular (HAAE-1 and HUVEC) and mammary (MCF10A) cells with varying concentrations of ANXA5-DM1. Cells were grown to confluency because they mimic PS expression in vivo (Figure 31). Cells were treated with 0-10 M of DM1 in the ANXA5-DM1 conjugate or free DM1. Cells were treated on day 0 and incubated with the conjugate for 72 hours. After 72 hours, cell viability was analyzed via a fluorescent Alamar Blue assay. Percent viability was determined by normalizing the control (0 M DM1) to 100% and comparing each treatment group to the control (n = 3-6). 
	The cytotoxicity of MCF10A, HAAE-1, and HUVEC cells are shown in Figures 35-37. The ANXA5-DM1 conjugate exhibited 100% cytotoxicity at 1 M for TNBC cells [133]. When healthy cells are treated with 10 times more drug in the conjugate (10 M) complete cell death is not observed. Ten micromolar rendered nearly 20-35% more viability for all healthy cell lines. More importantly, when comparing the IC50 for the TNBC cell lines and the healthy cell lines it takes 5 to 190 times more ANXA5-DM1 conjugate to induce the same amount of death (Figure 38 and Table 4), indicating ANXA5-DM1 uptake is limited in the healthy cell lines and less cytotoxicity is observed. 
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[bookmark: _Toc118910680]Figure 35: 72-hour effects of ANXA5-DM1 and free DM1 on MCF10A 
 The IC50 concentration for ANXA5-DM1 was 77.7 nM and the IC50 concentration of free DM1 was 29.8 nM. MCF10A cells were treated with 0-10 M DM1 in the ANXA5-DM1 conjugate or free DM1 in fully supplemented growth medium for 72 hours. Cells were grown to 90-100% confluency. Cell viability was measured via an Alamar Blue assay, and each sample was represented as a percentage compared to the untreated control (0  M) after 72 hours. Statistical analysis at each dose was performed with a student’s T-test with data represented as mean  SD (n = 3). Statistical significance is denoted by *(p < 0.033) and **** (p < 0.0001).
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[bookmark: _Toc118910681]Figure 36: 72-hour effects of ANXA5-DM1 and free DM1 on HAAE-1 viability. 
 The IC50 concentration for ANXA5-DM1 was 33.9 nM and the IC50 concentration of free DM1 was 44.7 nM. HAAE-1 cells were treated with 0-10 M DM1 in the ANXA5-DM1 conjugate or free DM1 in fully supplemented growth medium for 72 hours. Cells were grown to 90-100% confluency. Cell viability was measured via an Alamar Blue assay, and each sample was represented as a percentage of the untreated control (0 nM) and viability was compared to the control (0 M) after 72 hours (n = 3).  No statistical significance between ANXA5-DM1 and free DM1 was observed. 
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Description automatically generated][bookmark: _Toc118910682]Figure 37: 72-hour effects of ANXA5-DM1 on HUVEC viability
The IC50 is 4.0 nM for ANXA5-DM1 and 5 nM for free DM1. HUVEC cells were treated with 0-10 M DM1 in the ANXA5-DM1 conjugate or free DM1 in fully supplemented growth medium. Cells were grown to 90-100% confluency. Cell viability was measured via an Alamar Blue assay and viability was compared to the control (0 M) after 72 hours. Data represented as mean  SD (n = 3). No statistical significance was observed. 
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Description automatically generated][bookmark: _Toc118910683]Figure 38: IC50 comparison for TNBC and healthy cells. 
The IC50 value of the TNBC cells are 5 to 190 times less than the healthy cell lines. 

	Cell line
	Cell type
	IC50 (nM)

	4T1
	Murine TNBC
	0.85

	EMT6
	Murine TNBC
	0.41

	HUVEC
	Healthy Human Umbilical Venule Epithelium
	4.1

	HAAE-1
	Healthy Human Aorta 
	33.9

	MCF10A
	Healthy Human Mammary Epithelium
	77.7



[bookmark: _Toc118910728]Table 4: Summary of ANXA5-DM1 cytotoxicity for TNBC and healthy vascular and mammary cells.









While it was not expected to observe cell death in the healthy cell lines, the cell death observed by the ANXA5-DM1 conjugate is most likely a result of a low PS expression and a positive stress feedback loop. PS is almost exclusively found on the inner cytosolic leaflet of healthy cells, but there is still minimal PS extracellular exposure. The binding of ANXA5 to PS is very rapid, but more importantly, once bound to the surface of PS-expressing cells, the ANXA5-PS bond is stable for up to 2 days (Figure 30) [209]. Once bound, ANXA5 is internalized, which brings DM1 into the cell, where it can induce cell stress. When cells become stressed, more PS becomes externalized which allows for the recruitment of more ANXA5-DM1 into the cell to induce cell death, rendering a positive feedback loop [192]. 

[bookmark: _Toc116911054]ANXA5-DM1 Immunogenic Cell Death 

It is well known that DM1 induces apoptosis through mitotic catastrophe, but recently, antibody-drug conjugates containing maytansinoids have shown to be a powerful immune modulator by inducing immunogenic cell death (ICD) [131]. To assess ANXA5-DM1 as an ICD inducer, ATP release and calreticulin surface expression were analyzed for EMT6 cells. An Alamar Blue assay was run in tandem with the ICD assays to quantify cytotoxicity alongside ICD (Figure 39). EMT6 cells were treated with 10 nM of DM1 in the ANXA5-DM1 conjugate or free DM1 for 24 hours. After 24 hours, ATP release was analyzed through a luminescent luciferin/luciferin assay, and surface calreticulin expression was quantified via flow cytometry. 
At 10 nM, ANXA5-DM1 significantly increased ATP release and calreticulin surface expression (Figure 39 a/b). ANXA5-DM1 caused nearly 10 times more ATP released than free DM1 (Figure 39 a). Cancer cells require large stores of ATP to undergo constant division, protein production, and cell signaling, so it is unsurprising that the untreated control had essentially 0 ATP in the extracellular space. Incubation with ANXA5-DM1 also significantly increased calreticulin surface expression in comparison to the untreated control as determined by median fluorescent intensity (Figure 39 b). Although both ANXA5-DM1 and free DM1 significantly increased cell death (Figure 39 c), free DM1 only increased ATP release but had no effect on calreticulin surface expression. ANXA5-DM1 significantly increased cell death in comparison to free DM1. 

  When comparing 10 nM of ANXA5-DM1 to 100 nM of a HER2-maytansine antibody-drug conjugate, ANXA5-DM1 was able to significantly increase ATP release by nearly 20 times more and 40 hours sooner with 10 times less drug [131]. It is also important to note, that the HER2-maytansine antibody-drug conjugate caused less ATP release than free maytansine, but the ANXA5-DM1 drug conjugate had the opposite effect. The HER2-maytansine antibody-drug conjugate, only had a loading of 1.8 molecules of maytansine per molecule of antibody, while ANXA5 is loading twice as many drugs per protein. Additionally, ANXA5-DM1 shows superiority in cytotoxicity to both the free drug and the HER2-maytansine antibody-drug conjugate. The HER2-maytansine antibody-drug conjugate requires five days to induce an IC50 value below 1 nM and has an almost identical IC50 value to the free drug. Taken all together, this suggests ANXA5 provides a better vehicle to deliver maytansinoid drugs into the cell, where it can induce cell death by mitotic catastrophe and induce the release of ICD DAMPs.
Ideally, we would have tested for the release of HMGB1 as well, but the price of HMGB1 and related kits were too expensive and hindered testing this ICD DAMP. However, by testing two of the three main DAMPS (ATP release and surface calreticulin expression), it has provided insight into the different stages of ICD. Calreticulin is exposed in the early stages of ICD before apoptotic-mediated PS exposure [123, 236]. In contrast, ATP and HMGB1 are released when the nuclear and plasma membrane begin to bleb after apoptosis has commenced [123, 237]. All this indicates the ICD by ANXA5-DM1 is quick and efficient.
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[bookmark: _Toc118910684]Figure 39: Immunogenic cell death activity of 10 nM ANXA5-DM1 and DM1 
EMT6 cells were seeded at 5k per well and treated with 10 nM DM1 in the ANXA5-DM1 conjugate or free DM1 in fully supplemented growth medium for 24 hours. a) 10 nM of ANXA5-DM1 significantly increased ATP release into media in comparison to 0 nM control and free DM1 (n = 6). ATP release was quantified by luminescence, and the amount of ATP present was compared to the standard curve prepared. b) 10 nM of ANXA5-DM1 significantly increased calreticulin surface expression in comparison to the control. Calreticulin surface expression was quantified by flow cytometry with 10,000 gated events (n = 2 with each sample run in triplicate). c) 10 nM of ANXA5-DM1 significantly increased cell death in comparison to free DM1 (n = 3). All statistical analysis was performed with a one-way ANOVA with Tukey multiple comparisons. Data presented as mean  SD. Statistical significance is denoted by *(p < 0.0332), **(p < 0.0021), ***(p < 0.0002), and **** (p < 0.0001). 

[bookmark: _Toc116911056]ANXA5-DM1 Preliminary Dosing 

Because ANXA5-DM1 displayed cancer-specific binding and cytotoxicity in vitro, ANXA5-DM1 was expanded into a syngeneic mouse model using 4T1 TNBC orthotopic tumors. Mice were treated with intraperitoneal (IP) injections of 0, 0.0025, 0.025, or 0.25 mg/kg of DM1 in the ANXA5-DM1 conjugate once every 7 days for 21 days after tumors reached 3-5 mm in diameter to ensure the tumor was vascularized. The free DM1 controls were omitted because DM1 is extremely toxic and can only be administered when linked to a protein or antibody.
While no treatment significantly increased survival, the treatment had good tumor control (Figures 40 and 41). The 0.025 mg/kg dosage had the best tumor control and maintained tumor volume under 150 mm3 only after two doses (day 22) and resulted in a tumor volume nearly two times smaller than the control. Additionally, this dosage maintained tumor volume under 500 mm3 throughout the entire treatment. Because only one mouse remained in the control group on day 22, it is impossible to obtain statistical significance for tumor volumes. Interestingly, the highest dose of 0.25 mg/kg, had a steep increase in tumor volume after 2 doses (day 22). This treatment had minimal effect on mouse weight (Figure 42). 
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Description automatically generated][bookmark: _Toc118910685]Figure 40: Effect of ANXA5-DM1 on tumor volume for BALB/cJ mice bearing 4T1 tumors 
 Treatment began on day 7 (indicated by arrow) when mice tumors were 3-5 mm in diameter. Mice were treated IP with 0-0.25 mg/kg of DM1 of the ANXA5-DM1 conjugate once every 7 days for 21 days. No statistical significance was observed due to high standard deviation and uneven sample sizes (n = 4-6).
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Description automatically generated][bookmark: _Toc118910686]Figure 41: Effect of ANXA5-DM1 on survival for BALB /cJ mice bearing 4T1 tumors
Treatment began on day 7 (indicated by arrow) when mice tumors were 3-5 mm in diameter. Mice were treated IP with 0-0.25 mg/kg of DM1 of the ANXA5-DM1 conjugate once every 7 days for 21 days. Overall survival was the same for all groups, no statistical significance observed (n = 4-6). 
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[bookmark: _Toc118910687]Figure 42: ANXA5-DM1 effects mice weight for BALB/cJ mice bearing 4T1 tumors 
Treatment began on day 7 when mice tumors were 3-5 mm in diameter. Mice were treated IP with 0-0.25 mg/kg of DM1 of the ANXA5-DM1 conjugate once every 7 days for 21 days Mice weight was not affected by ANXA5-DM1 treatment (n = 4-6).


ANXA5-DM1 not only targets tumor cells and induces ICD, but also targets the tumor vasculature by cutting off the tumor’s nutrient supply. This can promote growth in the presence of hypoxia because of the activation of HIF1-. Previous in vivo analysis using ANXA5-purine nucleoside phosphorylase (ANXA5-PNP) and ANXA5-methionine--lyase (ANXA5-mCGL) fusion proteins (FP), found that the FPs had incomplete tumor killing that resulted in a regrowth of a viable rim of cells around a necrotic core, which coincided with a steep increase in tumor volume, as seen with the 0.25 mg/kg dose of ANXA5-DM1 conjugate after two doses [238]. Additionally, protein affinity for the biomarkers impacts tumor distribution. Antibody-drug conjugates with higher dissociation constants or lower affinity for the ligand of interest can penetrate the whole tumor, whereas antibody-drug conjugates with low dissociation constants or high affinity for the ligand of interest are mainly localized to the tumor vasculature with lower tumor penetration [239]. The ANXA5-DM1 conjugate was most likely localized to the tumor vasculature, depleting nutrient delivery, and inducing a hypoxic tumor response. But by cutting off the tumor blood supply, the delivery of the ANXA5-DM1 conjugate to the TME would be reduced and renders the therapy ineffective. To combat this, it is necessary to explore a holistic dosing regimen that will counter the hypoxic response (i.e., rapamycin), and aid the activation of the adaptive immune system (i.e., checkpoint inhibiting antibodies) for a multifaceted killing approach (Figure 43). 
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[bookmark: _Toc118910688]Figure 43: Design rationale for holistic dosing regimen. 
ANXA5-DM1 impacts tumor growth in two unique ways. The top branch shows that ANXA5 targets DM1 to both tumor vasculature and tumor cells, which limits nutrient delivery and can induce hypoxia. The growth in the presence of hypoxia can cause activation of hypoxia-inducible factor-1 (HIF-1). Mammalian target of rapamycin (mTOR) inhibitors (i.e., rapamycin,) are thought to reduce angiogenesis by indirectly reducing the synthesis of HIF-1 subunits. The bottom branch shows DM1’s ability to activate the adaptive immune system. On top of DM1 being an attractive cytotoxic agent, it has been shown to induce immunogenic cell death (ICD), which leads to the activation of professional antigen-presenting cells and T-cells causing antitumoral immunity. ANXA5-DM1 increases the therapeutic potential for checkpoint inhibitors such as anti-PD-1. 


