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Abstract 

Triple-negative breast cancer (TNBC) is the most aggressive subtype of breast cancer with 

the worst overall survival, yet viable treatment options are limited.  The majority of TNBC patients 

rely on chemotherapy, which has several side effects and limitations. For example, chemotherapy 

enriches cancer stem cells (CSCs), a subpopulation of cells with a vast potential for self-renewal 

and cell proliferation. CSCs are highly chemoresistant, contributing to tumour recurrence and 

metastasis. Thus, the development of novel therapies for TNBC is a critical area of research. In 

this regard, natural killer (NK) cell-derived extracellular vesicles (NK-EVs) have emerged as a 

promising anti-cancer immunotherapeutic. As NK-EVs are derived from NK cells, they are 

naturally cytotoxic against cancerous cells. The objective of this project is to evaluate the efficacy 

of NK-EVs against TNBC. This study demonstrated that NK-EVs exhibit a short-term dose-

dependent cytotoxic effect on TNBC cell viability through the activation of both apoptotic and 

necrotic cell death pathways. For the first time, this study demonstrated that NK-EV treatment was 

also effective at suppressing TNBC CSC functionality and viability. Additionally, patient-derived 

xenograft (PDX), a three-dimensional tumour model that originates from human patients post-

surgery, were used to validate NK-EV cytotoxicity in a clinically relevant ex vivo TNBC model 

for the first time. Finally, in a TNBC PDX mouse model, NK-EVs administered intratumorally 

accumulated primarily in the tumours. Conversely, intravenous injection of NK-EVs resulted in a 

more systemic distribution of NK-EVs throughout the body, with the major sites of accumulation 

being the liver, spleen, tumour, and lungs at 24 hours. Altogether, these findings suggest that NK-

EVs may have broad implications for the treatment of TNBC and, with further research, could 

potentially improve the prognosis of TNBC patients worldwide. 
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1. Introduction 

1.1. Breast cancer overview 

Breast cancer is the most commonly diagnosed form of cancer and the leading cause of 

cancer-related mortality in women worldwide  [1]. Over the last ten years, the incidence of breast 

cancer has gradually risen, particularly in women under the age of 50 [2]. Now, it is estimated that 

approximately one in four women diagnosed with cancer are found to have breast cancer.  

As breast cancer is a heterogeneous disease, its molecular subtypes are defined by their 

unique genetic profile and the presence or absence of various receptors, specifically the estrogen 

receptor (ER), progesterone receptor (PR), and the human epidermal growth factor receptor 2 

(HER2). These subtypes greatly influence the predicted disease outcome for individual breast 

cancer patients, as well as their response to treatment (Table 1).  

 

Table 1. Patient prognosis for each breast cancer molecular subtype. 

Breast cancer 

subtype 

Incidence rate 

[3] 

Overall 

recurrence 

rate [4] 

Five-year 

overall 

survival [5] 

Common sites of metastasis and their 

prevalence*  

Luminal-A 

(ER+, PR+/-, 

and HER2-) 

50-60% 5.0% 95% Bone (51 - 73%), liver (19.8 – 60.3%) 

[6, 7] 

Luminal-B 

(ER+, PR+/-, 

and HER2-) 

15-20% 7.9% 91% Bone (44.7 – 77.6%), liver (26.2 - 

57.1%) [6, 7] 

HER2-positive 

(ER-, PR-, and 

HER2+) 

15-20% 13.1% 86% Lung (36.1 - 50.0%), liver (29.1 - 

46.2%), brain (30.6 – 55.0%) [6-8] 

TNBC (ER-, 

PR-, and 

HER2-) 

10-20% 16.7% 78% Lung (30.6 - 64.0%), liver (16.6 – 

50.0%), brain (29 - 46% ) [6, 7, 9, 10] 

*Prevalence in patients who are diagnosed with metastatic breast cancer. TNBC: Triple-negative breast cancer, ER: 

estrogen receptor, PR: progesterone receptor, HER2: human epidermal growth factor receptor 2. 
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The most common breast cancer subtype is Luminal-A (ER+, PR+/-, and HER2-), accounting 

for 50-60% of breast cancer cases [3]. Luminal-A presents with low expression of proliferation-

related markers, including Ki-67, translating to a low-grade, slow-growing tumour. Due to the 

presence of hormone receptors on these cells, Luminal-A tumours are receptive to hormonal 

therapies such as tamoxifen and toremifene, alongside chemotherapy. Patients diagnosed with 

Luminal-A tumours tend to have a good clinical outcome with better responses to treatment and a 

low risk of recurrence [4]. 

Luminal-B (ER+, PR+/-, and HER2-) accounts for 15-20% of all breast cancer cases. Although 

phenotypically similar to Luminal-A, Luminal-B tumours express high levels of Ki-67 and other 

proliferation markers. As such, luminal-B tumours are considered higher grade and more 

aggressive [11, 12]. Clinical outcomes for Luminal-B are worse than Luminal-A, with a recurrence 

rate of 7.9% [4]; however, Luminal-B tumours are responsive to hormonal therapy and 

chemotherapy. 

HER2-positive breast cancer (ER-, PR-, and HER2+) accounts for 15-20% of breast cancer 

cases. HER2-positive tumours are typically aggressive, being associated with poorer patient 

outcomes and survival times relative to the luminal subtypes. However, HER2-positive tumours 

are dependent on HER2 functioning for survival. As a result, patients have shown a favourable 

response to HER2-targeted therapies, such as the use of trastuzumab, alongside chemotherapy. 

Approximately 10-20% of breast cancer patients are diagnosed with triple-negative breast 

cancer (TNBC) (ER-, PR-, and HER2-). TNBC is widely considered the most aggressive breast 

cancer subtype, characterized by a worse overall survival rate and the highest risk of recurrence 

[13, 14]. It is estimated that TNBC disproportionately accounts for 30% of all breast cancer-related 

deaths [15]. 
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1.2. Treatment Options for TNBC 

Treatment options for TNBC patients are fairly limited. The absence of ER and PR on TNBC 

cells translates to patients being largely unresponsive to all currently approved hormone-based 

therapies [16]. Furthermore, due to their negligible expression on TNBC cells, all therapies 

targeting HER2 are ineffective as well. As a result, TNBC patients must largely rely on 

conventional treatment options. For stages I – III, surgery and chemotherapy are considered the 

main forms of treatment and may be followed by radiation. For stage IV patients, chemotherapy 

is the primary, and sometimes only, treatment offered. Although chemotherapy is the mainstay 

form of treatment for the majority of TNBC patients, it is associated with severe side effects and 

limitations. For example, chemotherapy is effective against the bulk tumour cells, but it enriches 

cancer stem cell (CSC) populations, increasing the risk of tumour recurrence and distant metastasis 

[17, 18]. Furthermore, TNBC is a highly heterogeneous disease. To date, four distinct TNBC 

subtypes have been identified based on their gene expression: basal-like 1, basal-like 2, 

mesenchymal, and luminal androgen receptor [19, 20]. As a result, chemotherapy is not universally 

effective for TNBC, with each subtype exhibiting a varied response to treatment [16, 20, 21].  

For some advanced TNBC patients, chemotherapy combined with pembrolizumab 

(Keytruda) has been approved. Pembrolizumab is an immunotherapy that targets the immune 

checkpoint molecule programmed cell death protein 1 (PD-1). PD-1 is a receptor highly expressed 

on T cells that interacts with programmed cell death ligand-1 (PD-L1) on cancer cells, resulting in 

a suppression of the anti-tumour immune response. Pembrolizumab works by blocking PD-1,  

preventing the interaction between PD-L1 and PD-1, to restore the immune response against 

cancer cells. The results from a phase III clinical trial reported that the addition of pembrolizumab 
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to chemotherapy raised the median overall survival from 16.1 months to 23.0 months when 

compared with chemotherapy alone [22]. Unfortunately, pembrolizumab is only effective against 

cells expressing PD-L1, amounting to only 20% of all TNBC patients [23].  

