Scientific abstract - Organotropic deposition of extracellular vesicles shed by PDAC cells harboring mutant p53 can remodel and prime the metastatic niche
Scientific Background
Pancreatic cancer- Despite considerable advancements, pancreatic ductal adenocarcinoma (PDAC) remains one of the few cancers with expected 5-year survival of less than 10% [1].  In fact, PDAC cases are increasing and it is predicted to become the second deadliest cancer in the USA by 2026 [2]. PDAC is vastly resistant to chemotherapeutic drugs and radiation therapy, it is often detected at a late stage (as the symptoms are not easy to recognize), and it is highly metastatic [3]. Additionally, the tumor microenvironment (TME) in PDAC is characterized by a dense stromal component that hinders drug delivery and promotes tumor growth and metastasis, further complicating treatment efforts [4].
Mutant p53 (Mutp53)- Mutations in TP53, encoding for the master tumor suppressor p53 protein, are the most common molecular event in human cancers: TP53 is mutated or inactivated in over 50% of all human cancers [5]. While mutations in p53, which are often missense mutations, lead to the abrogation of wild-type (WT) p53-mediated tumor suppressive functions, some have been reported to endow novel oncogenic gain-of-function (GOF) activities [5-7]. These activities dramatically alter tumor characteristics, primarily via interactions with other cellular proteins and via transcription regulation [8-10]. Mutant p53 (Mutp53) can drive increased cell proliferation, survival, invasion, and metastasis, making it a critical factor in cancer development and progression [11] [12]. 
Mutp53 in PDAC- PDAC often arises from indolent pancreatic intraepithelial neoplasias (PanIN) that can go undetected for years. Notably, PanIN to metastatic PDAC transformation is often associated with mutp53, seen in 75% of advanced PDACs [13]. While the spectrum of mutp53 may be wide, frequent ‘hotspot’ residues include missense mutations in the DNA-binding-domain (i.e., R175H, R248Q/W and R273H/C). These mutations disrupt the normal function of p53 and contribute to the malignant transformation and metastatic potential of PDAC cells [14]. Furthermore, KRAS mutations alter pancreatic cancer cell transcription, and by harnessing Mutp53, can drive metastasis [5]. 
Extracellular Vesicles (EVs) are small (30-150nm) cell-secreted vesicles, which shuttle bioactive molecules including proteins, metabolites, DNA, and RNA from one cell to another, and can reprogram recipient cells [15]. Tumor cells release excessive amounts of EVs, including exosomes, which may affect tumor initiation, growth, progression, metastasis, drug resistance, and more [16-18]. Further, EVs communicate locally and systemically with a plethora of tumor microenvironment (TME) components and modulate various aspects of tumorigenesis [19]. Previous studies from the lab have shown the ability of GOF mutant p53 to be packed inside EVs secreted by cancer cells with a gain of function mutation in p53 [20].  
Metastatic organotropism refers to the tendency of cancer cells to preferentially metastasize to specific organs [21, 22]. This phenomenon is affected by the intrinsic properties of cancer cells, the microenvironment of the target organs, and the interaction between them. In PDAC, liver and lungs are the most common sites of metastasis [23]. The pre-metastatic niche theory suggests that primary tumors can secrete factors such as EVs that prime and remodel distant organs for subsequent colonization by metastatic cancer cells [24]. These secreted factors can modify the local microenvironment, making it more conducive for the survival and growth of circulating tumor cells. 
Integrins in PDAC metastasis- Integrins are transmembrane receptors that facilitate cell-cell and cell-extracellular matrix interactions [25]. Their role in cancer is multifaceted, as they not only mediate adhesion to the extracellular matrix but also modulate signaling pathways involved in cell survival, migration, and invasion [26]. In the context of PDAC, aberrant integrin expression and activation have been linked to enhanced tumor cell motility and invasiveness [27]. Furthermore, integrins were reported to be packaged onto the surface of EVs, allowing these cell adhesion molecules to be transported to distant sites, where they play a pivotal role in priming the metastatic niche [24, 28].
Specific Aims and Hypothesis
Hypothesis
Three out of four patients suffering from advanced PDAC, acquire a mutation in TP53 (mutp53). Based on significant amount of preliminary data, we hypothesize that EVs shed by PDAC cells harboring mutp53 play a pivotal role in remodeling the metastatic niche and promoting the aggressive and metastatic nature of PDAC. In addition, exosomal integrins were found to play a cardinal role in organotropic metastasis and we further hypothesize that EVs from mutant p53 PDAC cells are enriched with integrins that are instrumental in priming the metastatic niche and promote mutp53-depndent metastasis.  To investigate this hypothesis, we will focus on several research pillars:
- Organotropism of mutp53 EVs: Using mouse models, we will study the bio-distribution and retention of EVs derived from PDAC cells with mutp53 compared to those lacking mutp53 and quantify the accumulation of mutp53 EVs in common sites of PDAC metastasis, to delineate a potential link between mutant p53, EVs and organotropic metastasis.
- Proteomic alterations in EVs from PDAC cells harboring mutp53: based on proteomic analysis we will reveal molecular cargo profiles in EVs derived from PDAC cells with mutp53. We will put emphasis on key integrins known to be associated with organotropic metastasis, determining a mutp53-dependent mechanism affecting EV cargo composition and pre-metastatic niche remodeling.
- Enhanced Metastasis with mutp53 EVs: Our in vivo experimental design will be used to demonstrate that priming mice with EVs derived from mutp53 PDAC have the power to enhance the metastatic process to the liver and lungs, highlighting the functional significance of these EVs in fostering the metastatic niche.
- We will develop a novel methodology that faithfully reflect physiological aspects of cancer EVs and the manner by which they promote tumorigenesis and metastasis. Base on controlled release in osmotic pumps, we will expose the tissue to biologically-relevant quantities of cancer EVs and set the foundations to future delivery of drugs packed inside EVs.
Based on these collective research efforts, we will investigate whether EVs derived from mutp53 PDAC cells actively contribute to the remodeling of the metastatic niche, influencing organ-specific metastasis. This hypothesis underscores the potential significance of mutp53 in shaping the extracellular microenvironment and immune responses associated with aggressive PDAC phenotypes and poor prognosis. 
Aim 1. To determine the mutp53-derived-EVs potential to prime and remodel distant organs and drive metastasis
Working hypothesis: We hypothesize that mutp53 EVs derived from PDAC cells can target and be taken up by major metastatic sites such as the liver and lungs. Based on our preliminary data, we aim to show the ability of mutp53 EVs to get in larger numbers, stay for longer periods and deposit their molecular cargo compared to EVs from PDAC cells that do not harbor mutp53. To achieve our goals, we will (i) study the bio-distribution patterns of mutp53 EVs, (ii) identify tissue remodeling in metastatic sites after priming with mutp53 EVs and (iii) study the effect of mutp53 EVs priming on metastasis.