[bookmark: _Toc113362850][bookmark: _Toc116911057]ANXA5-DM1 Holistic Dosing Regimen 

To holistically treat murine TNBC, Balb/cJ mice were inoculated with syngenetic EMT6 or 4T1 orthotopic tumors. Mice were treated intraperitoneally with 0.025 mg/kg ANXA5-DM1 once every seven days, 5 mg/kg rapamycin daily, and/or 5 mg/kg anti-PD-1 antibody on days 1, 5, and 9 after tumors reached 3-5 mm in diameter to ensure the tumor was vascularized. When examining tumor volumes for ANXA5-DM1, rapamycin, and/or anti-PD1 treatments, in 4T1 (Figure 44) and EMT6 (Figure 45) tumor models, it is evident the combination therapies have an added therapeutic benefit, but no treatment group benefited survival (Table 5). Survival curves can be viewed in appendix A (Figures 73 and 74).  
Mice bearing 4T1 tumors and treated with the holistic treatment of ANXA5-DM1, rapamycin, and anti-PD-1 had significantly smaller tumors than untreated mice throughout the treatment (Figure 46).  On day 31 (3 days after treatment had ended), the holistic treatment had 2.2 times smaller tumor volumes than the untreated control, ANXA5-DM1, anti-PD-1, and ANXA5-DM1 with anti-PD-1 groups (Figure 46 d). Interestingly, rapamycin seems to have more therapeutic benefits when combined with ANXA5-DM1 than anti-PD-1 for murine TNBC. 
Over the course of the treatment, ANXA5-DM1 and rapamycin showed similar tumor response to the holistic treatment, and when tumors reach over 150 mm3, rapamycin alone significantly decreases tumor volume (Figure 46 c and d). Anti-PD-1 alone or in combination with ANXA5-DM1 did not show significant benefit when compared to untreated mice, but the addition of anti-PD-1 to ANXA5-DM1 with rapamycin does not negatively impact treatment. Rapamycin and anti-PD-1 together also significantly decreased tumor volume during the treatment, but once treatment ended did not have any therapeutic benefit. 
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[bookmark: _Toc118910689]Figure 44: Effect of ANXA5-DM1, rapamycin and/or anti-PD-1 on tumor volume for BALB/cJ mice bearing 4T1 tumors
Treatment began on day 7 when mice tumors were 3-5 mm in diameter. Mice were treated with 0.025 mg/kg of DM1 in the ANXA5-DM1 conjugate IP once every 7 days, 5 mg/kg rapamycin IP daily, and/or 5 mg/kg anti-PD-1 IP on days 1, 5, 9 of treatment. Data presented as mean   SEM (n = 6). 
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[bookmark: _Toc118910690]Figure 45: Effect of ANXA5-DM1, rapamycin and/or anti-PD-1 on tumor volume for BALB/cJ mice bearing EMT6 tumors
Treatment began on day 7 when mice tumors were 3-5 mm in diameter. Mice were treated with 0.025 mg/kg of DM1 in the ANXA5-DM1 conjugate IP once every 7 days, and/or 5 mg/kg rapamycin IP daily, and/or 5 mg/kg anti-PD-1 IP on days 1, 5, and 9 of treatment. No statistical significance was observed due to high standard deviations. Data presented as mean  SEM (n = 6).
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[bookmark: _Toc118910691]Figure 46: Daily effects of ANXA5-DM1, rapamycin and/or anti-PD-1 on tumor volume for BALB/cJ mice bearing 4T1 tumors
ANXA5-DM1 in combination with rapamycin and anti-PD-1 show excellent tumor control. Treatment began on day 7 when mice tumors were 3-5 mm in diameter. Mice were treated with 0.025 mg/kg of DM1 in the ANXA5-DM1 conjugate IP once every 7 days, and/or 5 mg/kg rapamycin IP daily, and/or 5 mg/kg anti-PD-1 IP on days 1, 5, and 9 of treatment. Statistical analysis was performed with a one-way ANOVA with Tukey’s multiple comparisons. Statistical significance indicated by *(p < 0.0332), **(p < 0.0021), ***(p < 0.0002) (n = 6). Data presented as mean  SEM (n = 6).








EMT6 tumors also responded to the holistic treatment. The ANXA5-DM1, rapamycin, and anti-PD-1 treatment group only significantly decreased tumor volume 4 days after the first ANXA5-DM1 dose (day 11) in comparison to the control, and on day 27 in comparison to the anti-PD-1 group (Figure 47 a and c). This is due to the large standard deviations and uneven sample sizes throughout the treatment. But it is important to note that the groups that received ANXA5-DM1 alone or in combination with rapamycin and/or anti-PD-1 maintained tumor volumes under 450 mm3 throughout the entire treatment (Figure 47 a-d). Furthermore, on day 32 (4 days after treatment ended) the average tumor volume for the holistic treatment group was 4.4 times smaller than the control (Figure 47 d). 
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[bookmark: _Toc118910692]Figure 47: Daily effects of ANXA5-DM1, rapamycin and/or anti-PD-1 on tumor volume for BALB/cJ mice bearing EMT6 tumors
ANXA5-DM1 in combination with rapamycin and anti-PD-1 shows excellent tumor control, but statistical significance was only observed on day 11 due to uneven sample sizes. Treatment began on day 7 when mice tumors were 3-5 mm in diameter. Mice were treated with 0.025 mg/kg of DM1 in the ANXA5-DM1 conjugate IP once every 7 days, 5 mg/kg rapamycin IP daily, and/or 5 mg/kg anti-PD-1 IP on days 1, 5, and 9 of treatment. Data presented as mean   SEM (n = 6). Statistical analysis was performed with a one-way ANOVA with Tukey’s multiple comparisons. Statistical significance indicated by *(p < 0.0332). 


[bookmark: _Toc118910729]Table 5: Median survival of BALB/cJ mice for ANXA5-DM1, rapamycin and/or anti-PD-1 treatments
	Treatment Group
	4T1 
	EMT6

	Control
	32
	34

	Rapamycin
	26
	34

	ANXA5-DM1 
	33.5
	21.5

	Anti-PD-1 
	22
	32

	ANXA5-DM1 and Rapamycin
	26
	25

	ANXA5-DM1 and Anti-PD-1 
	35
	33

	ANXA5-DM1, Rapamycin and Anti-PD-1
	31
	32

	Rapamycin and Anti-PD-1
	34
	30






	EMT6 and 4T1 provide two syngenetic murine TNBC models with an inverse in immunogenicity and metastatic properties.  EMT6 is considered a highly immunogenic model and weakly metastatic tumor, whereas 4T1 is poorly immunogenic and spontaneously metastases from the primary tumor to the blood, bone, brain, liver, lungs, and lymph nodes [240-242]. For EMT6 tumors, CD8+ T-cells protect the body from lung metastasis. For 4T1 tumors, the infiltration of a granulocytic subset of myeloid-derived suppressor cells blocks the cytotoxic T-cell immunity, promoting metastatic niches in the lungs [240]. EMT6 cells have high expression of MHC-I, and the immune infiltrates have a large M2-like macrophagic component [243, 244]. Interestingly, by blocking PS exposure on tumor cells, macrophages can be repolarized to the M1 phenotype and promote the differentiation of myeloid-derived suppressor cells into the M1 anticancer phenotype [41]. By using ANXA5-DM1, the PS exposure becomes blocked which may aid in the anticancer immunity in the TME for EMT6 cells, which was observed with smaller tumor volumes for mice treated with the ANXA5-DM1 conjugate. 
The immune infiltrates in 4T1 tumors have a large population of CD4+ progenitors, T-regulatory cells, and γδ T cells that promote tumor immunity [41]. Although the T-regulatory cells in 4T1 tumor models have high PD-1 expression, treating T-regulatory cells with an anti-PD-1 monoclonal antibody does not decrease the frequency or function of the T-regulatory cells [41, 245]. This could explain why the anti-PD-1 therapy alone did not have a significant improvement for tumor volume [41, 245]. The growth rates of the tumor models are different as well. 4T1 tumor inoculations use one-tenth of the cells needed for EMT6 inculcations, but both tumor models reach 3-5 mm in 7 days. 4T1 cells are fast growing and because of their high proliferation index, these cells may respond better to DM1-based therapies. But the complex landscape of TNBC also must be considered. 
The holistic treatment combines a three-pronged approach to the targeted killing of TNBC that exploits the hypoxic TME. First ANXA5 delivers DM1 to the tumor microenvironment where it can induce apoptosis and ICD on both tumor cells and tumor vasculature. Because ANXA5-DM1 is targeted to tumor vasculature, DM1 can destroy existing vasculature, adding a hypoxic pocket within the TME. This could explain why ANXA5-DM1 alone did not significantly impact tumor volume for both EMT6 and 4T1 tumors. However, if not enough DM1 is delivered to the vasculature, ANXA5 can aid in the delivery of the conjugate and other drugs into the TME. By nature, ANXA5 is an anticoagulant protein. Thrombin generation requires a negative charge, which is mainly attributed to the externalized PS on activated platelets and cancer cells [246]. Thrombin converts fibrinogen to fibrin, creating a clot that increases VEGF expression in many solid tumors [247]. As ANXA5 binds to PS, it blocks the ability of  prothrombin and other coagulation factors to bind to PS, resulting in the anticoagulation activity of ANXA5 [212]. ANXA5 may keep vessels open by decreasing platelet aggregation, which could increase drug delivery to the tumor. 
	The second aspect of the holistic treatment is the addition of rapamycin. Rapamycin binds to the mTORC1 complex on FKBP12 protein to allosterically hinder the complex, decreasing mTOR activity, and ultimately leading to cell death and a decrease in HIF1- expression [248-252]. Rapamycin alone can control tumor volume for human TNBC, which was also observed in both murine TNBC models tested [252]. Rapamycin also decreases PD-L1 expression, which leads to the third prong of the holistic dosing regimen - immune stimulation with an anti-PD-1 checkpoint inhibitor [253, 254]. While rapamycin can target and downregulate HIF1- expression, it does not necessarily reoxygenate the tumor, maintaining the hypoxia/HIF1- dependent PD-1 expression on CD8+ T-cells [255]. By simultaneously decreasing PD-L1 expression on cancer cells through rapamycin and maintaining PD-1 expression on T-cells through the intrinsic hypoxic TME, combining an anti-PD-1 monoclonal antibody can aid in the activation of the existing tumor-infiltrating lymphocytes.
Additionally, DM1 induces ICD and the DAMPs aid in the activation of the adaptive immune system by recruiting and maturing dendritic cells [256]. ATP acts as a chemoattractant, and once the dendritic cells are in the ICD TME, calreticulin surface exposure and HMGB1 promote dendritic cells’ phagocytosis of the dying cells to facilitate antigen presentation to T-cells. Interestingly, the treatments with ANXA5-DM1 and rapamycin had better tumor control than ANXA5-DM1 and anti-PD-1, suggesting that treating the hypoxic TME provides a better anti-tumor response than activating the adaptive immune system. But, by combining all three, there is better tumor control. However, there was no increase in survival, which may be a result of the immunosuppressive properties of rapamycin.
Rapamycin was first approved as an immunosuppressive agent to prevent renal allograph rejection by the body [257, 258]. Rapamycin causes immunosuppression by blocking cytotoxic T-cell proliferation, but more importantly, promotes the expansion of CD4+CD25+FOXP3+ regulatory T-cells to favor immunological tolerance [258, 259]. Additionally, rapamycin prevents dendric cell maturation, preventing cross-presentation to T-cells, and therefore limiting immune activation. The addition of rapamycin could be limiting the adaptive immune system response, thus making the addition of the PD-1 checkpoint inhibitor ineffective. 


[bookmark: _Toc116911058]ANXA5-DM1 Intertumoral Injections 

Because there was not a significant increase in survival with our holistic treatment, we contemplated how to increase the ANXA5-DM1 dosing without causing serious adverse events. The goal of intertumoral (IT) injections is to increase the bioavailability of the therapy to the tumor while decreasing systemic side effects [260, 261]. Current work by Gabriela Faria (data not shown) using ANXA5-single wall carbon nanotubes provided evidence that treating the tumor intratumorally would enhance the delivery of ANXA5 to the tumor cells when compared to intravenous injections (IV). IT injections provided a larger release in TNF- in comparison to IV injections. This provided rationale to treat mice intratumorally, and the ANXA5-DM1 therapy was adapted to an IT injection method. 
Mice were treated with IT injections of 0, 0.025, or 0.25 mg/kg of DM1 in the ANXA5-DM1 conjugate daily for 21 days after the tumors reached 3-5 mm in diameter to ensure the tumor was vascularized. The free DM1 controls were omitted because DM1 is extremely toxic and can only be administered when linked to a protein or antibody. The daily IT injections did not cause any adverse events such as hair loss or redness around the injection site each day and had good tumor control (Figure 48). By using IT injections, both the 0.025 and 0.25 mg/kg doses maintained tumor volumes under 500 mm3 during the treatment. On day 28 (19 doses), the 0.25 mg/kg dose significantly decreased tumor volume compared to the control (Figure 49 a).  By day 32 (2 days after treatment ended), both treatment groups had significantly decreased tumor volume when compared to the control (Figure 49 b). More importantly, one mouse in the 0.25 mg/kg group had complete tumor regression and was tumor free for 52 days after treatment ended. However, there was still not an increase in median survival (Figure 50), which could be a result of the incomplete delivery of ANXA5-DM1 into the tumor. As the tumor increased in size, the tumors became hard and stiff. The treatment was expelled at the injection site, making it impossible to verify how much of the conjugate entered the tumor and how much escaped (Figure 51). 
Tumor stiffness, viscosity of the drug formulation, and needle tip design all affect the delivery and accuracy of IT injections [262]. The most advantageous IT delivery method would include a hydrogel to increase tumor retention, a multi-hole needle to disperse the drug throughout the tumor, and a soft tumor stoma to aid in drug dispersion. In our study, we used the least advantageous IT delivery method by delivering a non-viscous PBS solution in a single-hole needle into a cancer model with a hard stroma, all of which hinder IT drug delivery. Antibody neutralization of ANXA5 may also hinder the complete delivery of the conjugate to the tumor. 
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[bookmark: _Toc118910693]Figure 48: Effects of ANXA5-DM1 IT treatment on tumor volumes for BALB/cJ mice bearing EMT6 tumors
 Treatment began on day 9 when mice tumors were 3-5 mm in diameter. Mice were treated with 0.025 mg/kg of DM1 in the ANXA5-DM1 conjugate IT once daily for 21 days. Data presented as mean   SEM (n = 7).