In patients with recurrent metastatic TNBC, the antibody-drug conjugate sacituzumab 

govitecan (Trodelvy) may be considered for the targeted delivery of chemotherapy to the tumour 

site. In a phase III clinical trial, sacituzumab govitecan raised the median overall survival of 

metastatic TNBC patients to 5.6 months relative to 1.6 months for patients treated with 

chemotherapy alone [24]. Beyond this, no other viable treatment options have been approved for 

TNBC patients, demonstrating a critical need for the development of novel therapeutic options. 

 

1.3. Cancer stem cells in TNBC 

1.3.1. CSC characteristics 

TNBC’s aggressive nature is in part attributed to their CSC population, which is found to be 

elevated relative to the other breast cancer subtypes [25]. CSCs are a subpopulation of cancer cells 

with a vast potential to undergo self-renewal and differentiation, and have the capacity to initiate 

tumour growth. CSCs present with a higher level of ATP binding cassette (ABC) transporters, 

increasing the efflux of small molecules like chemotherapy out of the cell and contributing to their 

drug resistance [26]. The increase in ABC transporters, coupled with their natural quiescence, 

translates to CSCs being largely resistant to chemotherapy [27]. Additionally, advanced-stage 

tumours often harbour closely related subtypes of CSCs. These clonal phenotypes are largely 

shaped by their differential exposure to the tumour microenvironment (TME) and mutations 

gained over time, increasing the tumour’s complexity and diversity [28]. As an example, if 

chemotherapy is effective against one clonal subtype, the other CSC clones may continue 



5 

 

proliferating unharmed, ultimately favouring the selection of chemoresistant cancer cells. 

Therefore, effective treatment options must be able to target a diverse array of cells, including the 

CSC clones, to eliminate the entire tumour population and prevent recurrence. 

A key characteristic of CSCs is their ability to undergo the epithelial-mesenchymal transition 

(EMT). EMT is a cellular process through which epithelial-like cells acquire a mesenchymal-like 

phenotype; this phenomenon typically includes cytoskeleton rearrangement, dissolution of cell-

cell junctions, and changes in the cell’s overall morphology [29]. In the mesenchymal-like state, 

cells have increased migratory capabilities and are involved in embryogenesis, tissue repair, and 

fibrosis [30]. In the context of cancer, CSCs upregulate EMT to promote cell migration and the 

invasion of new tissue, implicating them in metastasis and drug resistance [29, 31]. Furthermore, 

CSCs exhibit plasticity and their morphology is highly reversible. Thus, CSCs can revert to their 

epithelial-like state through the mesenchymal-epithelial transition (MET). Epithelial-like CSCs 

are associated with increased tumorigenesis, allowing for tumour initiation and growth [32]. 

Ultimately, CSCs utilize both EMT and MET to promote their continued survival in the body. 

 

1.3.2. Epithelial-like CSCs 

Epithelial-like CSCs highly express aldehyde dehydrogenase 1 (ALDH1), a group of 

cytosolic enzymes involved in the oxidation of aldehydes to carboxylic acids. As a result, ALDH1 

is heavily involved in cellular detoxification. ALDH1 is highly expressed in hepatocytes, but is 

also present in various tissues throughout the body. In stem cell populations, ALDH1 is implicated 

in cell differentiation through its conversion of retinaldehyde to retinoic acid [33]. Interestingly, 

ALDH1 is often upregulated in a variety of cancers, including breast cancer [34]. High expression 

of ALDH1 in CSCs is associated with drug resistance, tumour recurrence, and poorer overall 
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survival [32, 34]. ALDH1high CSCs have demonstrated an immense potential for tumour initiation, 

where Ginestier et al. found that as few as 1500 ALDH1high cells were capable of forming a tumour 

in vivo [32]. Conversely, the injection of cells lacking ALDH1 did not develop any tumours over 

the course of observation. 

 

1.3.3. Mesenchymal-like CSCs 

Mesenchymal-like CSCs are characterized by a high expression of cluster of differentiation 

(CD) 44 and a low expression of CD24, and are typically found towards the tumour’s edge [35, 

36]. CD44 is a non-kinase transmembrane proteoglycan expressed on several cell types, including 

B cells, T cells, and natural killer (NK) cells. CD44 activation promotes cell survival, motility, and 

drug resistance [37]. CD24 is a cell surface adhesion glycoprotein involved in cell adhesion and 

metastasis that is more highly expressed on differentiated cancer cells than CSCs [38]. In breast 

cancer, CD44 expression on CSCs has been found to promote EMT [39]. Al-Hajj et al. 

demonstrated that the injection of only 100 CD44high/CD24low breast cancer cells into a mouse 

model was sufficient for tumour development, demonstrating this subpopulation’s high potential 

for tumorigenesis [31]. Furthermore, other studies have demonstrated that CD44 promotes 

metastasis and tissue invasion in a breast cancer model, making it a central component of CSC 

functioning [40, 41].  

 

1.3.4. Mesenchymal-like stem cells and the YAP/TAZ pathway 

The functioning of mesenchymal-like CSCs is dependent upon several signaling pathways, 

including the YAP (Yes-associated protein)/TAZ (tafazzin) pathway [42]. YAP/TAZ functioning 

is dependent upon its regulation by Hippo, a signaling pathway that, when activated, triggers a 
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downstream kinase cascade (Figure 1). Hippo signaling can be activated or inhibited through 

several pathways, such as changes in cell polarity or cell density, the introduction of soluble 

factors, cellular stress, and mechanical cues [43]. Active Hippo signaling inhibits YAP/TAZ 

nuclear localization, regulating its functioning in cells. When Hippo signaling is off, transcriptional 

coactivators YAP and TAZ bind to the transcription factor TEAD (transcriptional enhanced 

associate domain) in the nucleus. This promotes the expression of various genes, including Ctgf 

(connective tissue growth factor) and Cyr61 (cysteine-rich angiogenic protein 61). YAP-

associated genes promote cell proliferation, cell survival, stem cell self-renewal, and EMT [44-

46]. Furthermore, CD44 regulates YAP/TAZ activity through the activation of RhoA, a GTPase 

[47, 48]. CD44 increased YAP/TAZ activity and translocation to the nucleus, upregulating 

subsequent gene expression. 
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Figure 1. The YAP/TAZ signaling pathway in mammalian cells.  

In the absence of Hippo signaling, YAP/TAZ complexes with TEAD in the nucleus to promote 

YAP-associated gene expression, leading to cell proliferation, survival, and stemness. CD44 

activation can promote YAP expression and localization to the nucleus through activation of 

RhoA. Alternatively, when Hippo signaling is active, MST1/2 and SAV1 are phosphorylated, 

leading to phosphorylation of MOB1 and LATS1/2, followed by YAP/TAZ. Phosphorylated 

YAP/TAZ can either complex with 14-3-3 for cytoplasmic retention or be targeted for proteasomal 

degradation. This figure was created using BioRender. 
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In the context of TNBC, YAP/TAZ overexpression promotes tumorigenesis and metastasis 

and is associated with a shortened overall survival in patients [49-52]. Furthermore, YAP/TAZ 

overexpression promotes several characteristic CSC functions, including tumour initiation and 

EMT [44, 53]. Targeting of YAP/TAZ in a TNBC model suppressed both the bulk tumour and 

CSC populations, suppressing further tumour growth and tumour initiation through secondary 

transplantation [54, 55]. Thus, targeting both the bulk tumour cells and the CSCs, particularly 

through critical signaling pathways such as YAP/TAZ, is necessary to eliminate the entire tumour 

population and prevent tumour recurrence. 