Aim 2: To determine the role of key integrins, packaged onto secreted EVs, in driving aggressive metastatic phenotypes of PDAC that harbor mutp53
Working hypothesis: As can be seen in Figure 4 of our preliminary data section, several key integrins are significantly enriched in PDAC cells harboring mutp53. Added with the reported association of integrins with organotropisms [29], we will focus on mutp53-EVs enriched with key integrins and metastasis in PDAC. We will test our hypothesis that EVs released by mutp53 PDAC cells containing specific surface integrins can affect the behavior of resident cells by promoting invasive and metastatic characteristics. Note: This section is demonstrating our Aim using Integrin-Beta-4 (ITGB4), however, we will knock-out 8 key integrins (shown in Figure 6) and will use them as well, based on the preliminary data we receive from the ITGB4 KO EVs. To achieve our goals, we will (i) generate mutp53 PDAC cells with knocked-out expression of ITGB4 using crispr-cas9 and evaluate the impact of exosomal ITGB4 on pro-cancerous traits in vitro, (ii) identify changes in gene expression patterns in PDAC cells exposed to ITGB4-containing EVs by performing RNA sequencing and (iii) study the effect of exosomal ITGB4 from mutp53 PDAC on metastasis in vivo.
Aim 3: To evaluate the controlled release and bio-distribution of mutant p53 EVs using osmotic pumps and assess their impact on metastatic site modulation 
Working hypothesis: We hypothesize that controlled release of EVs through programmable osmotic pumps will faithfully mimic the bio-distribution and retention of these vesicles at metastatic sites, leading to more effective modulation of the primary tumor site (pancreas) as well as the pre-metastatic niche in organs such as the liver and lungs. Based on our preliminary data, we aim to show the benefits of continuous long-term targeting using PDAC EVs. To achieve our goals, we will (i) establish and optimize the use of osmotic pumps for sustained EVs delivery to the mouse pancreas, (ii) assess the impact of sustained EV release on tissue properties and (iii) evaluate the long-term effects of sustained EV release on PDAC metastasis and tumor progression.
[image: ]Suggested workflow: In pancreatic cancer models, we propose to measure mutp53 derived EVs ability to modulate local progression and metastasis. We will elucidate the bio-distribution of mutp53 derived EVs and their role in metastatic niche priming (Aim 1). We will also focus on key integrins, which we have found to be enriched in mutp53 EVs (Aim 2). Lastly, we will develop a novel method to mimic EV-based priming in primary and metastatic sites (Aim 3).
Significance -The proposed research holds immense significance in advancing our understanding of PDAC progression and metastasis. The knowledge we gain will be pivotal for comprehending the early events in metastasis, potentially opening avenues for novel therapeutic interventions aimed at disrupting or modulating the pre-metastatic niche. The identification of key integrins, packaged into mutp53 EVs offers a promising therapeutic avenue. Targeting specific molecules associated with mutp53 EVs could lead to the development of targeted therapies, potentially improving the prognosis and outcomes for PDAC patients. PDAC is known for its aggressive nature and mutations in TP53 are found in approximately 75% of the advances PDAC cases. Therefore, understanding the role of mutp53 EVs in driving metastasis could have direct clinical implications. Particularly, if the research confirms the impact of mutp53 EVs on organ-specific metastasis, it could pave the way for personalized medicine approaches. In addition, our effort to identify specific proteins or cargo profiles associated with mutp53 EVs may lead to the development of non-invasive diagnostic tools. Such biomarkers could aid in early detection and monitoring of PDAC, offering improved chances for timely intervention and enhanced patient outcomes. Finally, we propose to develop a unique method to target metastatic site with a continuous-slow-release fluxes of EVs. This method will serve two major goals: a) faithfully mimic the physiological priming of tissues and organs with EVs, better reflecting tumor progression in ‘real-life’. b) this effort has the potential to lay the foundations to drug-delivery based on EVs continuously released into the targeted sites. The innovative aspects of this research lie in its targeted therapeutic focus, exploration of integrin biology and EV-mediated communication, in-depth analysis of mutp53 GOF activities, comprehensive in vivo studies, utilization of advanced omics technologies, and the potential for biomarker discovery. By addressing these novel dimensions, this research sets the stage for transformative advancements in our understanding of PDAC metastasis and opens new avenues for the development of targeted therapies and diagnostic strategies.
Detailed research plan
Aim 1. To determine the mutp53-derived-EVs potential to prime and remodel distant organs and drive metastasis
[bookmark: _Hlk148009788]Aim 1.1 – To study the bio-distribution and retention patterns of mutp53 EVs 
Experimental design and methods: Our experimental set-up will enable us to evaluate favorable delivery routes of mutp53 EVs when introduced in vivo and to study the kinetics of the EVs by tracking them in various time points. We will also monitor the EVs interactions with major organs based on delivery routes. 
This part of the study will be initiated using tumor-free animals, to assess and characterize the fluorescent signal distribution by the amount of EVs injected (based on our experience, we will begin with ~3·1012 EVs in 0.2ml per injection), by organ distribution, by time since injection and by specific lipophilic dye used. We will use both C57BL/6 mice as well as athymic nude mice to prepare for both murine and human PDAC tumor models. For the human model, we will use the PANC-1 cell line (harboring the R273H mutant), for which we have a CRISPR knock-out of mutp53 as described in [20]. For the murine model, we will use a KPC tumor model (harboring the R172H mutant, corresponding to the human R175H) and as a control, we will use EVs from KC tumor cell line, where the p53 is WT.  
After isolation, the EVs will be fluorescently labelled using a lipophilic trace routinely used in our Lab (DiR). After labelling, EVs will be transferred via a size exclusion column to get rid of unattached dye, and injected via two specific delivery routes (i.v or i.p). We will monitor the fluorescent signal of EVs using an in vivo imager (NEWTON 7.0, Vilber) in predetermined time intervals (e.g., 1, 6, 24- and 48-hours post-administration) for each route. We will analyze and quantify fluorescent signal intensity in collected tissues and calculate the percentage of administered EVs accumulated in each tissue to determine bio-distribution profiles. We will divide the mice into different treatment models as follows:  A.  Fluorescently labelled EVs for a murine PDAC model – two different administration routes (i.v or i.p), two different p53 statuses (mutp53 or WT p53). B. Fluorescently labelled EVs for a human PDAC model – two different administration routes (i.v or i.p), two different p53 statuses (mutp53 or KO p53). The following table summarizes the number of mice used for each treatment (we chose 10 animals per group based on previous experience; the number may be reduced depending on statistical significance achieved):
	Strain
	administration route
	      Treatment
	p53 status of EVs
	number of mice