[bookmark: _Toc118910694]Figure 49: Day 28 and day 38 tumor volumes for ANXA5-DM1 IT treatment for BALB/cJ mice bearing EMT6 tumors
 The dosage of 0.25 mg/kg IT injections of ANXA5-DM1 treatment significantly decreased tumor volumes at a) day 28 and b) day 32. The 0.025 mg/kg treatment group significantly decreased tumor volume on b) day 32. Treatment began on day 9 when mice tumors were 3-5 mm in diameter. Data presented as mean   SEM (n = 7). Statistical analysis was completed with a one-way ANOVA with Tukey’s multiple comparisons. Statistical significance is indicated by *(p < 0.0332). 
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[bookmark: _Toc118910695]Figure 50: Survival curve for ANXA5-DM1 IT injections for BALB/cJ mice bearing EMT6 tumors 
Treatment began on day 9 when mice tumors were 3-5 mm in diameter. Mice were treated with 0.025 mg/kg of DM1 in the ANXA5-DM1 conjugate IT once daily for 21 days Daily IT injections of ANXA5-DM1 did not increase survival. One mouse in the 0.25 mg/kg group survived for 52 days after treatment ended. 





[image: ][bookmark: _Toc118910696]Figure 51: Examples of ANXA5-DM1 IT injection expulsion in BALB/cj mice bearing EMT6 tumors 
Immediate ANXA5-DM1 leakage (arrows) was observed in mice with different sized throughout the course of the treatment. 




[bookmark: _Toc116911059]ANXA5 immunogenicity 
To assess the immune response against ANXA5 healthy Balb/cJ mice were injected with 3 mg/kg of ANXA5 IP daily for 21 days, which is the equivalent dose of ANXA5 in the 0.25 mg/kg ANXA5-DM1 conjugate. One mouse was euthanized at days 0, 10, and 21 and the blood was collected to examine ANXA5-specific antibody titers. 
While it was anticipated that the ANXA5 would not elicit an immune response, there was a very weak presence of ANXA5-specific IgG and/or IgM antibodies by day 10, and by day 21 a 100-fold increase was observed (Figure 52). However, none of the mice showed signs of anaphylactic response, autoimmune response (hair loss, dry mouth, dry eyes), or weight loss over the course of the treatment (Figure 54). The most probable explanation for this is the use of a  human ANXA5 protein in a mouse model. Previous work in our lab by John Krais found that using murine ANXA5 in an ANXA5-mCGL fusion protein did not elicit an immune response in a BALB/cJ murine model [198].
Through a pairwise alignment of Homo sapiens ANNXA5 (Accession: NP_001145) and M. musculus ANXA5 (Accession: NP_033803), the proteins have a percent identity match of 93.65%. Additionally, the Query Cover (how long the sequences are to each other) was 98% and only varied by 1 amino acid.  Because the proteins are not completely identical, this could prompt an immune response, but the immune response in nonhuman primates such as mice cannot be a predictive model for translation into humans [263]. While mice are considered an invaluable model organism for examining the immunogenicity of human proteins, the differences in the mouse and human immune systems limit the translatability of the therapies  [264-266]. The injection method and frequency also impact the immunogenicity of the protein.
IP injections are not considered the most immunogenic delivery method, but this delivery method can create a pocket of protein deposits inside the peritoneal cavity that allows for the slow release of the protein into a close lymph node, eliciting an immune response [267, 268]. Because the weak immune response was reported on day 10 of repeated IP ANXA5 injections, it is unlikely that the once-a-week IP ANXA5-DM1 treatment was neutralized or caused an immune response. IT injections have been shown to reduce antibody-mediated protein neutralization and decrease systemic side effects, and the IT injections of ANXA5-DM1 would not induce an immunogenic response  [269].
It is also important to note that nearly every FDA-approved monoclonal antibody and protein have a rate of immunogenicity on the FDA-licensed package inserts, indicating that an immune response to an antibody or biologic-based therapies is not a criterion that prevents approval [267]. The ultimate test for immunogenicity would be a clinical trial. The first phase I, first in human clinical trial (ClinicalTrails.gov identifier: NCT04850339) to evaluate the safety, tolerability, and pharmacokinetics of single and multiple IV dosing of ANXA5 is currently ongoing.  Even with the incomplete delivery and potential immunogenicity of the protein, the IT injections proved to be a better delivery method than IP injections. 
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Description automatically generated][bookmark: _Toc118910697]Figure 52: Immunogenicity of ANXA5 daily IP injections in healthy BALB/cJ mice
A weak immune response to ANA5 was observed on day 10, and by day 21, a 100-fold increase was observed. Blood samples were collected on days 0, 10, and 21 during the treatment period and analyzed for the presence of antibodies specific to the administered protein. Antibody detection was performed via ELISA of diluted serum samples with a positive detection reported as a maximum serum dilution factor (antibody titer) (n = 1). 
[bookmark: _Toc118910698]Figure 53: ANXA5 effects on healthy BALB/cJ mice weight
Mice weight was not effected by ANXA5-DM1 treatment (n = 1-3). 

[bookmark: _Toc116911060]Chapter 4: ANXA5-CMB Results and Discussion


[bookmark: _Toc116911061]ANXA5-CMB Healthy Cell Cytotoxicity 

Previously, Dr. Patrick McKernan and Charles Bagarie established that the ANXA5-CMB conjugate had enhanced cytotoxicity against murine TNBC cells when compared to free CMB [152, 153]. The IC50 values of the TNBC cells are summarized in Table 6. By conjugating CMB to ANXA5, the conjugate was 57 to 241 times more effective at inducing cell death than the free drug after 24 hours. While the cytotoxic activity of the ANXA5-CMB conjugate is excellent against TNBC cells, the cytotoxicity of the conjugate must be tested against healthy vascular and mammary cells. 

[bookmark: _Toc118910730]Table 6: Summary of ANXA5-CMB and free CMB IC50 on murine TNBC cells
	Cell line
	ANXA5- CMB IC50 
	CMB IC50 
	IC50 Ratio 

	4T1 
	2.7 M
	156 M
	57

	EMT6
	0.42 M
	102 M
	241




ANXA5-CMB cytotoxicity studies were carried out on healthy vascular (HUVEC) and mammary (MCF10A) cells with varying concentrations of ANXA5-CMB. Cells were treated with 0-10 M of DM1 in the ANXA5-DM1 conjugate. Cells were treated on day 0 and incubated with the conjugate for 24 hours. After 24 hours, cell viability was analyzed via a fluorescent Alamar Blue assay. Percent viability was determined by normalizing the control (0 M DM1) to 100% and comparing each treatment group to the control (n = 4-8). 
	Cytotoxicity of ANXA5-CMB on HUVEC and MCF10A cells is shown in Figures 54 and 55 respectively. The ANXA5-CMB conjugate exhibited 100% cytotoxicity at 1 M for TNBC cells. The presence of ANXA5-CMB for HUVEC cells did not impact viability with a dose of up to 100 M (Figure 54). While the presence of ANXA5-CMB did induce cell death for the MCF10A cells (Figure 55). The IC50 of ANXA5-CMB for the MCF10A cells was 6.0 M. When comparing the IC50 for the TNBC cells and that of MCF10A, it takes 2.2 to 14.2 more ANXA5-CMB to induce the same amount of cell death for the healthy MCF10A cells. This indicates ANXA5-CMB uptake is limited in the healthy cell lines, and less cytotoxicity is observed. Ideally, ANXA5-CMB would not have impacted MCF10A viability, but cell death is most likely due to a positive feedback loop as discussed in the ANXA5-DM1 healthy cell cytotoxicity section.
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[bookmark: _Toc118910699]Figure 54: 24-hour effects of ANXA5-CMB on HUVEC cell viability
Cells were treated with 0-100 M CMB in the ANXA5-CMB conjugate in fully supplemented growth medium with 2 mM calcium. Cells were grown to 90-100% confluency. ANXA5-CMB did not impact cell viability of HUVEC cells.  Cell viability was measured via an Alamar Blue assay and viability was compared to the control (0 M) after 24 hours. Data is presented as mean   SD (n = 4-8). 
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[bookmark: _Toc116911063]
ANXA5-CMB in Vivo Dosing Optimization [bookmark: _Toc118910700]Figure 55: 24-hour effects of ANXA5-CMB on MCF10A cell viability
Cells were treated with 0-100 M CMB in the ANXA5-CMB conjugate in fully supplemented growth medium with 2 mM calcium. Cells were grown to 90-100% confluency. The IC50 of ANXA5-CMB on MCF10A cells was 6.0 M. Cell viability was measured via an Alamar Blue assay and viability was compared to the control (M) after 24 hours. Data is presented as mean  SD (n = 4-8).

[bookmark: _Toc116911064]Daily ANXA5-CMB IP treatment 
Previous work by Dr. Patrick McKernan laid the foundation for in vivo ANXA5-CMB therapy [152]. In this work, mice were inoculated with 4T1 TNBC on day zero, and one day after tumor inoculation, treatment began. Mice were treated with 0.5 mg/kg CMB in the ANXA5-CMB conjugate for 21 days. The ANXA5-CMB conjugate inhibited tumor growth over the entire 21 days treatment period. However, this study began before the tumor had been established and only one dosage was analyzed for the ANXA5-CMB antitumor effects. 
	In the current study, Balb/cJ mice were inoculated with syngeneic 4T1 orthotopic tumors. Mice were treated with intraperitoneal (IP) injections of 0, 0.5, 1, 2.5, and 5 mg/kg of CMB in the ANXA5-CMB conjugate daily for 20 days after tumors reached 3-5 mm in diameter to ensure the tumor was vascularized. The free CMB controls were omitted because this was an exploratory study examining dosage escalation and the safety of the ANXA5-CMB conjugate. 
On day 11 (6 days after treatment began), mice in the 2.5 and 5 mg/kg treatment groups had significantly smaller tumor volumes than the control (Figure 56). Mice treated with over 1 mg/kg maintained tumor volume under 100 mm3 during the entire treatment. Interestingly, the 0.5 mg/kg treatment group did not have the same therapeutic benefit when the starting tumor size was increased to 3-5 mm in diameter [152]. In the McKernan study, the treatment began one day after tumor inoculation, and the 0.5 mg/kg dose was able to suppress tumor growth over the 21-day period, however; when treatment began 5 days after inoculation, the 0.5 mg/kg dose behaved more like the untreated control. This indicates that the size of the starting tumor dictates how well the ANXA5-CMB conjugate will work. 
When TNBC tumors are found below 1 cm in diameter, systemic chemotherapy can provide a good prognosis and patients have a low reoccurrence risk. However, one study in China found that 60% of patients have a tumor diameter between 2-5 cm with an average of 3.1 cm [270, 271]. Similar trends were found with Ghanaian, African American, and white American women with average tumor diameters of 3.2 cm, 2.3 cm, and 2.0 cm, respectively [271]. This suggests, that treating mice one day after tumor inoculation is not clinically relevant, and the 0.5 mg/kg dosage is ineffective. More importantly, the daily treatment schedule proved to be extremely toxic and resulted in fatalities (Figure 57). All mice treated with the 5 mg/kg group died by day 15 and had a median survival of only 11.5 days, much less than the 29-day median survival of the untreated control. The 2.5 mg/kg dosage rendered similar results, with a median survival of 13.5 days. Mice treated with a 1 mg/kg dosage fared better, but the median survival was still 6.5 days less than the untreated control. Additionally, the IP daily injections of the protein may be inducing an immune response as discussed in the ANXA5 immunogenicity section, further limiting the therapeutic benefit of the conjugate. While an autopsy was not performed, it is hypothesized that the ANXA5-CMB conjugate could have caused high fatalities in one of two ways. First, the daily injections of the ANXA5-CMB caused leukopenia and severely depressed the bone marrow function, resulting in death. Second, excess ANXA5 is excreted through the kidneys, potentially causing nephrotoxicity, and leading to death. Although fatalities were observed, the 1 and 2.5 mg/kg dosages provided good tumor control, prompting a reexamination of the dosing timeline. 
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[bookmark: _Toc118910701]Figure 56: Effect of daily ANXA5-CMB IP injections on 4T1 tumors volumes
Treatment began with mice tumors were 3-5 mm in diameter. Mice were treated with 0-5 mg/kg of CMB in the ANXA5-CMB conjugate daily for 20 days, starting on day 5 (indicated by arrow). Mice in the 2.5 and 5 mg/kg ANXA5-CMB dosage had significantly smaller tumor volumes than the control. Statistical analysis was performed with an one-way ANOVA with Tukey multiple comparisons. Data is represented as mean   SEM (n = 6). Statistical significance is denoted by * (p < 0.0332). 
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Description automatically generated][bookmark: _Toc118910702]Figure 57: Effect of daily ANXA5-CMB IP injections on mice bearing 4T1 tumors survival
 Treatment began with mice tumors were 3-5 mm in diameter. Mice treated with 2.5 and 5 mg/kg ANXA5-CMB daily significantly reduced survival and daily dosing at these dosages are too high. Statistical analysis was performed with a log-rank (Mantel-Cox) curve comparison.