 

1.4. Natural killer cell-derived extracellular vesicles for cancer treatment 

1.4.1. Extracellular vesicle biology 

Extracellular vesicles (EVs) refer to all nano- or micro-sized particles enclosed by a lipid 

bilayer that are produced and secreted by cells into the extracellular environment. Depending on 

their biogenesis pathway, EVs are traditionally classified as exosomes, microvesicles/ectosomes, 

or apoptotic bodies based on the MISEV (minimal information for studies of extracellular vesicles) 

guidelines (Table 2) [56]. Several studies refer to EVs by their subclassifications (e.g. exosomes, 

ectosomes, microvesicles) based on their general size range. This nomenclature is generally 

discouraged by the current MISEV guidelines. No strict upper or lower size limits have been 

established for the EV subclasses, with some overlap identified in their general size range. Unless 

the biogenesis pathway has been clearly identified, MISEV encourages the name EV for all 

particles with a cellular origin. Each biogenesis pathway and subclass is enriched in different 

proteins, which may be used for EV classification. However, this is an understudied area of 

research and may be considered in the future when more research is done. 
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Table 2. Traditional EV classification according to the MISEV guidelines. 

EV classification Size range Biogenesis pathway 

Exosome  

 

30 – 150 nm Formed through inward budding of the early endosome, which 

matures into a multivesicular endosome and can fuse with the 

plasma membrane to release its content. 

Microvesicle/ 

ectosomes 

100 nm – 1 µm Outward budding of the plasma membrane. 

Apoptotic bodies 50 nm – 5 µM Released from a cell undergoing apoptosis. 

This table was adapted from Welsh et al. [56]. 

 

EVs are major facilitators of intercellular communication, possessing the ability to be 

released and taken up by every cell in the body. Conversely, the overall composition of EVs is 

directly influenced by their cellular origin and exposure to the extracellular environment. For 

example, cancer-derived EVs have been shown to promote tumorigenicity and the 

immunosuppressive nature of the tumour microenvironment (TME) through the transportation of 

anti-inflammatory cytokines, suppressing various immune cells such as the natural killer (NK) 

cells and dendritic cells [57]. Conversely, immune cell-derived EVs can stimulate the surrounding 

immune cells, boosting the anti-tumour immune response [58-60]. 

EV-based therapy offers numerous benefits over its cell-based counterparts. Due to their 

small size, inherent stability, and high biocompatibility, EVs are capable of travelling through the 

circulatory system to almost any site in the body. Several studies have even shown that EVs can 

bypass the blood-brain barrier [61-66]. Approximately 29 – 46% of TNBC patients experience 

brain metastasis, which is currently considered untreatable (Table 1) [6, 7, 9, 10]. Thus, EV 

treatment that can reach the brain could have major therapeutic implications for these cases. 

Additionally, cell therapies like CAR-T are associated with several safety issues, such as cytokine 

release syndrome, and are more susceptible to hijacking by the TME, leading to the unintentional 

promotion of tumour growth [67, 68]. Current clinical studies using EVs in humans demonstrated 
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that EVs were generally safe, with a low incidence of adverse events (e.g. vomiting, fever, liver 

dysfunction) occurring in patients [69]. Although more research is needed, EVs currently 

demonstrate promise as a safe treatment option in humans. Finally, EVs are unable to self-replicate 

(i.e. finite payload) and are thus unresponsive to the hypoxic and immunosuppressive conditions 

of the TME, an issue that has limited the efficacy of cell-based therapies for solid tumours relative 

to other hematological cancers (e.g. leukemia, lymphoma) [70, 71]. 

 

1.4.2. Natural killer cell-derived extracellular vesicles 

EVs derived from immune cells, particularly NK cells, have emerged as a promising anti-

cancer immunotherapeutic. NK cells are a class of lymphocytes that are released as part of the 

innate immune response. NK cells are enriched in cytotoxic molecules (e.g. perforin, granzyme 

A/B, FasL) and cytokines (e.g. TNF-α, IFN-γ) that facilitate their ability to lyse damaged, virally 

infected, and diseased cells upon recognition. NK cell activation is tightly regulated and dependent 

upon the binding of activating (e.g. NKG2D) and inhibitory (e.g. NKG2A) receptors, as well as 

recognition of self and non-self markers on external cells. To date, NK cell therapy has shown 

great promise against various hematological cancers [72, 73]. However, NK cell therapy has not 

been as effective against solid tumours [74]. In particular, NK cells have exhibited poor trafficking 

and tumour infiltration, largely due to the immunosuppressive nature of the TME [71, 75]. 

Additionally, the TME promotes the activity of immunosuppressive cells (e.g. regulatory T cells, 

M2-like tumour-associated macrophages), further impairing the NK cells’ functioning.  

 To overcome this hurdle, more research has investigated NK cell-derived EVs (NK-EVs)  

as an anti-cancer therapeutic. NK-EVs possess a cytotoxic profile representative of their parental 

cell and are naturally capable of killing cancerous cells (Figure 2) [76, 77]. Several studies have 
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demonstrated that NK-EVs exhibit a dose-dependent and time-dependent effect on cancer cell 

viability, including glioblastoma [78, 79], skin cancer [80, 81], colorectal cancer [79, 81-83], 

leukemia [77, 84-88], and breast cancer [76, 78, 79, 81, 82, 86, 87, 89, 90]. Furthermore, NK-EVs 

have been tested against various breast cancer cell line-based mouse models and have 

demonstrated the ability to suppress and possibly reduce tumour growth [76, 79, 91, 92]. Thus, 

NK-EVs could be an effective treatment against more difficult-to-treat cancers like TNBC. 

Furthermore, McCune and Kornbluth demonstrated for the first time that NK-EVs were effective 

against a subpopulation of treatment-resistant leukemic cells with a CSC-like phenotype [86]. 

Thus, NK-EVs may be effective against both the bulk tumour cells and CSCs, allowing for a 

complete knockdown of the entire tumour cell population.  

 

 
Figure 2. Representative schematic of the NK-EV’s composition.  

This figure was adapted from results found in [76, 77, 79]. This figure was created using 

BioRender. 
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1.5. A clinically relevant TNBC model to assess the NK-EVs’ anti-cancer properties 

Current studies investigating NK-EVs in a cancer model have mainly relied upon cell line-

based models in vitro and in vivo. Although these models are informative, they are not entirely 

indicative of a therapeutic’s clinical success. Cancer cell lines have several limitations, including 

their high mutation frequency, homogeneity, lack of tumour architecture and vasculature, lack of 

stromal cells and extracellular components, and a tendency to adapt to in vitro conditions during 

culturing, making them less reflective of their tumour origin over time [93]. As of 2016, the NCI 

has ceased testing of novel cancer therapeutics using the NCI-60, a panel of 60 human cancer cell 

lines, in favour of a more clinically relevant platform, patient-derived xenografts (PDX) [94]. 

PDX refers to tumour tissue taken from a human patient that is subsequently implanted and 

grown in an immunocompromised or humanized mouse model. PDX tumours preserve the original 

tumour’s architecture, heterogeneity, organization, vasculature, and stromal/extracellular 

components [93, 95]. Therefore, PDX models are more reflective of human patient tumours and 

in-patient response to treatment [96-100].  

PDX models have some limitations that must be considered for preclinical research. For 

example, PDX fragments can’t be passaged (i.e. transplanted in vivo for propagation) more than 

4-5 times, as the risk for mouse stromal cell infiltration increases too greatly [93]. Additionally, 

PDX models are primarily transplanted into mice with severe immunodeficiencies. These models 

are not feasible for immunotherapy studies as they lack the necessary lymphocytes for assessment. 