	C57Bl6
	i.v
	DiR-EVs
	KC (WT)
	10

	C57Bl6
	i.p
	DiR -EVs
	KC (WT)
	10

	C57Bl6
	i.v
	DiR-EVs
	KPC (MUT)
	10

	C57Bl6
	i.p
	DiR-EVs
	KPC (MUT)
	10

	C57Bl6
	i.v
	DiR -Dye only control
	-
	10

	C57Bl6
	i.p
	DiR -Dye only control
	-
	10

	Nude
	i.v
	DiR -EVs
	PANC-1 KO (KO)
	10

	Nude
	i.p
	DiR -EVs
	PANC-1 KO (KO)
	10

	Nude
	i.v
	DiR-EVs
	PANC-1 scr (MUT)
	10

	Nude
	i.p
	DiR-EVs
	PANC-1 scr (MUT)
	10

	Nude
	i.v
	DiR -Dye only control
	-
	10

	Nude
	i.p
	DiR -Dye only control
	-
	10




Aim 1.2 – To identify tissue remodeling in metastatic sites after priming with mutp53 EVs 
[image: ]To address this sub-Aim, we will use two complementary approaches: a) Cytometry by Time-Of-Flight (CyTOF) multiplex analysis b) RNAseq analysis. Based on the results we gain from Aim 1.1, we will choose the most promising delivery route of EVs and time point when the most intense signal was recorded. We will introduce mutp53 EVs (compared to EVs from PDAC cells lacking mutp53) in two protocols: acute (3 EV doses, every 2 days- harvest on day6) and chronic (8 doses, every 3 days, harvest on day 24). 
Figure 1: tissue remodeling in metastatic sites after priming with mutp53 EVs. Equal amount (3·1012) of mutp53 EV will be injected in acute or chronic protocol to C57BL/6 or nude mice and compared with EVs lacking mutp53. After harvesting, livers and lungs will be subjected either to CyTOF and RNA seq processing and analyses.
This line of experiments will shed light of the process of tissue remodeling both after a short (acute protocol) but also a longer period (chronic protocol). On the day of harvesting, we will remove lungs and livers, and cut each tissue to two pieces- one destined to the CyTOF and the second to the RNAseq. The tissue part designated for CyTOF will be dissociated into single cells which will be processed, barcoded, fixed and incubated with a panel of mouse antibodies. For this type of assays, we routinely collaborate with the core facility at the Weizmann Institute of Science, Israel. The core holds a library of 500 antibodies, out of which we will build a panel of 30-40 markers that will include markers of immune dynamics, stromal changes and extracellular matrix (ECM) deposition. The second part of the removed tissue will be dedicated to RNA extraction. The RNAseq libraries will be created and run in Hadassah hospital, Jerusalem, in another core facility we frequently work with. We routinely conduct and analyze CyTOF multiplex assays with mice tissues (see preliminary results section, Figure 5). RNAseq is also conducted routinely in the lab, however, for the analysis, we will collaborate with Dr. Ofir Cohen, a department faculty member with whom the CooksLab has tight research connections (see collaboration letter). The following scheme (Figure 1) depicts the Aim 1.2 workflow. Taken together, both approaches in acute and chronic exposures to mutp53-EVs, will give us a complementary picture on the tissue dynamics dependent on mutp53-EVs. We will focus on potential metastasis-related changes which would attribute to the priming of the pre-metastatic niche. 
Aim 1.3 – To study the effect of mutp53 EVs priming on metastasis 
Following the establishment of bio-distribution in naïve animals (Aim 1.1), we will move to tumor bearing mice. We will use the PDAC cellular models (PANC-1 for the human model, KPC for the murine model). PDAC cells will be inoculated both as xenografts (subcutaneously) or orthotopically (surgical administration routinely done in our lab) and allowed to grow to an average volume of 40-50mm3, before EVs (3·1012 EVs per animal) will be administrated. We will use either i.v or i.p injections of the EVs (depending on the data we gain from Aim1.1). Since the PANC-1 cells express luciferase, we will be able to trace and monitor them in vivo in real-time using the NEWTON in vivo imager. Tumor growth will be monitored twice a week (with a caliper for the subcutaneous model and with the imager for the orthotopic model). In the PANC-1 model, the livers and lungs will also be monitored in the same time points. Upon tumor growth, animals will be sacrificed for tissue collection. We will euthanize the mice, collect blood, major organs (lungs, liver, kidney, spleen, brain), and tumor tissues. All organs and tissue will be imaged ex vivo for luciferase signal before they will be kept for further analysis. We will perform histology and immunohistochemistry to detect lesions and markers of proliferation (KI-67) and epithelial-to-mesenchymal transition (EMT) (cadherins) and additional staining procedures based on positive hits we gain from Aim 1.2. RNA and protein extracted from frozen tissues will be used for evaluation of p53 targets and EMT markers and validation of hits identified in Aim1.2 in WB and qRT-PCR. 
Expected outcome – Aim 1: Altogether, Research Aim 1 will provide crucial insights into the optimal administration routes and retention of mutp53 EVs within the metastatic sites and allow us to elucidate remodeling patterns that lead to increased metastasis. These findings will be instrumental in informing future therapeutic strategies involving drug-containing EVs for treating PDAC and potentially other cancer types.
Preliminary results for Aim 1: We injected (i.v) an equal amount of fluorescently labeled PANC-1 mutp53 EVs, PANC-1 KO p53 EVs, or just the fluorescent dye as a control. After 18 hours, we sacrificed the animals and harvested multiple organs to monitor the biodistribution and localization of EVs. As seen in figure 2, we were able to detect and quantify the fluorescent signal and compare treatments. We also investigated the role played by PDAC mutp53 EVs in organotropic metastasis by challenging and remodeling the metastatic sites in our mouse models. To this end, we injected (i.v) equal amounts of PANC-1 mutp53 EVs, PANC-1 KO EVs, or PBS as control to the tail vein of nude mice. Post several doses of EVs, we inoculated also PANC-1 cancer cells that differed in the status of p53 (mutp53 vs. p53 KO), followed by a second round of EV priming (several doses of EVs). Ultimately, animals were sacrificed and multiple organs were harvested to detect the localization of cancer cells. As seen in Figure 3, animal priming with PDAC mutp53 EVs significantly increased metastasis both in the liver as well as in the lungs. We also performed mass-spectrometry to study the proteomic molecular cargo of mutp53 EVs compared with EVs released by KO p53 PDAC cells. As seen in Figure 4, we found various ECM remodeling proteins enriched in the mutp53 EVs (several key integrins in particular).