[bookmark: _Toc116911065]Five-day cycle of ANXA5-CMB IP treatments 
To optimize the treatment schedule, mice were treated on a cycle of 5 consecutive days of treatment followed by a 2-day break [272]. Mice were treated for 21 days, which equates to 3 cycles of 15 doses. Balb/cJ mice were treated IP with 1 or 2.5 mg/kg of CMB in the ANXA5-CMB conjugate, and because the treatment is below the 3 mg/kg maximum tolerated dose for free CMB, the 1 and 2.5 mg/kg free CMB drug controls were added [272].
By decreasing the dosing schedule to 5 consecutive days followed by a 2-day break, tumor volumes compared to the untreated control and lethality of the ANXA5-CMB conjugates decreased (Figures 58 and 59). Mice treated with 1 mg/kg ANXA5-CMB maintained tumor volumes under 500 mm3 during the 21-day treatment period and significantly increased survival by 5.5 days. After two cycles of treatment (day 20), the 1 mg/kg ANXA5-CMB dosage significantly decreased tumor volumes in comparison to the control and both free drug dosages. The 2.5 mg/kg ANXA5-CMB maintained tumor volumes under 550 mm3 during the 21-day treatment period and after two cycles of treatment (day 20), this dosage significantly decreased tumor volume in comparison to the control (Figure 58). But the 2.5 mg/kg ANXA5-CMB dose did not significantly increase survival. However, when comparing the 5 days on and 2 days off schedule to daily injections, the-5 day cycle increased median survival by 5.5 days, indicating that the daily treatments are too lethal. The 1 and 2.5 mg/kg of free CMB behaved similarly to the control, which is not surprising because CMB was discontinued as breast cancer chemotherapy in the 1970s because of the limited therapeutic benefit [272]. 
Although CMB is not traditionally used for solid cancers, the ANXA5-CMB conjugate provides a targeted delivery of a DNA alkylating agent to the TME. DNA alkylating agents remain a front-line treatment for TNBC, but the double-stranded repair mechanism in TNBC prevents sufficient DNA adducts caused by CBM, rendering the cells resistant to the drug [273]. Additionally, the poor aqueous solubility, short half-life, and covalent interactions with proteins and phospholipids leave only 10% of the original dose available, hindering its effectiveness [273, 274]. By conjugating CMB to ANXA5 a soluble targeted delivery of CMB is achieved. 
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[bookmark: _Toc118910703]Figure 58: Effect of 5 days on 2 days off ANXA5-CMB IP injections on 4T1 tumors volumes
Treatment began with mice tumors were 3-5 mm in diameter. Mice were treated with 0-2.5 mg/kg of CMB in the ANXA5-CMB conjugate daily for 21 days, starting on day 5 (indicated by arrow). Mice in the 1 and 2.5 mg/kg ANXA5-CMB dosage had significantly smaller tumor volumes than the control on day 20. Statistical analysis was performed with a one-way ANOVA with Tukey multiple comparisons. Data is represented as mean   SEM (n=6). Statistical significance is denoted by * (p < 0.0332) and *** (p < 0.002).
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[bookmark: _Toc118910704]Figure 59: Effect of 5 days on and 2 days off of ANXA5-CMB IP injections on BALB/cJ mice bearing 4T1 tumors survival
Treatment began with mice tumors were 3-5 mm in diameter. Mice treated with 1.0 mg/kg ANXA5-CMB daily significantly increased survival by 5.5 days (p < 0.0021). Statistical analysis was performed with a log-rank (Mantel-Cox) curve comparison. 



[bookmark: _Toc116911066]ANXA5-CMB intact denaturing mass analysis  
The ANXA5-CMB conjugate was analyzed with denaturing mass analysis by Dr. Aaron Bailey at the University of Texas Medical Branch. By deconvoluting the ANXA5-DM1 conjugate in the mass range of 35-37 kDa, a left-shifted bell curve distribution is observed (Figure 60). The ANXA5-CMB conjugate had a drug-to-protein ratio of less than one molecule of CMB to one molecule of ANXA5. The increase in mass was a result of the EDC linker and not CMB, as indicated by the light pink pastel boxes.  EDC added 155 Da to the protein when the linker was added. If a CMB molecule was added to the protein, it was still connected to the linker (purple pastel boxes). This means EDC was not acting as a leaving group after the addition of the primary amines on ANXA5, and this phenomenon has not been reported in the literature to the best of my knowledge. 
[image: Timeline

Description automatically generated][bookmark: _Toc118910705]Figure 60: Denaturing intact mass analysis of ANXA5-CMB
ANXA5-CMB mass analysis shows a left-shifted bell curve, with a weighted drug to protein ratio of an average of less than 1 molecule of CMB to 1 molecule of ANXA5.  Drug-to-protein ratio was calculated as weighted average of deconvoluted spectra using ReSpect and sliding windows algorithms. 
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Description automatically generated]It is hypothesized that the poor solubility of CMB in aqueous solutions is the limiting factor in creating the conjugate. Nearly every conjugation resulted in CMB precipitating out of solution during the addition of the drug, as pH increased before ECD addition, or during EDC addition as indicated by a cloudy white/yellow solution. This means that the free CMB was not available for EDC activation. When ANXA5 was added, the free EDC was able to react with 1 of the 52 carboxylic acids moieties on ANXA5 (aspartate and glutamate residues) (Figure 61). The activated protein was then able to react with 1 of the 22 primary amines (lysine residues) (Figure 62) on a neighboring ANXA5, and an ANXA5-ANXA5 biproduct was created, as indicated by mass analysis (Figure 63). The ANXA5-ANXA5 dimer byproduct was the most abundant species of the conjugate and due to the complexity of the dimer and limitations to protein mass analysis, the dimer product makeup could not be resolved further. The presence of a dimer was not present in previous SDS-PAGE analysis [152, 153]. This demonstrates the ANXA5-CMB conjugation is highly variable and not reliably reproducible.  [bookmark: _Toc118910706]Figure 61: Locations of carbocyclic acid moieties on ANXA5 for EDC activation
Aspartate (blue) and glutamate (yellow) residues are possible EDC activation sites leading to ANXA5-ANXA5 crosslinking. 
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[bookmark: _Toc118910707]Figure 62: Location of primary amine moieties on ANXA5 for EDC cross linking
Lysine (yellow) residues are possible locations for ANXA5-ANXA5 crosslinking. 
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Description automatically generated with medium confidence][bookmark: _Toc118910708]Figure 63: Denaturing intact mass analysis of ANXA5-CMB. 
ANXA5-CMB exists as a dimer. The loading of the drug is extremely hindered, and the EDC is activating ANXA5, not CMB, during conjugation.





Although ANXA5-ANXA5 was the most abundant species in the ANXA5-CMB conjugate, the in vitro and in vivo data suggest that the addition of a CMB molecule could be the only reason for the observed cytotoxicity. ANXA5 is not cytotoxic (Figure 29) and the presence of an ANXA5-ANXA5 dimer would only aid in ANXA5 internalization into the cell. Although EDC has shown to be an interchain DNA crosslinking agent, the EDC-activated protein would react with a neighboring ANXA5 and form a dimer [275]. In vivo, ANXA5 alone has been shown to suppress tumor growth in a dose-dependent manner at 5 and 10 mg/kg of protein [203]. For in vivo dosing, the ANXA5 protein equivalent is only 1 g/kg of ANXA5 in the 2.5 mg/kg ANXA5-CMB conjugate, and this dose would not have a therapeutic benefit if no drugs were loaded. Because of these uncertainties, it brings to question the reproducibility of this conjugate. Because of this, the ANXA5-CMB project ended.  






[bookmark: _Toc116911067]Chapter 5: ANXA5-Valproic Acid Results and Discussion
[bookmark: _Toc116911068]Synthesis of ANXA5-VPA 
The chemical makeup of ANXA5 and valproic acid (VPA) make them excellent candidates to be linked together through 1-ethyl-3-(3-dimethylamino)propylcarbodiimide, hydrochloride (EDC) crosslinking chemistry (Figure 64). EDC provides a zero-length linker that reacts carboxylic acids to amines through an addition-elimination reaction. First EDC activates the lone carboxylic acid on VPA creating an unstable o-acylisourea active ester. Next, ANXA5 is introduced, and 1 of the 22 primary amines (lysine residues) displaces the EDC crosslinker, generating a stable amide bond between ANXA5 and VPA  [192]. Synthesis of ANXA5-VPA was confirmed with SDS-PAGE analysis (Figure 65).
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[bookmark: _Toc118910709]Figure 64: ANAX5-CMB crosslinking scheme 
First VPA is activated with EDC. The VPA-EDC reaction generates a reactive O-acylisourea ester intermediate, and once a primary amine (lysine reside) is introduced, the EDC is displaced generating an isourea by-product and the ANXA5-VPA conjugate. Image adapted from https://www.thermofisher.com/order/catalog/product/22980.
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ANXA5-DM1 shows a mass increase consistent with 10 molecules of VPA added to each protein in lanes 3 and 4. Lane 2 has unconjugated ANXA5 as a control. 



EDC crosslinking does not contribute to the molecular weight of the ANXA5-VPA conjugate, and any increase in weight is a result of the addition of a VPA drug molecule. For every VPA molecule added, a shift upward of 144 da will be observed. Using gel electrophoresis, we observe a mass increase from 36 kDa of ANXA5 to about 38 kDa which indicates the addition of 14 molecules of VPA to 1 ANXA5 for two separate conjugations (Figure 66). After quantifying four separate conjugations, the average drug-to-protein ratio of VPA to ANXA5 is 10:1 (Table 7).
The current FDA-approved antibody-drug conjugates have an antibody-to-drug ratio of less than 4:1, due to the highly cytotoxic payloads that cannot be administered as a free drug [276]. VPA is already FDA-approved as an antiepileptic drug and can be administered as a free drug. The ANXA5-VPA can carry over two times more drugs and would possibly not be limited by severe side effects (hair loss, weight loss, nausea, vomiting, etc.) as seen with current chemotherapies and antibody-drug conjugates. The ANXA5-VPA conjugate was relatively pure, with very little ANXA5-ANXA5 crosslinking as indicated by the absence of band smear at approximately 75 kDa. While SDS-PAGE has proven to be an efficient method in quantifying ANXA5-drug conjugates, it is the only method available for the ANXA5-VPA conjugate [152, 153, 192, 206, 277]. VPA lacks a chromophore and has poor UV absorption, so fluorescent excitation or UV absorption techniques (i.e., plate reader, UV-Vis, etc.) cannot be utilized [278]. While quantitation limitations exist, the simple chemistry for the ANXA5-VPA is advantageous for yield and cost. 
	
[bookmark: _Toc118910731]Table 7: Average molecules of VPA added to ANXA5 
	ANXA5-VPA sample 
	Molecules of VPA  

	1
	15.1

	2
	13.8

	3
	4.5

	4
	5.6

	Average 
	9.7   5.4 










Many chemotherapeutic agents have low aqueous solubility and complex structures that involve multiple carboxylic acids and/or primary amines, making them incompatible with EDC crosslinking [279]. The complex chemistries needed to create unwanted byproducts that decrease the final yield and ultimately lead to an increase in cost.  However, the simple structure of VPA makes it an ideal molecule to link to ANXA5. VPA is a short-chain fatty acid with only one carboxylic acid and does not contain any primary amines, meaning unwanted VPA-VPA bioproducts will not be formed. Another advantage of VPA is that it is water soluble, unlike CMB. The ANXA5-VPA conjugation protocol utilizes over 10 times more EDC than the ANXA5-CMB conjugation protocol, and the presence of ANXA5-ANXA5 dimers was not observed with the VPA conjugation. This further validating solubility of activated drug limits drug loading.