Instead, syngeneic tumour mouse models are the most commonly used preclinical model for 

testing immunotherapy. Humanized mouse models implanted with PDX fragments may also be 

used for the assessment of immunotherapies, being one of the best preclinical models for cancer 

research [101, 102]. 
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1.6. Rationale, Hypothesis, and Objectives 

1.6.1. Research rationale 

To date, limited research has been done investigating the therapeutic efficacy of clinical-

grade NK-EVs in a TNBC model and none have used a clinically relevant model such as the PDX 

platform, both in vivo and ex vivo. Thus, this project is focused on investigating the efficacy and 

cytotoxic mechanism of action (MoA) of NK-EVs against TNBC bulk tumour cells and CSCs 

using a variety of clinically relevant models. 

 

1.6.2 Hypothesis 

NK-EVs will suppress the growth of TNBC cells and CSCs to potentially mitigate the risk 

of tumour relapse (Aim 1), as well as inhibit the growth of ex vivo PDX organotypic cultures (Aim 

2).  

 

1.6.3. Objectives 

Aim 1: Determining the cytotoxicity of NK-EVs against TNBC cells (Aim 1.1) and assessing 

their impact on the CSC populations in vitro (Aim 1.2).  

Aim 2: Assessing the NK-EVs' ability to control the growth of TNBC PDX tumour fragments 

ex vivo (Aim 2.1) and their biodistribution following either intravenous (IV) or intratumoral (IT) 

administration (Aim 2.2).   
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2. Materials and Methods 

2.1. Cell culture parameters 

NK92-MI cells (ATCC, CRL-2408) were maintained and cultured in serum-free, xeno-free, 

and feeder-free ImmunoCult™-XF T Cell Expansion Medium (Stemcell Technologies, 

cat#10981). FreeStyle™ 293F cells (Thermo Scientific; R790-07) were cultured and maintained 

in FreeStyle™ 293 Expression Medium (Gibco, cat#12338018) on a shaker platform. Breast 

cancer HCC70 cells (ATCC, CRL-2315™) were cultured in RPMI-1640 with GlutaMAX™ 

(Gibco, cat#61870-036) with 10% Heat Inactivated Fetal Bovine Serum (HI-FBS, Gibco, 

cat#12484-028). Breast cancer MDA-MB-231 cells (ATCC, CRM-HTB-26™), breast cancer 

MDA-MB-468 cells (ATCC, HTB-132™) and breast cancer BT-474 cells (ATCC, HTB-20™) 

were cultured in Ham's F-12 Medium (Corning, cat#10-080-CV) and high glucose DMEM with 

GlutaMAX™ (Gibco, cat#10566-016) at a 1:1 ratio with 10% HI-FBS. Breast cancer SUM149PT 

cells (Asterand, 51082) were cultured in Ham’s F-12 Medium with 10% HI-FBS, 10 mM HEPES 

(Gibco, cat#15630-080), 5 µg/mL of hR Insulin (Gibco, cat#12585-014), and 1 µg/mL 

hydrocortisone (Sigma, cat#H4001). Breast cancer BT-549 cells (ATCC, HTB-122™) were 

cultured in RPMI-1640 with 10% HI-FBS, 10 µg/mL hR Insulin (Gibco, cat#12585-014). Breast 

cancer MCF7 cells (ATCC, HTB-22™) were cultured in EMEM Medium (ATCC, Cat#30-2003) 

with 10% HI-FBS, 10 µg/mL hR Insulin (Gibco, cat#12585-014). Breast MCF10A cells (ATCC, 

CRL-10317™) were cultured in MEGM™ Mammary Epithelial Cell Growth Medium BulletKit™ 

(Lonza, cat#CC-3150) with all supplements except GA-1000. All adherent cells were passaged 

using TrypLe select (Gibco, cat#12563-029) after washing the cells with sterile Dulbecco’s 

phosphate-buffered saline without Ca2+/Mg2+ (DPBS-/-, Gibco, cat#14190250). The E-cadherin+ 

MDA-MB-231 cell line variant was generated and maintained as detailed by Sulaiman et al. [54]. 
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Cell lines were cultured at 37°C in a 5% CO2 incubator and passaged every 2 - 3 days, except the 

293F cell line, which was cultured at 37°C in an 8% CO2 incubator. Cell counts were performed 

on the Cellometer Auto 2000 Viability Counter (Nexcelom BioScience LLC) using the ViaStain 

Acridine Orange and Propidium Iodide (AO/PI) Staining Solution (ESBE Scientific, cat#CS2-

0106) with the immune cell AO/PI program (channel 1: 470/535 nm for 0.5 s of exposure and 

channel 2: 540/605 nm for 3 s of exposure). The PCR detection kit assessed all cell lines for 

mycoplasma contamination (Abcam, cat#ab289834). 

 

2.2. NK-EV production from the NK92-MI cell line 

The NK-EVs used in this study were produced from the NK92-MI cell line using a large-

scale biomanufacturing workflow that adheres to Good Manufacturing Practices, as previously 

described by our lab [103]. Briefly, the NK-EVs were manufactured from NK cells cultured in a 

hollow fibre bioreactor (HFB), allowing for the generation of a large quantity of clinical-grade 

NK-EVs. NK cells were maintained in serum-free, xeno-free, and feeder-free ImmunoCult™-XF 

T Cell Expansion Medium. NK cells were expanded in the HFB cartridge and harvested once they 

reached confluency (~5-7 days post-seeding). EV-rich conditioned media was collected twice 

daily and stored at -80°C for further processing. 

 

2.3. NK-EV isolation and characterization 

The NK-EVs used in this study were isolated from the EV-rich CM and characterized as 

previously described by our lab [103]. Briefly, the EV-rich CM was centrifuged after thawing and 

then incubated for 4 h at 37°C with 50 U/mL Benzonase Nuclease (Millipore Sigma, cat#E1014-

25KU) and 1.5 mM of MgCl2 (Millipore Sigma, cat#M1028) while moderately shaking for nucleic 
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acid digestion. Size exclusion chromatography-based processing was then performed on the 

AKTA Fast Protein Liquid Chromatograph (GE Lifesciences, cat#29022094). The obtained 

solution was concentrated using a pre-equilibrated 10 kDa Centricon Plus-70 Centrifugal Filter - 

regenerated cellulose membrane (Millipore Sigma, cat#UFC701008). Purified NK-EV samples 

were then analyzed using the NanoSight NS300 (V3.4 software; Malvern, UK). For capture 

settings, the camera level was set to 14 and the detection threshold to 15 for analysis. The obtained 

concentrations were used to calculate the proper dosage for all experiments described. Protein and 

dsDNA levels were quantified using the Qubit 4 Fluorometer (Invitrogen, cat#Q33239) as per the 

manufacturer’s instructions. 

 

2.4. Potency evaluation using the PrestoBlue viability assay  

A week before the cytotoxic co-culture assay, the various target cells were cultured as per 

the “Cell culture parameters” section. The procedure for the PrestoBlue viability assay was 

previously described by St. Denis-Bissonnette et al. with some modifications [87]. Using a 96-

well Flat Clear Bottom Black Polystyrene TC-treated Microplates (Costar, cat#3603), 1500 

adherent cells were seeded per well using a pipette repeater and technical triplicates. Cells were 

maintained in Fluorobrite DMEM (Gibco, cat#A18967-01). Adherent cells were allowed to settle 

into the plate for 18 - 24 hours at 37°C with 5% CO2 before adding effector EVs. Untreated cells, 

1X of Triton-X 100 (Sigma, cat#T-9284) detergent-treated cells, 10 µM Paclitaxel (PTX; 

Caymanchem, cat#10461-25)-treated cells and 293F-EVs-treated cells were used as controls. 

Except for the time course experiment, the PrestoBlue™ HS Cell Viability Reagent Assay 

(Invitrogen, cat#P50200) was added to each well (1X) after 4 hours of treatment, where plate 

incubation was performed at 37°C in a 5% CO2 incubator and protected from light (60 min 
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incubation). Fluorescence was measured (Ex/Em 560/590 ± 9 nm) with a Microplate Reader 

(BioTek Synergy H1 Multimode Reader; cat#SH1M2G-SN; Gen5 software V3.14), temperature 

stabilized at 37°C to reduce temperature variation on fluorescence measurements. Before 

acquisition, the plate reader mixed the plate for 30 seconds at 350 - 500 RPM to homogenize the 

content in each well. Technical replicates were averaged for analysis and then corrected for 

background before performing a dose-response analysis using a non-linear regression for 

inhibition effect, showing the log(inhibitor) vs. normalized response – EC50 (half maximal 

effective concentration) curve. 