[image: ][image: ]Figure 2: Bio-distribution of PANC-1 derived EVs. Nude mice were i.v injected with 10µg of dye, PANC-1 scramble EVs (mutp53), or PANC-1 p53 KO EVs, respectively. After 18 hours, mice were sacrificed, and organs were harvested (liver, lung, spleen, and kidney) and analyzed for fluorescent signals. (A) representative images of three biologic repeats (B) the quantification of the signal. A two-tailed Student’s t-test was performed to determine statistical significance: * 0.05, ** 0.005.
Figure 3: Effect of PANC-1 derived EVs on priming the metastatic niche. Equal amount (10µg) of PANC-1 scramble EVs, PANC-1 p53 KO EVs respectively or PBS was i.v injected in nude mice (8 doses over a period of two weeks) followed by an injection of PANC-1 cells (mutp53 or p53 KO). After 3 weeks, organs were harvested, and bioluminescence (luciferase) signal was quantified using Newton software. (A) the effect of PANC-1 EVs harboring GOF mutant p53 protein had a dominant role in priming of pre-metastatic nicherelative to EVs without p53. The extent of metastasis to organs were almost 10-fold more in animals primed (pre/and post) with Scramble EVs as delineated when signals were quantified to a bar graph (B). A two tailed Student’s t-test was performed to determine statistical significance * <0.05 and ** <0.0005Figure 4. Mutp53 EVs proteomics – (A) three biological repeats of EVs from PANC-1 cells with (Scramble) or without (KO) Mutp53. (B, C) Proteomic analysis shows enrichment of various proteins in EVs from Mutp53 PDAC cells, including several ECM remodeling members and integrins.


[bookmark: _Hlk149494251][image: ][image: ][image: ]Figure 5. CyTOF analysis of mouse livers primed with EVs – Mice were injected (i.v) with 8 consecutive doses (1012 particles per mouse) of mutp53 EVs (KPC) and compared to WT p53 EVs (KC) or PBS (control). Livers were dissociated and analyzed using a panel of 26 markers. The figure presents cluster proportions of each treatment (Left panel), a visual UMAP representation (middle panel) and Non-Redundancy scores for each marker (right panel).

Aim 2: To determine the role of key integrins, packaged into secreted EVs, in driving aggressive metastatic phenotypes of PDAC that harbor mutp53
Aim 2.1 –To generate mutp53 PDAC cells with knocked-out (KO) expression of key integrins using CRISPR and evaluate the impact of exosomal integrins on pro-cancerous traits in vitro
Working hypothesis: Based on preliminary results and data collected in Aim 1 as well as on recent literature, we will choose several integrins identified in our preliminary experimental efforts. By investigating the role of exosomal integrins in promoting the aggressive phenotype of mutp53 PDAC cells, our study has the potential to uncover molecular axis of mutp53-integrin as a driving force of aggressive and metastatic phenotypes of PDAC. 
[bookmark: _Hlk176171002]We will establish cellular models where the chosen integrin expression is specifically disrupted in mutp53 PDAC cells, enabling the evaluation of the impact of exosomal integrins on pro-cancerous traits. To this end, we will use both PANC-1 as well as MiaPaCa-2 PDAC lines, both carrying GOF mutant p53. Primarily, we chose to knock-out Integrin Beta-4 (ITGB4) since according to our preliminary data (Figure 4) as well as on the literature, this protein is one of the top candidates to affect the metastatic phenotype of PDAC [29]. Nevertheless, we will knock-out 7 additional key integrins (enriched in mutp53 EVs according to our data) as alternative paths. We have designed specific sgRNAs of those 8 different key integrins including ITGB4 gene and used bioinformatics tools ensuring high specificity and minimal off-target effects (see Figure 6). After establishing the ITGB4 KO derivates, we will focus on EVs isolation and characterization. We will compare the physical properties (size, density, concentration and morphology) of ITGB4KO EVs to control EVs. For that, we will use ultracentrifugation, nanoparticle tracking analysis, electron microscopy, size-exclusion columns, western blotting for exosomal markers (CD63, CD9, Alix and TSG101) and sucrose-gradients, all of which are routinely used in our laboratory. We will also study the molecular cargo of ITGB4 KO EVs compared to the control EVs to verify which proteins and RNA species are sorted into the EVs in dependency of the ITGB4 presence. For that purpose, we will extract both proteins and RNA from the EVs and subject them to both omics (mass-spectrometry and RNAseq). To test the pro-cancerous effect of the ITGB4+ vs. ITGB4- EVs in vitro, we will monitor cell proliferation and viability using MTT assays and real-time cell analysis (in a LionHeart real-time imager). We will conduct transwell migration and invasion assays to assess the effect of exosomal ITGB4 on cell migration and invasiveness and test the effect on colony formation as well. In addition, we will perform apoptosis assays (e.g., Annexin V/PI staining) to determine the effect of exosomal ITGB4 on apoptosis resistance in mutp53 PDAC cells. All assays will be executed on naive PDAC cells. The findings from this specific Aim will emphasize the significance of selected key integrins in modulating pro-cancerous traits in mutp53 PDAC cells via exosomal communication. Figure 6. Establishment of ITGB4 KO PDAC cells. Step-by-step experimental set-up to form Crispr CAS9 KO of ITGB4 in PDAC cells.
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Aim 2.2 – To study the effect of exosomal integrins on bio-distribution of mutp53 EVs 
Experimental design and methods: In this Aim, we will follow the same rational guiding us in Aim 1.1. The experimental set-up will enable us to evaluate favorable delivery routes of EVs when introduced in vivo and to study the kinetics of the EVs by tracking them in various time points. We will also monitor the EVs interactions with major organs based on delivery routes. Similar to Aim 1.1, the experimental effort will allow us to determine the kinetics of EVs carrying the selected integrins (based on the data retrieved from Aim 2.1) on their surface in localizing and adhering to the metastatic sites. We will use fluorescently-labelled EVs for a human PDAC model – two different administration routes (i.v or i.p), two different integrin statuses (scrambled or KO). The folowoing table summarizes the number of mice used for each treatment (if statistical power will allow, the number of used animals will decrease).
	Strain
	route
	Treatment
	Integrin status 
	number of mice