[bookmark: _Toc116911069]ANXA5-VPA Cytotoxicity
After confirming the conjugation of VPA to ANXA5, the cytotoxicity of the ANXA5-VPA conjugate was tested in two murine TNBC cell lines. EMT6 and 4T1 cells were incubated with 0-10 mM of VPA in the ANXA5-VPA conjugate or free VPA for 48 hours.  After 48 hours, cell viability was analyzed via a fluorescent Alamar Blue assay. Percent viability was determined by normalizing the control (0 mM VPA) to 100% and comparing each treatment group to the control (n = 3). 
	For both murine TNBC cell lines, the ANXA5-VPA conjugate showed superior cytotoxic activity when compared to free VPA after 48 hours (Figures 68 and 67). The ANXA5-VPA conjugate significantly increased cell death at doses as low as 97 nM when compared to the free drug control. The IC50 after 48 hours for both cell lines was approximately 10 M, but the IC50 value for free VPA could not be obtained with a dose of up to 10 mM. This finding for free VPA is unsurprising, given the fact that VPA requires over 1 mM and 72-96 hours to achieve an IC50 value [280, 281]. The ANXA5-VPA conjugate not only decreases the concentration of VPA needed to induce cell death but also decreases time. While this is the first protein-VPA conjugate to be developed, a tumor-homing peptide-VPA conjugate has also been created. (iRGD-GFLG-VPA) [282].
The iRGD-GFLG-VPA consists of three parts. The first part consists of the tumor-homing peptide iRGD. iRGD is a cell-penetrating peptide that is localized at integrins expressed on tumor vasculature [282, 283]. The second part consists of a lysosomal degrading tetrapeptide spacer (GFLG) which allows the drug to be released into the cell. The third part is the drug VPA. The iRGD-GFLG-VPA was linked together through a six-step reaction involving solid-phase peptide synthesis and purified via semi-preparative HPLC [282]. In comparison, the ANXA5-VPA conjugate requires only two steps and has a high overall yield.  The iRGD-GFLG-VPA has been tested on prostate cancer cells, but the peptide conjugate still requires a full 72 hours and a VPA dose above 1 mM. More importantly, the covalent addition of VPA did not affect cytotoxicity differently than a mixture of VPA with iRGD-GFLG. The cytotoxic action of the ANXA5-VPA conjugate is a result of the covalent addition of VPA and not the protein (Figure 32). Additionally, the ANXA5-VPA conjugate delivers nearly 10 times more VPA than the iRGD-GFLG-VPA conjugate, and internalization is nonreceptor mediated, unlike iRGD. 
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[bookmark: _Toc118910711]Figure 66: 48-hour effects of ANXA5-VPA and free VPA on 4T1 cell viability
Cells were treated with 0-10 mM VPA in the ANXA5-VPA conjugate or free VPA in fully supplemented growth medium. The IC50 concentration for ANXA5-VPA was .009 mM, while the IC50 concentration of free VPA could not be calculated. Cell viability was measured via an Alamar Blue assay, and each sample was represented as a percentage of the untreated control (0 mM) and viability was compared to the control (0 mM) after 48 hours. Statistical analysis at each dose was performed with a student’s T-test with data represented as mean  SD (n = 3) 
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[bookmark: _Toc118910712]Figure 67: 48-hour effects of ANXA5-VPA and free VPA on 4T1 cell viability
Cells were treated with 0-10 mM VPA in the ANXA5-VPA conjugate or free VPA in fully supplemented growth medium. The IC50 concentration for ANXA5-VPA was .010 mM, while the IC50 concentration of free VPA could not be calculated. Cell viability was measured via an Alamar Blue assay, and each sample was represented as a percentage of the untreated control (0 mM) and viability was compared to the control (0 mM) after 48 hours. Statistical analysis at each dose was performed with a student’s T-test with data represented as mean   SD (n = 3) 





[bookmark: _Toc116911070]Chapter 6: Conclusions and Future Directions 
Three ANXA5-protein drug conjugates with different mechanisms of action have been created for the treatment of TNBC. The ANXA5-drug conjugates have profound anticancer effects both in vitro and in vivo.  
The novel ANXA5-DM1 conjugate is highly reproducible and has an average drug-to-protein ratio of 4:1. ANXA5 has a high specificity to external PS exposure and can bind to PS-expressing cells in as little as 5 minutes and has a preference to TNBC over healthy vasculature and epithelium. The conjugate readily reproduces an IC50 value under 1 nM for TNBC cells, and healthy vasculature and epithelial cells require 4-190 times more drugs in the conjugate to induce 50% cell death. The ANXA5-DM1 conjugate has increased ATP release and calreticulin surface exposure, which are hallmarks of ICD. ANXA5-DM1 may be classified as an ICD inducer. When translated in vivo, 0.025 mg/kg maintains tumor volumes under 500 mm3 when treated once a week for 21 days. When combining the ANXA5-DM1 with the mTOR inhibitor, rapamycin, and the checkpoint inhibitor, anti-PD-1, tumor volumes were 2.2-4.4 times smaller at the end of the treatment than the untreated control in two syngeneic murine TNBC models. When changing the administration from IP to IT, the frequency and dosage of ANXA5-DM1 were increased, and one mouse had complete tumor regression. This work provided fundamental in vitro characterization and in vivo translation of the ANXA5-DM1 conjugate. 
ANXA5-CMB does not induce cell death on HUVEC cells, and for MCF10A cells, 2.2-14 times more conjugate is needed to induce cell death in comparison to TNBC cells. When translated in vivo, daily IP injections of ANXA5-CMB over 1 mg/kg resulted in tumor volumes below 100 mm3; however, daily IP injections of the ANXA5-CMB conjugate resulted in high fatalities. When the dosing schedule was optimized to a continuous 5-day treatment period followed by 2 consecutive days of rest, 1 mg/kg of ANXA5-CMB significantly increased survival while maintaining tumor volumes under 500 mm3 during a 21-day treatment period. The ANXA5-CMB conjugate was quantified through mass analysis, but a drug-to-protein ratio of <1:1 was observed. The limited reproducibility due to the aqueous solubility limitation of CMB brings uncertainties to the actual composition of the conjugate. 
The ANXA5-VPA conjugate was created through EDC crosslinking and had an average protein-to-drug ratio of 10:1 as quantified by SDS-PAGE analysis. The ANXA5-VPA conjugate showed superior cytotoxicity over the free drug. The conjugate also decreased the amount of time needed to induce cell death. This work provided the first-ever protein-VPA conjugate for the treatment of TNBC. 
Moving forward, there are many opportunities to optimize the ANXA5-protein drug conjugates for cancer therapies. First and foremost, the ANXA5-protein drug conjugates could be translated to another cancer type because PS externalization is a fundamental characteristic of cancer. ANXA5-based therapies have proven to be successful in treating bladder, prostate, and pancreatic cancer, suggesting the ANXA5-protein drug conjugates could be utilized to treat these cancers as well. 
For the ANXA5-DM1 conjugate, further dosage optimization of IT injections would be needed. Daily injections of the ANXA5-DM1 provided great tumor control, but treatment expulsion was a huge limitation of the therapy. By creating a hydrogel-based system, a sustained release of the ANXA5-DM1 conjugate could be achieved [284]. This would provide for less frequent injections and prevent the escape of the conjugate from the tumor. An additional IT immunogenicity study would also be beneficial to determine the difference between IT and IP injection methods.  To expand on the holistic treatment, I would recommend the same study performed but with ANXA5-DM1 IT injections. In addition to an anti-PD-1 monoclonal antibody, an anti-cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) monoclonal antibody could be used as a combination immunotherapy [285]. 
For the ANXA5-VPA conjugate, it would be necessary to explore mass analysis to be able to fully quantify the conjugates drug to protein ratio. For in vitro analysis, the cytotoxic activity of the conjugate should be tested against healthy cell lines (MCF10A, HUVEC, HAAE-1). The cytotoxic effects of ANXA5-VPA could also be assessed for caspase regulation, pro-/anti-apoptotic molecule regulation, HDAC activity, and chromatin acetylation patterns of histones H3 and H4. For in vivo analysis, a dosage optimization study would be needed to explore the therapeutic effects of the conjugate. It would also be interesting to explore how the ANXA5-DM1 and ANXA5-VPA conjugate could be used as a dual-targeted treatment. VPA has been shown to enhance the anti-cancer activity of microtubule inhibitors by regulating tubulin acylation [286]. Although competitive inhibition may occur because both conjugates are fighting for PS binding sites, it is unlikely that both conjugates will completely saturate the cell surface. 
This dissertation has provided valuable data for the translation of the ANXA5-DM1 and ANXA5-CMB conjugates as well as designing and testing the anticancer activity of the novel ANXA5-VPA conjugate. The three conjugates exhibit different anticancer effects, but reliably deliver chemotherapeutic agents to the tumor surfaced for internalization. ANXA5-protein drug conjugates provide an exciting and promising future for cancer treatment. 
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ANXA5 exists as isobaric isomers. Peak one of ANXA5 eluted after 14.5 minutes. Peak two of ANXA5 eluted after 16.1 minutes. Retention time was obtained on Vanquish Horizon UHPLC system (Thermo Scientific) through a SEC UHPLC column (BEH200 SEC 4.6 x 50 mm, Waters), at a flow rate of 20 µL/min. 
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[bookmark: _Toc118910714]Figure 69: EMT6 ANXA5-FITC histogram curves 
Calcium supplemented (red curve) medium increases median fluorescent intensity in FL-1 of ANXA5-FITC binding in comparison to EDTA supplemented (green curve) medium and unstained control cells (blue curve) for EMT6 cells.  EDTA supplemented medium (green curve) behaves more like unstained EMT6 cells indicated ANXA5 binding is calcium dependent. Cells were stained with ANXA5-FITC for 15 minutes at room temperature in the dark. Cells were analyzed on a BD Biosciences Accuri C6 flow cytometer, with an excitation at 488 nm and a 533/30 band pass filter, which was used to capture 5,000 gated events per sample. Data was collected and analyzed with BD C6 Accuri software (n = 3).  
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Calcium supplemented (teal curve) medium increases median fluorescent intensity in FL-1 of ANXA5-FITC binding in comparison to EDTA supplemented (red curve) medium and unstained control cells (black curve) for 4T1 cells.  EDTA supplemented medium (red curve) behaves more like unstained 4T1 cells indicated ANXA5 binding is calcium dependent. Cells were stained with ANXA5-FITC for 15 minutes at room temperature in the dark. Cells were analyzed on a BD Biosciences Accuri C6 flow cytometer, with an excitation at 488 nm and a 533/30 band pass filter, which was used to capture 5,000 gated events per sample. Data was collected and analyzed with BD C6 Accuri software (n = 3).  
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[bookmark: _Toc118910716]Figure 71: Seeding density effects for ANXA5-DM1 and free DM1 for EMT6 cells 
The IC50 for cells seeded with 5k cells per well was 0.033 nM for ANXA5-DM1, and the IC50 for cells seeded at 10k cells per well was 0.15 nM for ANXA5-DM1. The IC50 value for free DM1 could not be obtained. EMT6 cells were seeded at 5k or 10k cells per well and treated with 0-10 nM DM1 in the ANXA5-DM1 or free DM1in fully supplemented growth medium with 2 mM calcium. Cell viability was measured via an Alamar Blue assay, and each sample was represented as a percentage compared to the untreated control (0 nM) after 24 hours. Statistical analysis at each dose was performed with a student’s T-test with data represented as mean   SD (n = 3). Statistical significance is denoted by *(p < 0.033), **(p < 0.0021), and *** (p < 0.0002). 
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[bookmark: _Toc118910717]Figure 72: Holistic treatment survival curves for BALB/cJ mice bearing EMT6 tumors 
Treatment began on day 7 when mice tumors were 3-5 mm in diameter. Mice were treated with 0.025 mg/kg of DM1 in the ANXA5-DM1 conjugate IP once every 7 days, 5 mg/kg rapamycin IP daily, and/or 5 mg/kg anti-PD-1 IP on days 1, 5, 9 of treatment (n = 6). No statistical significance was found.
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[bookmark: _Toc118910718]Figure 73: Holistic treatment survival curves for BALB/cJ mice bearing 4T1 tumors
Treatment began on day 7 when mice tumors were 3-5 mm in diameter. Mice were treated with 0.025 mg/kg of DM1 in the ANXA5-DM1 conjugate IP once every 7 days, 5 mg/kg rapamycin IP daily, and/or 5 mg/kg anti-PD-1 IP on days 1, 5, 9 of treatment (n = 6). No statistical significance was found.
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Protein Expression & Purification of ANXA5
· Day before starting, autoclave the following items:   
· 900 ml TB medium
· 100 ml TB buffer 
· 4 1 liter Erlenmeyer flask (with aluminum foil on top)
· 125 ml Erlenmeyer flask (with aluminum foil on top)
· 100 ml beaker (with aluminum foil on top)          
· All sizes of tips
· 1.5 ml centrifuge tubes (like 100)
·  Freezing solution (10 ml glycerol, 10 ml DI H2O) 
Day 1: 
1. Culture 5 µl of E. coli BL21(DE3) harboring pET303CT with the fusion gene AV in10 ml of Terrific Broth (TB) medium containing 35 mg/ml kanamycin in a 125 ml Erlenmeyer flask overnight at 37 C with shaking at 200 rpm.
· TB medium: 12 g Tryptone, 24 g yeast extract, 4 ml glycerol, 900 ml DI H2O
· TB buffer: 2.31 g KH2PO4, 12.54 g K2HPO4, 100 ml DI H2O
· Add 35 mg kanamycin to the 1 L of TB medium before taking out the 10 ml for the initial culture.
· Add after autoclaving 
· Incubate overnight.
If expanding: 
· Add 20 mL freezing solution to overnight bacterial growth. 
· Final glycerol concentration is 25%.
· Aliquot bacterial into cryo-vials at volume preferred. 
· Our lab typically does 1 ml increments but if the students need less do that.

Day 2: 
2. Add 10 ml of the cell culture to 1 liter of fresh culture medium + kanamycin and incubate at 37 C with shaking (200 rpm). Take 1.5 mL of medium before adding the bacteria, as a blank. This cell culture was grown to mid-log phase => OD600 = 0.5. 
· Transfer 10 mL of bacteria to 1 L TB medium.
· Transfer entire volume of medium to four 1 L flasks. 
· Put in shaker at 37C at 200 rpm.
· After 1.5 h of shaking, measure optical density at 600 nm (absorbance).  When OD600nm = 1.2, then proceed to next step.
Day 2: 
3. Add isopropyl -D-thiogalactopyranoside (IPTG - stored @ -20ºC top shelf) to a final concentration of 0.4 mM (96 mg IPTG total – 24 mg per flask) to solutions in four 1 L flasks and incubate at 25 C with shaking (180 rpm) for 8 h to induce protein expression. 
· Take 750 ml sample of solution before adding IPTG.  Label it ‘BI.’ 
· Add 24 mg IPTG to each flask.
· Put back in shaker at 25 C for 8 hours.  
-	IPTG stimulates the production of fusion protein.  (IPTG activates the promoter in the plasmid that will start the transcription of the gene that follows the promoter =>Annexin A5 gene.) 