 

2.5. Plate-based evaluation of cell death pathways following NK-EV treatment  

A week before the cytotoxic co-culture assay, the various target cells were cultured as per 

the “Cell culture parameters” section. Using a 96-well Flat Clear Bottom Black Polystyrene TC-

treated Microplates (Costar, cat#3603), 1500 adherent cells were seeded per well using a pipette 

repeater; technical duplicates. Cells were maintained in Fluorobrite DMEM (Gibco, cat#A18967-

01) at 37°C with 5% CO2, where the final well volume was normalized to 100 or 200 µL (assay 

dependent). Adherent cells were allowed to settle into the plate for 18 - 24 hours before adding 

effector EVs. Untreated cells, 1X of Triton-X 100 (Sigma, cat#T-9284) detergent-treated cells, and 

10 uM PTX (Caymanchem, cat#10461-25)-treated cells were used as controls. For continuous 

measurement, we used 1X RealTime-Glo™ Annexin V Apoptosis (luminescence) and Necrosis 

(fluorescence; Ex/Em 485/525 ± 9 nm) Assay (Promega, cat#JA1011). Detailed caspase activity 

was measured after 90 minutes of treatment using the Cell Event Caspase 3/7 Green Detection 

Reagent, the Caspase-Glo® 8 (luminescence) Assay Systems (Promega, cat#G8201), and the 

Caspase-Glo® 9 (luminescence) Assay Systems (Promega, cat#G8211), where 60 µM MG-132 
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Inhibitor was used to reduce background for both luminescence assays. Readings were made using 

a prewarmed Microplate Reader (BioTek Synergy H1 Multimode Reader; cat#SH1M2G-SN; 

Gen5 software V3.14). Before acquisition, the plate reader mixed the plate for 30 seconds at 350 

RPM to homogenize the content in each well. For analysis, technical duplicates were averaged and 

then corrected for background. 

 

2.6. Tumorsphere formation assay 

 A week before the cytotoxic co-culture assay, the various target cells were cultured as per 

the “Cell culture parameters” section. The procedure for the tumorsphere formation assay was 

previously described by Mediratta et al., with slight modifications [104]. 1500 E-cadherin+ MDA-

MB-231 or 2500 SUM149PT cells were seeded into a 96-well ultra-low attachment plate and 

maintained in 1:1 DMEM and Ham’s F-12 (Wisent, cat#318-010-CL) supplemented with 2% B27 

(Gibco, cat#17504044), 1% sodium pyruvate (Gibco, cat#11360070), 1% penicillin/streptomycin 

(cat#SV30010), 20 ng/mL basic fibroblast growth factor (R&D Systems, cat#234-FSE), and 20 

ng/mL epidermal growth factor (R&D Systems, cat#236-EG). Effector EVs were added to the 

plate and allowed to co-incubate with their treatment for 72 hours. Tumorsphere viability was 

determined using the PrestoBlue viability assay as described in the “Potency evaluation using the 

PrestoBlue viability assay” section. 

 

2.7. Quantitative reverse transcriptase polymerase chain reaction (RT-qPCR) 

A week before treatment began, the MDA-MB-231 cells were cultured as per the “Cell 

culture parameters” section. 3 x 105 cells were seeded into 6-well plates and allowed to settle in 

the plate for 18 – 24 hours prior to treatment. Total RNA was extracted using the RNeasy Mini kit 
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(Qiagen, cat#74106). cDNA was obtained from RNA using the iScript cDNA Synthesis Kit (Bio-

Rad, cat#1708891) as per the manufacturer’s instructions. Gene expression was measured using 

the CFX Opus 96 Real-Time PCR System (Bio-Rad, cat#12011319) in a reaction mixture 

consisting of 50% SyBr Green Supermix (Bio-Rad, cat#1708882), 37.5% RNAse-free water 

(Qiagen, lot#166033558), 5% forward and reverse primers (all primers were purchased from 

Eurofin Genomics), and 2.5% cDNA. The RT-qPCR script followed was: 1) 1 minute and 30 

seconds at 95°C,  2) 10 seconds at 95°C, 3) 30 seconds at 60°C and plate read, 4) 30 seconds at 

72°C, 5) return to step 2 45X. Specific forward and reverse primers are listed in Supplemental 

Table 1. The results were normalized to the GAPDH (Glyceraldehyde 3-phosphate 

dehydrogenase) housekeeping gene, and the relative fold changes in gene expression were 

calculated using the 2ΔΔCT method.  

 

2.8. Live-cell imaging 

MDA-MB-231 cells were tagged with red fluorescent protein (RFP) by lentiviral 

transduction of Incucyte Nuclight Red (Sartorius, cat#BA-04887), followed by puromycin (Tocris 

Bioscience, cat#4089) selection. A week before treatment began, RFP+ MDA-MB-231 cells were 

cultured as per the “Cell culture parameters” section for the MDA-MB-231 cell line. Cells were 

dissociated, filtered through a 40 µM strainer (Bio Basic, cat#SP104151), and resuspended in 

DPBS-/- supplemented with 2% FBS and 2mM EDTA. To reduce non-specific binding, mouse 

anti-human IgG Fc (Thermo Fisher, cat#05-4220) was added at 4°C for 10 minutes. Cells were 

incubated with BV-650 mouse anti-human CD44 (BD Biosciences, cat#743665) and PE mouse 

anti-human CD24 (BD Biosciences, cat#555428) according to the manufacturer’s instructions. 

Fluorescence-activated cell sorting (FACS) into the CD44high/CD24low and non-CD44high/CD24low 
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cells was conducted using the SH800 Cell Sorter (Sony, San Jose, USA). Sorted cells were seeded 

back and cultured for 24 hours before live cell imaging began. Cells were seeded into a TC-treated 

96-well plate (1.5 × 103 cells/well) and incubated with green Annexin-V (Sartorius, cat#4642) for 

live cell imaging in the Sartorius Incucyte S3 for 96 hours. Treatment occurred immediately after 

the first images were captured at the 0 h time point.   

 

2.9. Evaluation of NK-EVs against TNBC PDX organotypic slice cultures 

HCI-001, HCI-002, HCI-010, and HCI-15 tumour fragments were obtained from the 

University of Utah, where they were previously characterized (Table 3) [105]. 2 x 2 mm PDX 

fragments were incubated in 24-well plates (i.e. organotypic slice culture) and allowed to settle in 

the plate for 18 – 24 hours before beginning treatment. Over a five-day period, PDX fragments 

were treated every 24 hours with NK-EVs (1 × 1011 EVs/mL), 10 nM PTX, a combination of NK-

EVs and PTX, or left untreated. Viability assessment was performed daily using the PrestoBlue 

viability assay as detailed in the “Potency evaluation using the PrestoBlue viability assay” 3 hours 

after the reagent was added.   
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Table 3. Summary of tested TNBC PDX lines. 