	
	
	
	
	

	Nude
	i.v
	DiR -EVs
	ITG -
	10 (PANC1) +10 (MiaPaCa-2)

	Nude
	i.p
	DiR -EVs
	ITG -
	10 (PANC1) +10 (MiaPaCa-2)

	Nude
	i.v
	DiR-EVs
	ITG +
	10 (PANC1) +10 (MiaPaCa-2)

	Nude
	i.p
	DiR-EVs
	ITG +
	10 (PANC1) +10 (MiaPaCa-2)

	Nude
	i.v
	DiR -Dye only control
	-
	10 (PANC1) +10 (MiaPaCa-2)

	Nude
	i.p
	DiR -Dye only control
	-
	10 (PANC1) +10 (MiaPaCa-2)



Aim 2.3 – To study the effect of key integrins on mutp53 EV-induced tumorigenesis and metastasis 
To study the tumor and metastasis-promoting potential of integrins in mutp53 EVs, we will collect EVs derived from ITG+ vs ITG- PDAC cells generated in Aim 2.1. We will inject the EVs both orthotopically (into the pancreas) or i.p. As can be seen in Figure 7, we have ample experience in injecting and visualizing EVs in both delivery routes. We will use the following protocol: For orthotopic model, PANC-1 cells (1·105 per mouse) together with EVs (3·1012 per mouse) will be injected into the pancreas on day 1, then, 5 more EVs doses will be given i.p every other day (days 3,5,7,9,11). For the metastatic model, PANC-1 cells (5·105 per mouse) together with EVs (3·1012 per mouse) will be injected into the tail vein on day 1, then, 8 more EVs doses will be given i.p every other day (days 3,5,7,9,11,13,15,17).We will monitor tumor/metastases development in the following experimental groups (n=10 per group, unless statistical power will allow less): 1. Orthotopic PANC-1 bearing mice + sham control (PBS), 2. Orthotopic PANC-1 bearing mice + ITG negative EVs, 3. Orthotopic PANC-1 bearing mice + ITG positive EVs, 4. Metastatic PANC-1 bearing mice + sham control (PBS), 5. Metastatic PANC-1 bearing mice + ITG negative EVs, 6. Metastatic PANC-1 bearing mice + ITG positive EVs. This experimental design will allow us to investigate the tumor-promoting effect of ITG EVs and use pathological and immunobiological tools to elucidate in vivo properties of PDAC treated with ITG EVs. In addition, murine plasma will be used to collect EVs while matching tissues will be formalin fixed and paraffin embedded (FFPE) for the above-mentioned characterizations and for pathological assessments (following pancreatic weight assessments). Lungs and livers will be collected as mentioned in Aim1 and scored for metastatic burden. Figure 7. Visualization of fluorescently-labelled PANC-1 EVs injected into the pancreas, two days post injection.