Day 2: 
4. Harvest the cells by centrifugation for 10 min at 1000 x g, at 4ºC. 
· Take 750 ml sample before centrifuge.  Label sample ‘BC.’
· Centrifuge at 1000xg = ~3000 rpm (centrifuge uses rpm – consult table on machine).  Only 4 – 50 ml centrifuge tubes at a time, temp 4ºC, 10 mins.
· After first centrifuge, pour out supernatant, add more culture to same 4 tubes.  Bacteria will be stuck to side of tubes, so inverting to pour out is not a problem.
· Place the 4 tubes in -20ºC freezer for overnight storage.
Day 3 
5. Resuspend the cell pellet in 40 ml of sonication buffer. 
· Add ~10 ml to each of the 4 centrifuge tubes.
· Vortex to resuspend cell pellets.
· Pour contents of the 4 tubes back into the 100 ml beaker.
· Sonication Buffer Recipe
· TPCK - 0.704 mg.
· PMSF - 6.968 mg.
· HPLC EtOH - 400 µl.
· β-mercaptoethanol - 4 µl.
· sodium phosphate dibasic – 113.6 mg.
· 40 mL DI H2O.
· Dissolve TPCK and PMSF in EtOH
· Mix remaining ingredients in a beaker
· Correct solution to pH 7.4 – using HCl
6. Lyse the cells by sonication on ice for 30 sec at 5 watts, and then allow it to cool for 30 sec on ice. Repeat this cycle 4 more times.
7. Centrifuge the lysate obtained at 4,000 x g for 2 hours min to remove the cell debris and take the supernatant.

Day 3: 
8.	Add to lysed cells:
· imidazole - 0.0817 g
· NaCl - 1.168 g
9.	Equilibrate a 5 ml HisTrap chromatography column with Wash Buffer 1.
· WASH BUFFER 1 Recipe
· 500 mL of diH2O
· sodium phosphate dibasic - 1.42 g
· imidazole - 1.362 g
· 500 mM NaCl - 14.61 g
· Correct this to pH 7.4.
10.	Feed the soluble protein fraction into the column.  
11.	Remove endotoxin with 350 mL of wash buffer 2
· WASH BUFFER 2 (300 mL)
· sodium phosphate dibasic - 0.8517 g
· imidazole - 0.817 g
· NaCl - 8.766 g
· Trition X-114 - 3 ml
· Correct this to pH 7.4.
12.	Remove wash buffer 2 with 100 mL of wash buffer 1.
· Wash buffer 2 interferes with Bradford reagent
13.	Elute the protein using elution buffer and collect the elution. 
· ELUTION BUFFER (300 mL)
· sodium phosphate dibasic - 0.8517 g
· imidazole - 10.212 g
· NaCl - 8.766 g
· Correct this to pH 7.0.
14.	Dialyze eluted protein for 3 hours against 2 liters of dialysis buffer. 
· DIALYSIS BUFFER 
· 2 L of diH2O
· sodium phosphate dibasic - 5.678 g
· Adjust to pH 7.4
15.	Regenerate the column with 25 mL each of: 
· KCl (14.91 g in 200 mL diH2O)
· NaOH (8.0 g in 200 mL of diH2O)
· diH2O
· HPLC Grade EtOH (1.46 mL EtOH in 23.5 mL diH2O)
16.	Measure the concentration of protein 
17.	Cleave the C-terminal His-tag 
· Acro Biosystems HRV-3C protease cleavage enzyme, GSt Tag
· Resuspend lyophilized protease in 1 ml of sterile 50% glycerol and DI H2O (may vary based on lot, check certificate of analysis from company).
· 



Day 4 
18.	Equilibrate the HisTrap column with wash buffer 1.   
19.	Add imidazole (40 mM) and NaCl (500 mM) to the cleaved protein solution. 
20.	Feed the solution to theHisTrap column. 
· The protein is in the flowthrough of this stage. 
21.	Feed wash buffer 1 into column to pull out all cleaved protein before proceeding forward.
22.	Elute uncleaved protein with elution buffer. 
23.	Dialyze purified protein for 3 hours against 2 liters of dialysis buffer.
· DIALYSIS 2 BUFFER
· sodium phosphate dibasic - 5.5678 g
· NaCl - 11.688 g
· Adjust to pH 7.4.
24.	Regenerate the column as in step 15.
25.	Sterile filter the protein with a 0.22 uM filter 
27.	Aliquot purified protein into cryovials and flash freeze in liquid nitrogen and store at -80 C. 
28. Perform Bradford assay for protein concentration, annexin binding, and SDS-PAGE. 
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[bookmark: _Toc116911075]B2: ANXA5-DM1 Conjugation

1. Dissolve 1.2 mg of sulfo-SMCC in 200 ul of DI water. 
2. Add dropwise sulfo-SMCC mixture to 1 mg/ml of ANXA5 and react for 1 hour at 4 C.
3. Dialysis over night with 10 kDa MWCO dialysis tube in 2 liters PBS. 
· 5.678 g sodium phosphate dibasic (20 mM)
· 11.688 g NaCl(100 mM)
4. Dissolve 1.0 mg DM1 in 150 uL DMSO.
5. Add DM1 solution drop wise to ANXA5-SMCC mixture. 
· Place on orbital shaker for 2 hours in 4 C. 
6. Dialysis for 8 hours with 10 kDa MWC dialysis tube in 2 liters of PBS. 
· 5.678 g sodium phosphate dibasic (20 mM)
· 11.688 g NaCl(100 mM)
7. Determine protein concentration via Bradford assay. 
8. Characterize conjugation via SDS-PAGE. 
9. Read absorbance of conjugate at 288 nm and compare to standard curve.
· To calculate the number of drugs loaded onto one ANXA5
· Read the  absorbance of the conjugate and a protein control (an equal amount of protein as found in the conjugate) at 288 nm. 
· Subtract the absorbance of the ANXA5 control from the ANXA5-DM1 conjugate ( ab(ANXA5-DM1) – ab(ANXA5). 
· With the difference use the standard curve to calculate the amount of drug found in the conjugate 
· Solve for molecules of DM1 to molecules of ANXA5 from the mg/ml of DM1 from the standard curve and mg/ml of ANXA5 the Bradford assay. 
· Example calculation: (x mg / ml DM1 / x mg /ml ANXA5) * (1/738.3 mg DM1/ 1 mole DM1) * (36,000 mg ANXA5 / 1 mole ANXA5) = mole DM1/mole ANXA5
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[bookmark: _Toc116911076]B3: ANXA5-CMB Conjugation 
1) Dissolve 100 μg of chlorambucil in 50 μL of 12 M HCl (Chlorambucil is insoluble at neutral pH, but dissolves readily at pHs below 5. However, chlorambucil is unstable in acidic solutions and should not be stored for long periods of time in acidic solutions.)
2) Dilute the mixture in 1 mL of phosphate buffer. (This provides a larger working volume of chlorambucil to continue downstream production.)
3) Add 10 mg of EDC. (The EDC will bind the carboxylic groups of chlorambucil increasing their chemical reactivity towards primary amines.)
4) Add 7 mg of suflo-NHS. (Sulfo-NHS stabilizes the EDC activated carboxylic groups, increasing the efficiency of the chlorambucil-annexin reaction.)
5) Stir vigorously for 15 minutes.
6) Add 2 μL of β-mercaptoethanol. (β-mercaptoethanol neutralizes the excess EDC and NHS preventing their interference in downstream reactions.)
7) Immediately titrate the solution to a pH of 7.4. (Raising the pH stabilizes the sensitive chlorambucil functional groups.)
8) Add 2.33 mL of a 1 mg/ml solution of annexin in phosphate buffer. (The annexin is kept at a low concentration to prevent precipitation and crosslinking.
The dilute mixture also serves to further neutralize some of the acid from step.)
9) Stir gently for 12 hours,
10) Centrifuge for 10 minutes at 7,000 RCF (Chlorambucil is not stable in neutral pH solutions and will precipitate. The precipitate is easily removed by centrifugation.)
11) Retain the supernatant and discard the pellet.
12) Dialyze the supernatant against 2 L of phosphate buffered saline for 8 hours.
(This step removes the rest of the unbound chlorambucil as well as other upstream contaminants such as β-mercaptoethanol.)
13) Filter the dialysate using a 0.2 μm filter.
14) Immediately flash freeze under liquid nitrogen and store at -80 °C until immediately before use.
[bookmark: _Toc116911077]B4: ANXA5-VPA Conjugation 
1. Dissolve 10 mg of VPA in 1 mL of PBS. 
2. Add 132 mg of EDC to the 10 mg/mL VPA-PBS mixture. 
3. Incubate at room temperature for 30 minutes on orbital shaker. 
4. Add 5 uL of BME to deactivate EDC for 10 minutes on orbital shaker at room temperature. 
· Keep BME in fume hood 
5. Add 1 ml of 1 mg/ml ANXA5 to VPA mixture. 
6. Incubate at room temperature for 2 hours. 
7. Dialysis for 8 hours with 10 kDa MWC dialysis tube in 2 liters of PBS. Change dialysis at least once. 
· 5.678 g sodium phosphate dibasic (20 mM)
· 11.688 g NaCl(100 mM)
8. Determine protein concentration via Bradford assay. 
9. Characterize conjugation via SDS-PAGE. 

[bookmark: _Toc118910721]Figure 76: SDS-PAGE relative migration standard 



[bookmark: _Toc116911078]B5: Cell Culture 
[bookmark: _Toc116911079]EMT6 
EMT6 cells (ATCC, Manassas, VA, USA) are a murine breast carcinoma that are triple negative for estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2) and derived from hyperplastic alveolar nodule in BALB/c mice [287]. EMT6 provide a syngeneic TNBC breast cancer model and is highly immunogenic. EMT6 cells have high innate expression of MHC-I and high expression of immunostimulatory chemokines making it a valuable model to explore immune profile changes after chemotherapy [243].

[bookmark: _Toc100051005][bookmark: _Toc116911080]4T1
4T1 cells (ATCC, Manassas, VA, USA) are a murine breast carcinoma that are triple negative for ER, PR and HER2 receptors and derived from spontaneous generation in BALB/cfC3H mice [288]. When implanted into BALB/c mice, 4T1 cells provide a syngeneic breast cancer model that mimics stage IV of human breast cancer that spontaneously metastases from the primary tumor to the blood, bone, brain, liver, lungs and lymph nodes [242]. Unlike EMT6 cells, 4T1 is poorly immunogenic, but 4T1 does resemble human TNBC at the transcriptional level, making it a valuable model to explore chemotherapy for TNBC [242, 289].
[bookmark: _Toc116911081][bookmark: _Toc100051007]HUVEC 
Human umbilical venule endothelial (HUVEC) cells (ATCC, Manassas, VA, USA) are human primary cells derived from the veins of umbilical cord tissue. HUVECs are one of the most widely cell types used study healthy vasculature. 
[bookmark: _Toc116911082]MCF10A 
MCF10A (ATCC, Manassas, VA, USA) is a healthy, breast mammary epithelial cell line originated from a healthy 36-year-old female. The MCF10A cells are non-tumorigenic, immortal, and do not express estrogen receptor on the surface, and is one the most widely used cell line when studying healthy breast epithelium [290, 291]. 
[bookmark: _Toc100051009][bookmark: _Toc116911083]HAAE-1 
Human Abdominal Aorta Endothelial (HAAE-1) cells (Coriell Institute for Medical Research, Camden, NJ; AG09799) are healthy vascular cell line originated from a healthy 20-year-old male. HAAE-1 is an accepted cell line for healthy vasculature endothelium [292]. What makes HAAE-1 cells unique is their ability to mimic healthy or cancerous vasculature based upon confluency.  Pervious work in our lab has shown when HAAE-1 cells are grown below 100% confluency, PS expression is externalized mimicking tumor epithelium; however when confluency reaches 100%, PS expression is decreased mimicking healthy vascular epithelium [208, 210, 293]. 

[bookmark: _Toc118910732]Table 8: Cell Culture Conditions 
	Cell Line
	Cell Type 
	Base Media 
	Supplements 
	Notes 
	Freezing Media 

	4T1
	Metastatic Mouse TNBC
	RPMI with glutamine
	10% FBS and 
1 % antibiotic-antimycotic
	
	Complete media with 10% DMSO

	EMT6
	Mouse TNBC
	Waymouths
	15% FBS and 
1 % antibiotic-antimycotic
	
	Complete media with 10% DMSO

	L1210
	Mouse Lymphocytic Leukemia
	Dulbecco's Modified Eagle's Medium (DMEM)
	10% Horse Serum and 
1 % antibiotic-antimycotic
	Renew media every 2-4 days by adding fresh media
	Complete media with 5% DMSO


	HUVEC
	Human Umbilical Vein Endothelial cells
	Vascular Cell Basal Medium
	Endothelial Cell Growth Kit-BBE and 
1 % antibiotic-antimycotic
	
	Complete media with 10% DMSO


	MCF10A
	Human Healthy Mammary Gland Epithelial cells

	Mammary Epithelial Cell Growth Medium (MEGM)

	MEGM Bullet Kit: 1 x Orange Cap Vial with BPE 2.00 mL
1 x Green Cap Vial with hEGF 0.50 mL
1 x Lilac Cap Vial with Insulin 0.50 mL
1 x Natural Cap Vial with Hydrocortisone 0.50 mL
1 x Red Cap Vial with GA-1000 0.50 ml and 100 ng/ml Cholera Toxin 
 and 
1 % antibiotic-antimycotic

	ATCC does not use the Red GA in MEGM bullet kit. Must use Soybean Trypsin Inhibitor for subculturing. FBS is not in media.
	Complete media with 7.5% DMSO


	HAAE-1
	Human Abdominal Aorta Endothelial cells

	Ham F12

	30 ug/ml endothelial cell growth supplement (15 mg/500 ml media), 17.5 U/ml heparin (8750 U/500 mL or 17.5 mg heparin / 500 ml) , 10% FBS, and 
1 % antibiotic-antimycotic
	Coat plates and flasks with 0.1% gelatin before seeding
	Complete media with 5% DMSO






[bookmark: _Toc116911084][bookmark: _Toc97992379]B6: Biotinylating ANXA5
ROCHE Biotin protein labeling kit (Cat. No. 11 418 165 001)
Contents: 
1. Blocking reagent (green screw cap) One vial powder; it serves for saturation of the Sephadex G-25 columns to avoid unspecific binding of the `protein to the column material thereby avoiding loss of yield. 
2. Phosphate buffered saline (PBS) (blue screw cap) One vial, powder; it is used in equilibration of the Sephadex G-25 columns after blocking, for dissolving reagents, diluting of the protein, and for elution of the labeled protein from the column. 
3. D-Biotinoyl--aminocaproic acid-N-hydroxysuccinimide ester (Biotin-7-NHS) Five reaction vials with 5 mg each, Lyophilizate; biotin-7-NHS reacts with free amino groups of the proteins forming stable amide bonds (molecular weight: 454.5).
4. Dimethylsulfoxide (DMSO) (red screw cap) Two vials with 2.5 ml solution each; it serves as solvent for the biotin-7-NHS and if necessary for further dilutions. 
5. Sephadex G-25 columns. The five columns serve for separation of non reacted biotin-7-NHS. The columns are preswollen. The volume of the column is 9.1 ml, the filling height is 5 cm. The maximal sample volume is 2.5 ml. The columns are fitted with a stopper on the top and with a cap on the bottom. Before use the column's outlet has to be opened with a scissor. 