Sample ID Patient 

demographic 

Collection source Pre-collection systemic treatment Clinical 

metastasis 

HCI-001 40-year-old 

Caucasian; IDC 

(stage IV) 

Primary breast 

tumour 

Paclitaxel 2007 Lung 

HCI-002 61-year-old 

Caucasian; IDC 

Primary breast 

tumour 

None Bone, lymph 

node, lung 

HCI-010 49-year-old 

Caucasian; IDC 

Pleural effusion Cyclophosphamide; doxorubicin; 

paclitaxel 2007; liposomal 

doxorubicin 2008; zolendronic acid 

2008; Capecitibine 2008-2009; 

docetaxel 2008 

Lung 

HCI-015 49-year-old 

Caucasian; IDC 

Brain metastasis doxorubicin, cyclophosphamide, 

paclitaxel 2010 

Brain 

This table was adapted from Guillen et al. [105]. IDC: Invasive ductal carcinoma 

 

To evaluate caspase 3/7 activation, 2 x 2 mm PDX fragments were seeded in 24-well plates 

and allowed to settle for 18 – 24 hours before beginning treatment. The caspase 3/7 detection assay 

was performed as per the “Plate-based evaluation of cell death pathways following NK-EV 

treatment”. 

 

2.10. In vivo investigation of NK-EVs in a TNBC PDX mouse model 

 Non-obese diabetic/severe combined immunodeficiency (NOD-SCID) gamma (NSG) 

mice were purchased from the Jackson Laboratory (strain #005557). All experimental and 

breeding work was performed in pathogen-free conditions according to guidelines set by the 

Animal Care Committee at the University of Ottawa (BMIb-4265 and BMIe-4035). HCI-002 

tumour fragments (2 x 2 mm) were surgically implanted onto the mammary fat pad of NSG mice. 

Over the course of development, body weight was measured, and tumour growth was monitored 

three times a week using calipers.  
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For the biodistribution study, once tumours reached a mean diameter of 1 cm, the mice 

were injected IV or IT. All injected compounds were labelled with DiR (1,1'-Dioctadecyl-3,3,3',3'-

Tetramethylindotricarbocyanine Iodide; Invitrogen, cat#D12731). Briefly, following SEC-based 

fractionation, DiR was combined with the collected EV aliquots and incubated for 15 – 20 minutes 

at room temperature, followed by ultrafiltration as described in the “NK-EV isolation and 

characterization” section.  

Post-injection, live fluorescent imaging of the mice in the supine position was conducted 

using the DiR channel (filter position: F-800, lighting: 740 nm, aperture: 5.6, exposure time: 0.1 

seconds) on the Newton 7.0 FT500 (Vilber, Marne-la-Vallée, France) at the following timepoints: 

0 hours, 1 hour, 6 hours, and 24 hours. Before imaging, the mice were anesthetized with 2-3% 

isoflurane. At the 24-hour timepoint, the mice were humanely euthanized, and the tumours and 

major organs (heart, lungs, liver, spleen, kidneys, and brain) were harvested and underwent 

fluorescent imaging using the DiR channel. 

 

2.11. Statistical analysis 

 Data were expressed as the means ± the standard error of the mean (SEM). The number 

of experimental and technical replicates used is indicated in the figure legends. Statistical analyses 

were performed using GraphPad Prism version 7.0 (GraphPad Software Inc., LaJolla, CA, USA), 

where a p-value of < 0.05 was considered statistically significant and significance differences were 

marked with a single (p< 0.05), double (p< 0.01), triple (p< 0.001), or quadruple (p< 0.0001) 

asterisk. One-way or two-way analysis of variance (ANOVA) was conducted, followed by post 

hoc tests (Tukey's or Sidak’s multiple comparisons).  
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3. Results 

3.1. NK-EV Production and characterization 

In this study, NK-EVs were produced from the NK92-MI cell line using a previously 

characterized hollow-fibre bioreactor (HFB)-based workflow (Figure 3) [77, 103]. The HFB’s 

three-dimensional design allows for the continuous production of billions of cells in a closed-loop 

system, increasing the total EV yield obtained over time. Quality assessment was regularly 

conducted to ensure that cells in culture were healthy. NK-EVs were isolated and purified from 

the collected CM using size-exclusion chromatography and ultrafiltration. Following the same 

protocol, our group has previously reported obtaining 1.0 – 1.5 mL of NK-EV product with a final 

concentration of at least 1 × 1012 EVs/mL, quantities that are more than sufficient for preclinical 

research [103]. Before any further experimentation, nanoparticle tracking analysis as well as 

dsDNA and protein quantification were performed to characterize the NK-EV product. 

 

 
Figure 3. Biomanufacturing of NK-EVs in a closed-loop HFB with scalable isolation 

workflow. 

SF: serum-free, XF: xeno-free, FF: feeder-free. This figure was reused from St-Denis-Bissonnette 

et al., with permission from the Journal of Visualized Experiments [103]. 
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3.2. NK-EVs exhibit cytotoxicity against multiple TNBC cell lines 

3.2.1. Dose-dependent effect of NK-EVs on TNBC cells. 

To investigate the dose-dependent effect of NK-EVs, a cytotoxic co-culture assay using the 

previously validated PrestoBlue HS cell viability assay was employed (Figure 4A) [87]. Several 

TNBC cells representing different morphologies (basal-like 1: MDA-MB-468; basal-like 2: 

SUM149-PT, HCC70; mesenchymal-like: BT-549; mesenchymal-like stem cells: MDA-MB-231) 

were included for analysis. Additionally, non-TNBC cell lines (luminal A: MCF7, HER2-positive: 

BT-474, healthy epithelial breast cells: MCF10A) were included for comparison. Paclitaxel (PTX), 

an approved chemotherapy for TNBC, and 293F cell-derived extracellular vesicles (293F-EVs), 

which lack cytotoxic granules, were included as a positive and negative control, respectively. 

Untreated and 1% Triton-X-treated cells were included as live and dead controls, respectively. 

Following five hours of co-incubation, NK-EV treatment of all TNBC cell lines exhibited a 

dose-dependent effect on cell viability, achieving an average log(EC50) of 9.77 ± 0.14 particles/mL 

(Figure 4B-J). Conversely, the dose-escalation of 293F-EVs did not significantly impact cell 

viability, suggesting that the NK-EV's specific composition is responsible for its cytotoxic 

functionality. PTX treatment after five hours also did not significantly decrease cell viability, 

which is consistent with previous studies where its therapeutic effect was found to be highly time-

dependent [106, 107]. The highest doses of NK-EVs killed almost 100% of the cell population, 

suggesting the NK-EVs’ cytotoxic mechanism of action (MoA) occurs over a shorter timeframe. 
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Figure 4. Cell viability of various TNBC cell lines following NK-EV treatment. 

A) Schematic representation where TNBC cells were treated for 5 hours with various E:T ratios 

of NK-EVs (orange), 293F-EVs negative control (gray), and paclitaxel (10 uM PTX; blue), 

followed by endpoint resazurin-based cell viability assay. This figure was created using 

BioRender. B) The average NK-EV EC50 value across all TNBC cell lines. The results for C) 

MDA-MB-468 cells, D) SUM149PT cells, E) HCC70 cells, F) BT-549 cells, G) MDA-MB-231 

cells, H) MCF7 cells, I) BT-474 cells, and J) MCF10A cells are presented in (i) RFU (green dashed 

line represents untreated cells, black dashed line represents lysed cell control using Triton-X) and 

(ii) EC50 curve analysis for NK-EV treatment with 95% confidence interval/prediction bands (red 

dashed line represents 50% response). Data are shown as mean ± SEM from six independent 

experiments, each with technical triplicates. 
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3.2.2. Time-dependent effect of NK-EVs on TNBC cells 

As the NK-EVs' cytotoxicity was dose-dependent, the next point of investigation was to 

determine if their MoA was also time-dependent. To achieve this, MDA-MB-231 cells were co-

incubated with a low (1.0 x 107 EVs/mL), medium (5.0 x 108 EVs/mL), or high (1.0 x 1010 

EVs/mL) dose of NK-EVs and evaluated using the PrestoBlue HS cell viability assay at four 

timepoints: 5, 24, 48, and 72 hours. PTX- and 1% Triton-X-treated cells were included as positive 

and dead controls, respectively. 