Aim 2.4 – Validate the molecular mechanisms of interaction between mutp53 EVs and key integrins in clinical samples.
To clinically validate the significance of the proposed EV interactions leading to PDAC meatstasis, we will start by mining publicly available datasets for enrichment of the integrins identified in previous sub-Aims, in correlation with medical parameters related to patient outcome. The datasets used will include: (1) The cancer genome atlas (TCGA), (2) The human protein atlas, (3) Gene expression omnibus (GEO), and (4) Oncomine. We will complement the bioinformatic screen by isolating EVs from plasma retrieved from PDAC patients and by performing immunohistochemical stainings for the expression of the selected proteins/pathways. For this, we will obtain PDAC samples from The Israeli Biorepository Network for Research (MIDGAM) as well as from the Soroka Medical Center. Expression of cellular signaling molecules identified in previous Aims will be correlated with p53 status, the enrichment of integrin in isolated EVs, and clinical outcome and metastatic burden. Expected outcome – Aim 2: We will conduct a comprehensive analysis of ITG+ EVs, examining their physical properties and molecular composition, providing insights into the alterations induced by ITG disruption. We will assess the pro-cancerous effects of ITG+ EVs and study the bio-distribution and kinetics of ITG+ vs. ITG- EVs when introduced in vivo, and closely monitor tumor development and metastatic burden providing a comprehensive understanding of the in vivo properties of PDAC influenced by ITG+ EVs.
Aim 3: To evaluate the controlled release and bio-distribution of mutant p53 EVs using osmotic pumps and assess their impact on metastatic site modulation
Aim 3.1 – To establish and optimize the use of osmotic pumps for sustained EVs delivery to the mouse pancreas
Working hypothesis: We hypothesize that controlled release of mutp53-EVs through programmable osmotic pumps will faithfully mimic the bio-distribution and retention of these vesicles at metastatic sites, leading to more effective modulation of the primary tumor site (pancreas) as well as the pre-metastatic niche in organs such as the liver and lungs. This controlled release could provide a more sustained impact on tumor progression and metastasis compared to conventional administration routes. In addition, this effort may become the foundation of a drug-delivery approach for EVs targeting specific organs as a clinical tool [30] beyond the scope of this proposal.
Experimental design and methods: We will evaluate and monitor the sustained delivery of EVs using programmable osmotic pumps in enhancing the bio-distribution, retention, and metastatic niche modulation in PDAC models. We will use both Alzet and iPRECIO programmable pumps for the controlled delivery of EVs. These pumps will be subcutaneously and intraperitoneally implanted in mouse models, allowing for continuous delivery of EVs over extended periods of weeks and months.
Initial experiments will focus on determining the optimal pump settings (e.g., infusion rate, timing) to maximize the retention of EVs in target organs. We will use fluorescently labeled EVs, as previously described in Aim 1.1, to track their distribution and retention in vivo using the NEWTON imager. We will compare the bio-distribution and retention of EVs delivered via pumps with those delivered through traditional routes (i.v. and i.p.) to determine the advantages and properties of controlled release. To determine whether the distribution and retention and kinetics of the slow-release is mutp53-dependent, we will compare the mutp53 EVs to KO and WT p53 EVs from PDAC cells. After delineating the most potent time points, EV concentrations and delivery method on the mutp53 EVs, we will use these conditions and compare to KO and WT p53 EVs. We will also determine whether the EVs remain intact for long durations inside the pumps and are able to deposit their molecular cargo in the target organs throughout such periods. To that end, we will measure and analyze EV properties on days 3, 5, 7, 9, 12 and 14 after encapsulating in the pumps. We will use nanoparticle tracking analysis (NTA), tunable resistive pulse sensing (TRPS), electron microscopy (EM) and western blotting (WB) for exosomal markers (CD63, CD9, Alix and TSG101) to corroborate the ability of EVs to remain intact. To investigate whether the cargo is deposited in recipient cells in target organs we will emloy two alternative approaches: a) We will use p53 KO mice (a colony we keep and breed in our animal facility at BGU) and treat them with p53-contianing EVs which we have from a collaboration with the Biotech company Exoprother (see support letter). The company uses EVs that contain p53 from corneal epithelial source. We will encapsulate these EVs inside the pumps, transplant the pumps in p53 KO mice and allow EVs to target the pancreas or liver. In different time points (1-, 3-, 7- and 14-days post pump transplantation) we will harvest the targeted organs and use various methods to detect p53 (the only p53 can come from the EVs since these are p53 KO animals). The methods will include WB, flow cytometry and IHC using designated antibodies against p53 (routinely used in our lab). b) In the second approach, we will insert gold nanoparticles into the EVs as a reporter exosomal cargo. This approach will be supported by Prof. Rachela Popovtzer from the Bar-Ilan University, an expert in nanomedicine and gold nanoparticles (see support letter). The mice will be monitored using a designated micro-CT machine to determine the amount of gold particles deposited in the targeted organs in various time points (1-, 3-, 7- and 14-days post pump transplantation).