Solution Preparations: 
1. Blocking solution: Dissolve the contents of the bottle blocking reagent (green screw cap) in 300 ml DI H2O.  
2. PBS solution: Dissolve the contents of the bottle PBS (blue screw cap) in 1 I redist. water. 
3. Biotin-7-NHS solution: The solution should be freshly prepared before labeling. Add to the contents of the reaction vial which includes biotin-7-NHS 250 ul DMSO and vortex the solution several times. 
· The resulting concentration of the biotin-7-NHS solution is 20 mg/ml. 
· For the labeling mix the volume of the biotin-7-NHS solution should not exceed 5% of the total reaction volume (e.g. add maximal 50 l biotin-7-NHS solution to 1 ml protein solution).

Column Preparation:
· Not more than 10 mg protein (in a maximum of 2.5 ml) should be purified by each column. 
· Care should be taken that the volume of the labeling mix does not exceed 2.5 ml since correct separation in the column cannot be guaranteed.  
· Fix the column with a clamp at a stand (if clamps and stand or adequate equipment is not available, the column can also be held in a hand) and place an at least 100 ml containing beaker under the column. 
· Open outlet of the column with scissors, remove the cap from the top of the column, and let the content flow out. Add 5 ml blocking solution to the column and let run through. Rinse the column afterwards with 30 ml PBS solution in total (6 × 5 ml) and let it flow through. 
· The column should not run dry! The Sephadex G-25 column is now ready to use. If the column is not immediately used, fix the stopper on the top and the cap at the bottom and store the column at +2 to +8°C. 

Biotin Calculations (from online protocol): 
· Protein of ~40,000 Da 
· 1 mg protein /1 mL PBS 
· Stock biotin solution: 20 mg/ml in DMSO
· Molar Ratio of 10 molecules of biotin to 1 molecule of protein (~40,000 Da) 
· 0.114 mg biotin/1 mg of protein 5.7 uL biotin to 1 ml RXN
· 20 mg/ml biotin (X ml) = 0.114 mg biotin/ 1 ml RXN (1 ml RXN) 
· X = 5.7 uL stock biotin to RXN
· Molar Ratio of 20 molecules of biotin to 1 molecule of protein (~40,000 Da) 
· 0.227 mg of biotin/1 mg of protein 11.35 uL biotin to 1 ml RNX
· 20 mg/ml biotin (X ml) = 0.227 mg biotin / 1 ml RXN * (1 ml RXN)
· X =11.35 uL stock biotin to RXN

· Incubate at 15-25 C for 2 hours gentle stirring. 
[bookmark: _Toc116911085]B7: Quantify Biotin on Protein
Pierce Biotin Quantification Kit (28005) 
Kit Contents: 
· HABA/avidin premix, no-weigh format 
· Biotinylated horseradish peroxidase (40 kDa) 5 mg
Important Product Information 
• Following any biotin-labeling reaction, the biotinylated protein sample to be assayed must be dialyzed or desalted to remove nonreacted and hydrolyzed biotinylation reagent. 
• Samples must be in one of the recommended buffers (PBS or TBS, see Reagent Preparation Section) for the assay. Avoid buffers containing potassium (such as Modified Dulbecco’s PBS), which will cause precipitation in the assay. Other buffers may interfere and should not be used unless first validated by comparison to results using PBS or TBS. 
• Slight color variation between the HABA/avidin premix microtubes does not affect product performance. 
Reagent Preparations: 
Procedure for quantitation of moles of biotin per mole of protein – Microplate Format Note: The Biotinylated HRP may be used as a positive control to verify assay performance. See the product label for the biotinylation level. 
	1 mg/ml 
1. Equilibrate the HABA/avidin premix to room temperature. 
2. Add 100μL of ultrapure water to one microtube of the HABA/avidin premix. Mix with pipette tip. 
3. Pipette 160μL of PBS into a microplate well. 
4. Add 20 μL of the HABA/avidin premix solution from step 2 to the PBS in the well. Place microplate on an orbital shaker or equivalent to mix. 
5. Measure the absorbance of the solution in the well at 500 nm and record the value as A500 HABA/avidin. 
6. Add 20 μL of biotinylated sample or biotinylated HRP (positive control) to the well containing the HABA/avidin reaction mixture. Mix as described above. 
7. Measure the absorbance of the solution in the well at 500nm and record the value as A500 HABA/avidin/biotin sample once the value remains constant for at least 15 seconds. 
8. Proceed to the calculation of moles of biotin per mole of protein at https://www.thermofisher.com/us/en/home/life-science/protein-biology/protein-labeling-crosslinking/biotinylation/biotin-quantitation-kits/haba-calculator.htm

[bookmark: _Toc116911086]B8: Colorimetric Adherent Cell Binding Strength
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[bookmark: _Toc118910722]Figure 77: Colorimetric binding strength protocol
Image adapted from: https://www.sinobiological.com/category/indirect-elisa


Materials: 
· 0.25% Glutaraldehyde (GA) 
· Take 100 ul of 25% GA and put into 9.90 ml of PBS 
· 50 mM NH4Cl
· 40.1175 mg NH4Cl into 15 ml of PBS 
· 0.5% BSA 
· 2.5 g BSA into 500 ml PBS 
· 2 mM CaCl2 
· Make 0.01 g/ml CaCl2 stock in DI H2O.  
· Add 1.47 ml of CaCl2 stock to 50 ml of 0.5% BSA PBS.
· Add protein dilutions to Ca supplemented PBS for specific binding. 
· 5 mM EDTA 
· Dissolve 73.06 mg EDTA into 50 ml 0.5% BSA PBS. 
· May have to raise pH to around 8 to get EDTA to dissolve. 
· Add protein dilutions to EDTA supplemented media for non-specific binding. 
1. Grow cancerous or healthy cells in respective media in T-75 flasks u until they reach 80-85% confluence. 
· 4T1 TNBC: RMPI 1640 with glutamate, 10% FBS and 1% anti-anti
· EMT6 TNBC: Waymouths, 10% FBS and 1 % anti-anti
· L1210 leukemia: DMEM, 10% horse serum and 1% anti-anti
· MCF10A healthy breast epithelial: MEGM with MEGM bullet kit 1 x orange cap vial with BPE 2.00 mL, 1 x green cap vial with hEGF 0.50 mL, 1 x lilac cap vial with Insulin 0.50 mL, 1 x natural cap vial with Hydrocortisone 0.50 mL (omitting red cap according to ATCC recommendation) 0.50 ml and 100 ng/ml Cholera Toxin  and 1% anti-anti
· HUVEC, vascular cells basal medium, endothelial cell growth kit-BBE and 1% anti-anti 
2. Transfer 50,000 cells/well to two 24-well plates. 
3. (OPTIONAL FOR HEALTHY CELLS) Expose phosphatidylserine (PS) on surface of endothelial cells by adding 1 mM H2O2 for one hour with 100 uL complete media. 
· Add 2 uL of 30% H2O2 to 20 ml of complete cell media. 
4. Fix the cells in all 48 wells by adding 100 μl/well PBS buffer containing 0.25% glutaraldehyde. Remove before proceeding. 
5. Quench excess aldehyde groups by incubating with 100 μl/well of 50 mM NH4Cl, diluted in PBS buffer, for 5 min. Remove after incubation period. 
6. For cancer cells, perform a 1 hr pre-treatment with 300 ul 0.5% BSA diluted in PBS 
at 37 C. 
7.  Dilute biotinylated ANXA5 in 0.5% BSA diluted in PBS buffer, with concentrations of 20 nM, 12 nM, 8 nM, 4 nM, 2 nM, 0.5 nM, and 0.05 nM. Add 300 μl to wells in Sets 1 and 2, using triplicates of each concentration. The blank for each set will receive no FP. 
1. Set 2 (21 wells) gets PBS + BSA + 2 mM Ca + ANXA5
2. Blank (3 wells) gets PBS + BSA + 2 mM Ca 
3. Set 1 (21 wells) gets PBS + BSA + 5 mM EDTA + ANXA5 
4. Blank (3 wells) gets PBS + BSA + 5 mM EDTA 
8. Incubate for 2 hours at 37 C, 5% CO2. 
9. Wash 4 times with 300 μl of 0.5% BSA diluted in PBS buffer. 
10. Add 300 μl of Streptavidin-HRP (2 μg/ml) and incubate for 1 hour at room 
temperature. (Streptavidin-HRP is in 4 C glass fridge) 
11. Wash 4 times with 300 μl of PBS buffer. 
12. Add 300 μl of the chromogenic substrate O-phenylenediamine (OPD) to each 
well. (OPD is in 4 C). The OPD solution is made with phosphate citrate buffer (1 capsule in 100 ml DI water). Prior to use, add 40 μl of 30% H2O2. Weigh out the desired amount of OPD with a concentration of 0.4 mg/ml. 
· HRP reacts with H2O2 to induce yellow color change. 
13. Incubate for 30 minutes at room temperature and in the dark to minimize OPD color change. 
14. Transfer 100 μl of the supernatant to 96-well plates. 
15.  Measure absorbance at 450 nm.


[bookmark: _Toc116911087]B9: Flow Cytometry ANXA5-FITC Binding

Abcam Annexin V-Fitc Apoptosis staining / detection kit (ab14085)
ANXA5-FITC concentration is 50 ug/ml
1. Grow cancerous or healthy cells in respective media in T-75 flasks u until they reach 80-85% confluence. 
· 4T1 TNBC: RMPI 1640 with glutamate, 10% FBS and 1% antibiotic-antimycotic 
· EMT6 TNBC: Waymouths, 10% FBS and 1 % antibiotic-antimycotic
· MCF10A healthy breast epithelial: MEGM with MEGM bullet kit 1 x orange cap vial with BPE 2.00 mL, 1 x green cap vial with hEGF 0.50 mL, 1 x lilac cap vial with insulin 0.50 mL, 1 x natural cap vial with hydrocortisone 0.50 mL (omitting red cap according to ATCC recommendation) 0.50 ml and 100 ng/ml cholera toxin and 1% antibiotic-antimycotic
2. Transfer 50,000 cells/well to two 24-well plates. Let cells incubate for 24 hours at 37 C and 5% CO2. 
· For confluency effects: have a plate for confluent and nonconfluent cells  
· For calcium binding effects: have a plates for calcium supplemented and EDTA supplemented plates 
3. Add 100 uL of trypsin to each well and let set until 90% cells are detached from the plate (~ 2 minutes).
4. Add 300 uL of fresh media and add to microcentrifuge tube and centrifuge at 500 x g for 5 minutes. 
5. Count cells and resuspend at 1-5 x 105 cells in 500 uL binding buffer supplied in the kit 
· For calcium dependence: Add 5 mM of EDTA to binding buffer for resuspending cells.
6. Add 5 uL of ANXA5-FITC to each tube and incubate in the dark for 15 minutes. 
7. Analyze cells using the BD Biosciences Accuri C6. 
· FL 1: excitation at 488 and a 533/30 band pass filter. 
· Gate on at least 5,000 events. 
[bookmark: _Toc116911088]B10: Plate Reader ANXA5-FITC Binding 

1. Grow cancerous or healthy cells in respective media in T-75 flasks u until they reach 80-85% confluence. 
· 4T1 TNBC: RMPI 1640 with glutamate, 10% FBS and 1% anti-anti
· EMT6 TNBC: waymouths, 10% FBS and 1 % anti-anti
· MCF10A healthy breast epithelial: MEGM with MEGM bullet kit 1 x orange cap vial with BPE 2.00 mL, 1 x green cap vial with hEGF 0.50 mL, 1 x lilac cap vial with insulin 0.50 mL, 1 x natural cap vial with hydrocortisone 0.50 mL (omitting red cap according to ATCC recommendation) 0.50 ml and 100 ng/ml cholera toxin and 1% antibiotic-antimycotic