Across all three concentrations, the NK-EVs' anti-proliferative effect was most significant 

at the 24-hour mark, after which cell viability was restored at 72 hours of co-incubation (Figure 

5, Supplemental Figure 1). As expected, PTX treatment resulted in a gradual decline of cell 

viability over the 72 hours. This result suggests that the NK-EVs only exert a short-term anti-

proliferative effect on TNBC cells. 

 

 

Figure 5. TNBC cell viability following NK-EV treatment over a 72-hour time course.  

MDA-MB-231 cells were treated for 5, 24, 48 and 72 hours with various E:T ratios (1 x 107 

EVs/mL (or 2.0 x 106 EVs) dose (yellow), 5 x 108 (or 1.0 × 108 EVs) dose (orange), and 1 x 1010 

(or 2.0 × 109 EVs) dose (brown); as EVs/mL) of NK-EVs and paclitaxel (10 uM PTX; blue). The 

results are presented as the normalized RFU values (green dashed line representing untreated cells, 

black dashed line represents lysed cell control using Triton-X). Data are shown as mean ± SEM 

from six independent experiments, each with technical triplicates. 
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3.3. NK-EVs induce apoptosis and necrosis as part of their mechanism of action. 

To investigate the NK-EVs’ MoA, we evaluated the activation of apoptosis and necrosis 

across various TNBC cell lines over a 72-hour period. Additionally, the activation of caspase 8/9 

(initiator caspases) and caspase 3/7 (executioner caspases) was evaluated after 90 minutes of 

treatment to further explore their impact upon the apoptosis pathway (Figure 6A). NK-EVs were 

delivered at a low (1 x 109 EV/mL) or high (1 x 1010 EV/mL) concentration. Untreated and PTX-

treated cells were included as live and dead controls, respectively. The high concentration of NK-

EVs resulted in a rapid increase of apoptosis and necrosis that was sustained over 72 hours of 

observation (Figure 6B-C). This trend was observed in the low NK-EV concentration group to a 

much lesser degree, again indicating that the NK-EVs’ MoA is largely dose-dependent. Similarly, 

both the high and, to a lesser extent, low concentrations of NK-EVs increased caspase activation 

(3/7/8/9) after only 1.5 hours across all cell lines tested (Figure 6D-F). Thus, it appears that a 

component of the NK-EVs’ cytotoxic MoA involves increasing caspase activation to induce 

apoptosis of cancer cells.  
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Figure 6. NK-EVs activate cell-death pathways via an in vitro assay against triple-negative 

breast cancer cell lines.  

A) Schematic representation where various TNBC cell lines were treated with NK-EVs (1 x 109 

(or 2.0 × 108 EVs) dose and 1 x 1010 (or 2.0 × 108 EVs) dose; as EVs/mL), where cell-death 

pathways were assessed. Paclitaxel (PTX; 10uM) was used as a control. B) Representative 

apoptosis readings (Annexin V binding - RLU) over time using the MDA-MB-231 cell line. Data 

is shown as mean ± S.E.M., n=3 from independent experimental replicates with technical 

duplicates. C) Representative necrosis readings (DNA binding - RFU) over time using the MDA-

MB-231 cell line. Data is shown as mean ± S.E.M., n=3 from independent experimental replicates 

with technical duplicates. Caspase activation after 90 minutes of treatment of (D) Caspase 3/7 

(RFU), (E) Caspase 8 (RLU) and (F) Caspase 9 (RLU) in various TNBC and breast cell lines. Data 

is shown as mean ± S.E.M., n=4 from independent experimental replicates with technical 

duplicates. 
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3.4. Investigating the effect of NK-EVs on CSCs 

3.4.1. NK-EVs disrupt CSC functionality 

 As NK-EVs have demonstrated cytotoxicity against the bulk tumour cells, we wanted to 

investigate their impact on the CSCs. First, the dose-dependent effect of NK-EVs on tumorsphere 

formation, a characteristic typically reflective of CSC functionality, was assessed. In this assay, 

the tumour-initiating cell populations, including the CSCs, were treated with various doses of NK-

EVs. Untreated and PTX-treated cells were included as a control. The SUM149-PT cells were co-

incubated with the NK-EVs for 72 hours. Similar to the bulk tumour cells, there was a dose-

dependent effect observed on tumorsphere viability, where the obtained EC50 was 6.59 × 108 

EV/mL (Figure 7A). This experiment was repeated on the E-cadherin+ MDA-MB-231 cell line, 

an epithelial-like MDA-MB-231 cell line variant. E-cadherin+ MDA-MB-231 demonstrated a 

similar trend, with the NK-EVs significantly decreasing tumorsphere viability to a higher degree 

than PTX treatment (Figure 7B). The E-cadherin+ MDA-MB-231 cells achieved an EC50 of 4.49 

× 109 EV/mL. The ability of NK-EV treatment to impair tumorsphere formation suggests an impact 

on CSC functionality. 

 As previously mentioned, the YAP/TAZ signaling pathway has been implicated in several 

characteristic CSC traits, including tumour initiation [44, 53]. Thus, to further assess the MoA of 

NK-EVs on CSCs, RT-qPCR was used to investigate the expression of two genes involved in 

mesenchymal-like CSCs and the YAP/TAZ signaling pathway: Ctgf and Cyr61. Here, MDA-MB-

231 cells were co-incubated with their treatment group for a total of 72 hours. The treatment groups 

included NK-EVs (1 × 109 EVs/mL), PTX (10 nM), and PTX combined with NK-EVs added 72 

or 24 hours prior to investigation. Untreated cells were included as a control. For both Ctgf and 

Cyr61, NK-EV treatment suppressed gene expression relative to PTX treatment, which instead 
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enriched their expression (Figure 7C). Furthermore, NK-EV treatment reduced the expression of 

Ctgf relative to the untreated group, suggesting that NK-EVs can decrease YAP signaling to impair 

CSC survival. However, the combination of PTX and NK-EVs was insufficient to decrease PTX-

mediated upregulation of both Ctgf and Cyr61. Nonetheless, NK-EV treatment did not further 

promote the YAP/TAZ signaling pathway in cancer cells. 
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Figure 7. NK-EV treatment impacted TNBC CSC functionality.  

The tumorsphere formation assay was conducted on A) 2000 SUM149-PT cells after seven days 

of treatment and B) 1500 E-cadherin+ MDA-MB-231 cells after four days of treatment with the 

results presented as the (i) RFU and (ii) EC50 curve analysis for NK-EV treatment with 95% 

confidence interval/prediction bands (red dashed line represents 50% response). C) RT-qPCR was 

conducted to assess gene expression of MDA-MB-231 cells after 72 hours of treatment. Treatment 

groups include untreated (grey), 1.0 × 109 EVs/mL (or 5.0 × 108 EVs) NK-EVs (orange), 10nM 

paclitaxel (PTX; blue), a combination of 1.0 × 109 EVs/mL NK-EVs (72 hours) and paclitaxel 

(green), and a combination of 1.0 × 109 EVs/mL NK-EVs (24 hours) and paclitaxel (purple). Data 

are shown as the mean ± SEM, n=3 from independent experimental replicates with technical 

duplicates, ns: non-significant, *: p < 0.05, **: p < 0.01. 
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3.4.2. Assessment of NK-EVs on CSC viability  

Live-cell Incucyte analysis was used to assess CSC viability following NK-EV treatment. 

Briefly, FACS was used to sort MDA-MB-231 cells into the CD44high/CD24low CSCs and non-

CSCs (i.e. any cell that was not CD44high/CD24low). The sorted cells were then treated with a low 

(1.0 × 108 EV/mL), medium (1.0 × 109 EV/mL), or high (1.0 × 1010 EV/mL) concentration of NK-

EVs and co-incubated for 96 hours. Untreated and 293F-EV-treated cells were included as 

controls.  