Aim 3.3 – To assess the impact of sustained mutp53-EV release on pancreatic properites and tumor progression 
Experimental design and methods: Based on the optimized pump settings from Aim 3.1, we will evaluate the impact of sustained mutp53-EV release on metastatic niche remodeling in the liver and the modulation of the primary tumor site (pancreas). Mice will be implanted with osmotic pumps delivering mutp53-EVs or control EVs (from p53 KO PDAC cells), followed by monitoring of tissue remodeling characteristics at predetermined time points (as in Aim 1.2). Harvested tissues (liver, pancreas) will undergo histological and molecular analysis to assess remodeling of the extracellular matrix, immune cell infiltration, and other markers indicative of pre-metastatic niche formation. Similar to Aims 1.2 and 1.3, techniques such as CyTOF, RNA-seq and immunohistochemistry will be used to provide a comprehensive understanding of tissue dynamics modulated by sustained mutp53-EV exposure. In addition, and based on our preliminary data suggesting that mutp53-EVs affect physiological properties of the pancreas (see preliminary data section, Figure_), we will subject the pancreatic tissues treated with mutp53 EVs to various assessments to detect signs for “fatty pancreas” as well as for pancreatic intraepithelial neoplasia (PanIN). These assessments include weighing the pancreas and measuring its rheological properties using an ElstoSense analyzer (in BGU), staining for oil-red to measure intracellular lipids and conducting full pathological evaluation. The mice treated with mutp53-EVs will be compared to untreated mice and to mice treated with EVs lacking mutp53 as mentioned in Aim 3.1.   
Aim 3.3 – To evaluate the long-term effects of sustained Mutp53-EV release on PDAC metastasis and tumor progression
Experimental design and methods: Similar to Aim 1.3, tumor-bearing mouse models (PANC-1 and KPC) will be used to study the long-term effects of sustained mutp53-EV release on metastasis and tumor growth. EVs will be delivered continuously using programmable pumps, and tumor progression will be monitored via bioluminescent imaging and pathological examinations. Tumor growth, metastatic burden (quantified by luciferase signal and histopathology), and survival will be the primary endpoints. Additionally, molecular markers of metastasis and tissue remodeling will be assessed to determine the impact of sustained mutp53-EV exposure on tumor aggressiveness.
Expected outcomes: Aim 3 will provide critical insights into the benefits of controlled mutp53-EV release for metastatic niche modulation and tumor progression. By establishing a link between sustained EV delivery and enhanced metastatic site remodeling, this research could open new avenues for therapeutic strategies aimed at controlling PDAC metastasis through targeted drug delivery systems encapsulated inside EVs and introduced to specific organ using osmotic pumps in a continuous manner that will maximize the therapeutic effect.
Preliminary results for Aim 3: As illustrated in Figure 8, we implanted osmotic pumps loaded with fluorescently labeled mutp53 EVs intraperitoneally in mice. After three days, we observed significant retention and bio-distribution of the EVs in several organs, notably the liver and lungs, when compared to the dye-only control and free EV injection groups. The fluorescence signal in the organs indicated a more sustained and targeted delivery of mutp53 EVs via the osmotic pumps, compared to the traditional intraperitoneal (i.p.) injection method. Furthermore, to assess the integrity of EVs after prolonged encapsulation, we extracted the EVs from the pumps after 12 days of implantation. The results, shown in Figure 9, demonstrated that the EVs remained intact and maintained their morphology and concentration. This finding is critical, as it suggests that the sustained release of mutp53 EVs via osmotic pumps does not compromise their structural integrity, thereby ensuring consistent bioactivity over extended periods.
[image: ]Figure 8. EVs loaded in osmotic pumps. Fluorescently-labelled mutp53 EVs were loaded into osmotic pumps and implanted intraperitoneally in mice(A). Three days later, several organs were removed and the fluorescent signal was compared to a dye-only control (B, C) and quantified in comparison to free EVs injected i.p (EVS IP) and dye only (DIR) groups.
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Figure 9. EVs remain intact after 12 days inside osmotic pumps implanted in mice. EVs were loaded into osmotic pumps and implanted subcutaneously in mice. Twelve days later, the pumps were removed and their contents were taken out with a syringe for downstream analyses that included NTA for concentration (left panel, cryo-TEM for morphology (middle panel) and negative staining in EM for morphology and quantity (right panel).