2. Add 2 mL of trypsin to each T75 flask, and incubate until 90% of the cells become detached (~5-10 minutes). 
3.  Count cells 2 mL of fresh media and add to 15 mL tube and centrifuge at 500 x g for 5 minutes.
4. Count cells to have 500,000 cells/0.1 mL binding buffer (supplied by the kit). 
· When cells are resuspended, transfer 0.1 mL of cells in binding buffer to microcentrifuge tube. 
5. Add 1 uL of ANXA5-FITC to each tube and incubate in the dark for 5 minutes at room temperature. 
6. Wash cells at 500 x g for 5 minutes to remove unbound ANXA5-FITC. 
7. Resuspend cells in 100 uL of binding buffer. 
8. Transfer 100 uL of ANXA5-FITC cell mixture to a black 96 well plate. 
9. Read cells on plate reader 
· Fluorescent ex/em: 486/528 nM  
· Sensitivity 100 


[bookmark: _Toc97992382][bookmark: _Toc116911089]B11: ANXA5 Conjugate Cytotoxicity
1. After treatment ends, remove cells from incubator and place in sterile laminar flow hood. 
2. To each well, add complete media supplemented with 10% Alamar Blue dye.
a. Add 1000 uL of Alamar Blue dye to 9 mL complete media. 
i. For 24 well plates: each well gets 300 uL 
ii. For 96 well plates: each well gets 100 uL 
b. Incubate Alamar Blue and media without cells for negative control.
3. Place plates into incubator (37 C, 5% CO2) for 2-4 hours. 
a. Depends on cell type 
b. Do not let pink color saturate control wells.
4. Measure samples on microtiter plate reader though fluorescence (excitation: 560 nm, emission: 590 nm). 
a. Example calculation: (fluorescence of treated control/fluorescence of untreated control) * 100%

[bookmark: _Toc116911090]B12: ATP Release

Molecular Probes ATP determination kit 
Kit Contents 
· D-Luciferin (Component A, MW 302, blue cap), 5 vials, each containing 3 mg of lyophilized powder 
· Luciferase, firefly recombinant (Component B, red cap) 40 µL of a 5 mg/mL solution in 25 mM Tris-acetate, pH 7.8, 0.2 M ammonium sulfate, 15% (v/v) glycerol and 30% (v/v) ethylene glycol 
· Dithiothreitol (DTT) (Component C, MW 154, black cap) 25 mg 
· Adenosine 5′-triphosphate (ATP) (Component D, green cap), 400 µL of a 5 mM solution in TE buffer 
· 20X reaction buffer (Component E) 10 mL of 500 mM Tricine buffer, pH 7.8, 100 mM MgSO4 , 2 mM EDTA and 2 mM sodium azide 
· 
· The ATP Determination Kit provides sufficient reagents to perform 200 ATP assays using 500 µL sample volumes or 1000 ATP assays using 100 µL sample volumes. The contents of this kit are sufficient to make at least 100 mL of a standard reaction solution (see step 2.1 below) containing 0.5 mM D-luciferin, 1.25 µg/mL firefly luciferase, 25 mM Tricine buffer, pH 7.8, 5 mM MgSO4 , 100 µM EDTA and 1 mM DTT
Storage and handling upon receipt: this kit should be stored at ≤–20°C, protected from light. For long term storage and infrequent use, store the firefly luciferase frozen at –80°C. Avoid repeated freezing (at –80°C) and thawing. When properly stored, these reagents are stable for six months to one year.


The following protocol has been developed as a generalized procedure suitable for many experimental applications. Optimal reaction conditions for specific experimental circumstances may be determined empirically by adjusting the amounts of D-luciferin and firefly luciferase added to the reaction. In the protocol below, a 10 mL “standard reaction solution” is prepared. This volume of standard reaction solution is sufficient for about twenty of 500 µL reactions or about one hundred of 100 µL reactions, depending upon luminometer requirements. For fewer or more assays, modify the protocol accordingly. 

Special Precautions: Because of the high sensitivity of the luciferin–luciferase reaction, avoid contamination with ATP from exogenous biological sources, such as bacteria or fingerprints. 
· Protect the D-luciferin and firefly luciferase reagents from light as much as possible. 
· Mix solutions containing firefly luciferase gently, for example, by inversion; vortex mixing may denature the enzyme. 
· Arsenate compounds may inhibit the reaction. 
· The optimum temperature for the reaction is 28°C. At higher temperatures, the reaction is slower.
· Reagent Preparation 
1.1 Make 1.0 mL of 1X reaction buffer by adding 50 µL of 20X reaction buffer (Component E) to 950 µL of deionized water (dH2 O). This volume will be sufficient to make 1 mL of 10 mM D-luciferin stock solution. 
1.2 Make 1 mL of a 10 mM D-luciferin stock solution by adding 1 mL of 1X reaction buffer (prepared in step 1.1) to one vial of D-luciferin (Component A, blue cap). Protect from light until use. The D-luciferin stock solution is reasonably stable for several weeks if stored at ≤–20°C, protected from light.
 1.3 Prepare a 100 mM DTT stock solution by adding 1.62 mL of di H2O to the bottle containing 25 mg of DTT (Component C, black cap). Aliquot into ten 160 µL volumes and store frozen at ≤–20°C. Stock solutions of DTT stored properly are stable for six months to one year. Thawed aliquots should be kept on ice or at 4°C until ready for use. 
1.4 Prepare low-concentration ATP standard solutions by diluting the 5 mM ATP solution (Component D, green cap) in di H2O. The concentrations and volumes to make depend upon the sensitivity and design of the luminometer to be used. Typically, ATP concentrations ranging from 1 nM to 1 µM are appropriate. These dilute solutions are stable for several weeks when stored at ≤ –20 °C.
Standard Reaction Solution 
2.1 We suggest combining the components of the reaction as follows to make 10 mL of a standard reaction solution. Adjust the volumes according to requirements. 
· 8.9 mL dH2 O • 0.5 mL 20X reaction buffer (Component E) 
· 0.1 mL 0.1 M DTT (from step 1.3) 
· 0.5 mL of 10 mM D-luciferin (from step 1.2, store the remaining 0.5 mL at ≤–20°C for up to several weeks) 
· 2.5 µL of firefly luciferase 5 mg/mL stock solution 
· Add 10% of fresh cell media (without it the blank with read higher than the samples) 
2.2 Gently invert the tube to mix, do not vortex; the firefly luciferase enzyme is easily denatured. Keep the reaction solution protected from light until use. Although the solution may be stored at 2–6°C protected from light for several days, assay sensitivity will diminish with time 

Standard Curve 
3.1 Place an appropriate volume of the standard reaction solution (prepared in steps 2.1 and 2.2) in the luminometer and measure the background luminescence. 
3.2 Start the reaction by adding the desired amount of dilute ATP standard solution (prepared in step 1.4) and read the luminescence. The volume of the dilute ATP standard solution that is added to the standard assay solution (prepared in step 2.1) should be no more than 10% of the total assay volume. For example, a 100 µL total assay volume should contain 10 µL or less of the ATP standard solution. 
3.3 Subtract the background luminescence. 3.4 Generate a standard curve for a series of ATP concentrations. Be sure to always add a constant sample volume of the ATP containing solution.

Sample Analysis 
4.1 Follow the directions given in Standard Curve, substituting ATP-containing samples for the ATP standard solutions. Please note that the total volume of the experimental sample assays should be equal to that of the ATP standard assays, with the amount of sample added amounting to no more than 10% of the total assay volume. 
4.2 Calculate the amount of ATP in the experimental samples from the standard curve.
SPEICAL NOTE: If the absorbance readings of treated samples are below the absorbance in the standard curve, remake the reaction solution with 10% of cell media to have same background absorbance. 
[bookmark: _Toc118910723]Figure 78: ATP standard


[bookmark: _Toc116911091]B13: Calretinin Surface Expression 

1. Plate EMT6 or 4T1 cells at 25,000 cells/well in 24 well plates. 
2. After 24 hours, treat cells with 10 nM of DM1 in the ANXA5-DM1 conjugate or free DM1 in fully supplemented media supplemented with 2 mM CaCl2 for 24 hours (300 uL).
3. Collect media of cells to collect dead cells and place in microcentrifuge tubes. 
4. Wash cells with PBS and add 100 L of trypsin to each well for 1-2 minutes. 
5. Quench trypsin with 100 L and add to microcentrifuge tube with dead cell media. 
6. Configure at 500 x g for 5 minutes and count cells. 
· 100,000 cells per sample 
· Combine 3 wells into one to have enough cells. 
7. Resuspend cells in 4% PFA to fix cells at 4 C for 20 minutes.
8. Wash cells 2 times with 500 l of 0.5% BSA-PBS at 500 x g for 5 minutes.
9. Resuspend cells in 100 l of 0.5% BSA-PBS solution and add 1 l of CD16/CD32 Fc Block (eBioscience, San Diego, CA, USA) to each sample and incubate for 20 minutes 4 C.
10. Add 1 l of FITC labeled calreticulin (Novus Biologicals, Centennial, CO, USA) and incubate for 30 minutes in the dark at 4 C.
11. Analyze cells on BD Biosciences Accuri C6 (Franklin Lakes, New Jersey, USA), with excitation at 488 nm and a 533/30 band pass filter, capture 10,000 gated events per sample. Collect the data and analyze with BD C6 Accuri software. To have enough cells, one sample has three wells, and each sample is analyzed 3 times. All experiments are conducted in triplicate. 



[bookmark: _Toc116911092]B14: Tumor Inoculations 
If using Matrigel, take Matrigel out of – 20 C freezer 24 hours before tumor inoculations. Place Matrigel in 4 C to thaw overnight. Matrigel hardens and is unusable at room temperature. 
1. Culture cells in respective cell media. 
2. Once cells reach 75% confluence, discard culture medium.
3. Wash cells with 5 ml of fresh PBS 1 times.
4. Add 2 ml of .25% trypsin/ mM EDTA solution. Let sit for 5 minutes or until all cells have been lifted from the plate. 
5. Add 6 ml of fresh RMPI media and transfer to 15 ml conical tube. 
6. Centrifuge cells at 1100 X G for 5 minutes at room temperature. 
7. Count cells with hemocytometer. 
8. Wash cells with ice cold PBS in the centrifuge at 1100 X G for 5 minutes.
a. Remove any media from the cells so there is not an immune reaction. 
9. Discard supernatant and resuspend cells so that in 50 uL of 50% PBS and 50% Matrigel (if not using Matrigel, only use PBS). 
a. 50,000 cells in 50 uL needed per mice.  
b. Keep cells on ice (Matrigel hardens at room temp).
c. Estimated calculation: 50,000 cells /(50 ul) = 2,000,000 cell /( X uL)
X = 2000 uL or 2 mL
10. Load cells into 1 ml syringe without needle to prevent shearing.
a. Remove air bubbles.
11. Add 30-gauge needle.
12. Secure a 6-week-old female BALB/c mouse with one hand by grasping behind the ears using the index finger and thumb. Stretch the mouse body across the hand to expose the abdomen. Secure the tail against the hand using the last two digits of the same hand that secures the neck. 
13. [image: Map

Description automatically generated]Inoculate the mouse tumor cells subcutaneously (s.c.) in the 4th mammary fat pad by gently penetrating the skin, with the bevel of the needle facing up, and depressing the syringe to the appropriate volume[bookmark: _Toc118910724]Figure 79: Mouse mammary fat pads 


[bookmark: _Toc116911093]B15: Blood Collection
Day before collection autoclave microcentrifuge tubes (least 1 per mouse) and surgery equipment (forceps, scissors ect.).
1. Euthanize mice.
a. Put mice under 2% isoflurane.
b. Bilateral thoracotomy. 
2. Collect blood 
a. Puncture heart with 30 gauge needed on 3 ml syringe to aspirate blood. If needed, use pipet to collect blood in the abdominal cavity. 
3. Allow blood to clot at room temperature for 15-20 minutes. 
4. Centrifuge blood at 15,000 x g for 20 minutes. 
a. Keep supernatant. 


[bookmark: _Toc116911094]B15: ANXA5 Protein Specific Antibody Titers
Sandwich ELISA  
1. Add 100 l of 20 ug/ml of ANXA5 in 0.1 M carbonate coating buffer and incubate overnight at 4 C with plate cover. 
· Carbonate coating buffer
· 0.08 g Na2CO3 
· 0.15 g NaHCO3 
· 25 mL DI H2O 
· Adjust pH to 9.6. 
2. Wash plate 2 times with 200 l PBS. 
3. Block for 2 hours at room temperature with 200 l of blocking buffer. 
· Blocking buffer 
· PBS 
· 10% FBS 
· Adjust pH to 7.4. 
4. Wash plate 2 times with 200 l PBS.
5. Add 100 l of plasma dilution samples and incubate overnight at 4 C.
· Serum dilutions range from 1:10-1:10,000,000 
6. Wash plate 4 times with 200 l PBS.
7. Add 100 l of diluted rabbit anti-mouse IgG IgM conjugated to HRP and incubate at room temp for 1 hour. 
· HPR conjugated rabbit anti-mouse IgG IgM (Jackson Immuno 315-035-044). 
· Reconstitute antibody with 1.5 mL DI H2O. 
· Centrifuge if not clear. 
· Dilute to 1:25,000 for assay (2 l into 50 ml PBS).
8. Wash plate 4 times with 200 l PBS.
9. Add 100 l of OPD H2O2 solution (make within 5 minutes of use). 
· Add one capsule of phosphate-citrate tablet to 100 mL DI in beaker and stir. 
· Make no more than 30 minutes before OPD use.
· Weigh 0.4 mg/ml OPD and place in foil coated tube. 
· 6.4 mg for 16 mL phosphate citrate buffer 
· Add 40 l for 30% H2O2 to 16 mL of OPD solution. 
· Mix for 30 seconds. 
10. Transfer 100 l of supernatant to 96-well plate. 
11. Measure absorbance at 450 nm on plate reader. 
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