	


Potential pitfalls and alternative approaches (1) This study is based on the hypothesis that PDAC cell mutp53 derived EVs modulate metastatic sites and render them 'hospitable' to cancer cells. While this hypothesis might not be true, we have strong evidence from the literature and preliminary data backing up the rationale behind this hypothesis. In addition, to lower the risk, Aim 3 of the proposal is independent and even if Aims 1 or 2 will not be supported by experimental evidence, the third Aim is designed as a standalone section. (2) Technically, to validate that free proteins and RNA complexes pulled down during ultracentrifugation steps are not interfering with our conclusions (i.e., verifying that pure vesicular fractions were used), we will use size-exclusion columns (qEV, Izon Science) and/or density gradient separations (Optiprep-sucrose gradient) followed by NTA and EM.  (3) It is possible that assorted mutp53s will impart distinct functions. Hence, we limited this study to solely querying ‘hot-spot’ GOF Mutp53. We also use both human and murine mutant s and several cellular systems (4) In the described methodology, we only include isogenic comparison between mutp53 and KO p53 PDAC in the human model. The use of WT p53 cells is limited to the murine model since GOF is defined as oncogenic activity on top of the basic loss of tumor suppressor functions of the WT and the dominant –negative effects. (5) It is possible that the uptake of mutp53 derived EVs by lungs/livers will not suffice for cancerous development. Based on previous publications and our preliminary data, this is unlikely, nonetheless, our design will test if additional factors are needed by comparing between in vitro and in vivo results. (6) The bio-distribution of EVs inside the animal might be dramatically affected by the delivery route. Since we focus on PDAC, we aim to find the most efficient manner to deliver EVs into the pancreas, which might not be the case in tail vain and i.p injections. This will be monitored as mentioned above (in vivo imaging of labelled EVs), if the ability to deliver the EVs to the pancreatic tissue will be limited, we will increase the use of intraperitoneal injections as potential routes of delivery into the tissue. (7) While our preliminary data suggest a major role for ITGB4, we also, as can be seen in our preliminary proteomic data, have other candidate integrins if our experimental effort with ITGB4 will not yield positive results. We will employ the same suggested strategy to investigate 7 additional key integrins if needed. (8) EVs loaded for a slow release of two weeks might not be sufficient to stimulate tumorigenesis or metastasis. We will use the iPRECIO pump as a long-term alternative. These pumps can be loaded multiple times and the release could be extended to several months, allowing us to test the effect more comprehensively.
Summary- The project will confirm the discriminatory ability of mutp53 EVs to target specific organ types. We will also decipher the role of key exosomal integrins (such as ITGB4) as a driving force behind aggressive PDAC phenotypes. The findings from this research will have direct clinical implications that could pave the way for personalized medicine approaches and develop non-invasive diagnostic tools. By employing osmotic pumps for controlled EV release, we aim to establish a link between sustained EV delivery and the modulation of the metastatic niche and tumor progression in PDAC. This method holds potential for not only better understanding the role of EVs in cancer progression but also for developing new therapeutic strategies. Ultimately, the comprehensive analysis of EV-mediated communication and integrin biology, coupled with the innovative use of osmotic pumps for sustained delivery, sets the stage for transformative advancements in our understanding of PDAC metastasis and the development of targeted therapies and diagnostic strategies for PDAC and potentially other cancers. 
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