The medium and high NK-EV concentration significantly increased Annexin V expression 

on both CSC and non-CSC cell populations, but did not significantly decrease cell viability over 

time (Figure 8A - B). Annexin V is a marker for early apoptosis, suggesting that NK-EV treatment 

primes CSCs towards apoptosis-mediated death. Interestingly, a comparison of Annexin V 

expression alone or merged with the signal from RFP+ cell viability revealed that NK-EV treatment 

was more effective at inducing apoptosis in the CSCs compared to the non-CSCs (Figure 8C - D). 

293F-EV treatment did not induce a significant level of cell killing or Annexin V expression, 

indicating that the NK-EVs’ specific composition is primarily responsible for the observed effect 

on CSCs (Figure 8A - B, 8E). Overall, these findings suggest that NK-EVs are capable of targeting 

both bulk tumour cells and CSCs, with an increased capacity against the CSCs.  
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Figure 8. Live cell analysis of NK-EVs and 293F-EVs against CSC and non-CSC populations. 

RFP+ MDA-MB-231 cells were sorted by A) non-cancer stem cells (CSCs) and B) 

CD44high/CD24low CSCs. Sorted cells were treated with either NK-EVs or 293F-EVs in the 

following dosage: 1 × 1010 EV/mL (2.0 × 109 EVs; d1), 1 × 109 EV/mL (2.0 × 108 EVs; d2) and 1 

× 108 EV/mL (2.0 × 107 EVs; d3). Treated cells were incubated with Annexin-V and monitored 

by Incucyte S3 live cell imaging over time (red: RFP cell viability, green: Annexin V expression, 

yellow: Annexin V expression merged with RFP+ cell viability). Expressions of C) Annexin V 

alone and D) merged with RFP+ cell viability were compared between CSCs and non-CSCs. E) 

Representative images of the untreated control cells at 0h and 96h, as well as NK-EV and 293F-

EV treatment at the 96h timepoints. Data are shown as the mean ± SEM, n=3 with technical 

triplicates, *: p < 0.05, **: p < 0.01, ***: p < 0.001. 
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3.5. NK-EVs demonstrate ex vivo cytotoxicity against clinically relevant PDX samples.  

To further validate the efficacy and cytotoxicity of the NK-EVs, we investigated their effect 

on various clinically relevant TNBC PDX cultures. All PDXs tested were obtained from and 

previously characterized by the Huntsman Cancer Institute at the University of Utah (Table 3). To 

assess cytotoxicity, PDX organotypic slice cultures were treated with a high concentration of NK-

EVs (1.0 × 1011 EV/mL) and assessed using the PrestoBlue HS cell viability assay every 24 hours 

over a five-day period (Figure 9A). Untreated and PTX-treated PDX cultures were included as a 

control. Additionally, the combination of PTX and NK-EVs was included to observe a possible 

synergistic effect on cell viability. Across all PDX organotypic cultures, NK-EV treatment resulted 

in a significant decrease in cell viability after only 24 hours of co-incubation (Figure 9B-E). 

Continuous treatment of PDX cultures with the NK-EVs maintained a low tumour fragment 

viability throughout the investigation. There was no significant difference in viability between 

NK-EVs used on their own or in combination with PTX, suggesting that NK-EV treatment alone 

was effective at inducing cell death of heterogeneous TNBC PDX organotypic cultures. 

To validate the NK-EVs’ MoA in the ex vivo PDX model, apoptotic activity was measured 

through caspase 3/7 activation after 90 minutes of treatment. In stark contrast to the untreated and 

PTX-treated PDX slice cultures, NK-EV treatment resulted in a rapid increase in caspase 3/7 

activation (Figure 9F-I). Again, no significant differences in caspase 3/7 activation were observed 

between NK-EVs used alone or in combination with PTX. Overall, solely NK-EV treatment is 

sufficient to rapidly facilitate apoptosis-mediated cell death. 
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Figure 9. NK-EV treatment induces apoptosis-mediated cell death in human TNBC-PDX 

organotypic slice cultures. 

A) Schematic representation of the cytotoxic co-culture assay where TNBC PDX fragments 

were assessed using the resazurin-based cell viability assay and treated with NK-EVs daily for five 

days in total. TNBC PDX cultures were treated with 1.0 × 10¹¹ EVs/mL (or 5.0 × 1010 EVs) NK-

EVs (orange), paclitaxel (10nM PTX; blue), a combination of 10nM paclitaxel and 1.0 × 10¹¹ 

EVs/mL NK-EVs (green), or left untreated (black) for five days. The resazurin-based cell viability 

was determined for B) HCI-001; C) HCI-002; D) HCI-010; and E) HCI-015 PDX fragments. Data 

are shown as mean ± S.E.M., n=5 from five independent experiments. Caspase3/7 activation 

(RFU) after 90 minutes of treatment was investigated for F) HCI-001; G) HCI-002; H) HCI-010; 

and I) HCI-015 PDX fragments. Data are shown as mean ± S.E.M., n=4 from four independent 

experiments, ns: nonsignificant, ****: p<0.0001. 
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3.6. Biodistribution of NK-EVs in a TNBC PDX in vivo model 

3.6.1. Live imaging of TNBC PDX mice following NK-EV administration  

Using a TNBC PDX model, the in vivo biodistribution of NK-EVs was observed. To 

accomplish this, NSG mice were surgically implanted with PDX fragment HCI-002 on their 

mammary fat pads to generate a TNBC PDX model (Table 3). Once tumours reached a mean 

diameter of 1 cm, the mice were administered a high dose of DiR-labelled NK-EVs (5.0 × 1010 

EVs) either IV or IT, administration routes that are both used in the clinical setting. IV 

administration of DiR-labelled 293F-EVs or DiR-labelled PBS was included as a control. Live 

imaging of the IT-administered NK-EVs revealed that the signal remained localized to the site of 

injection: directly in the tumour (Figure 10A). In contrast, IV administration of the NK-EVs 

resulted in rapid uptake by the liver, with signal spreading more readily towards the tumours and 

the rest of the body towards the 24-hour timepoint (Figure 10B). No significant differences were 

observed between the distribution of NK-EVs and the non-cytotoxic 293F-EVs (Figure 10C). This 

suggests that the distribution pattern of the NK-EVs is not specific to their cellular origin. 
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Figure 10. Biodistribution of NK-EVs in a TNBC PDX mouse model over a 24-hour period.  

PDX HCI-002 fragments were implanted onto the mammary fat pad of NSG mice to generate a 

TNBC PDX model. Post-treatment, fluorescent imaging of the mice was conducted using the 

Newton 7.0 FT500 at the 0h, 1h, 6h, and 24h timepoints. TNBC PDX mice were injected with A) 

DiR-labelled NK-EVs intratumorally (red), B) DiR-labelled NK-EVs intravenously (orange), or 

C) DiR-labelled 293F-EVs intravenously (grey) (all administered at a dose of 5.0 × 1010 EVs). 

Data presented as i) representative photos of the mice with the DiR signal overlayed, and ii) the 

mean fluorescent intensity around the tumour site in live animals (the black dashed line represents 

the background signal). Data are presented as the mean ± SEM, n=5. 
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3.6.2. Biodistribution of NK-EVs in the tumours and organs at the 24-hour timepoint. 

As a follow-up to live imaging, the tumours and major organs (heart, lungs, liver, spleen, 

kidney, brain) were harvested for ex vivo fluorescent imaging to directly image the DiR signal that 

had accumulated in the tumours and peripheral organs (heart, lungs, liver, spleen, kidneys, brain). 

Similar to what was observed during live imaging, IT-administered NK-EVs accumulated 

primarily in the tumour, with minimal signal being detected in all other organs analyzed (Figure 

11A). IV administration of NK-EVs primarily accumulated in the liver and spleen, with high signal 

also being detected in both the tumours and the lungs (Figure 11B). A small but significant amount 

of signal was also detected in the heart, kidneys, and brain. No significant differences were 

observed between the distribution of 293F-EVs and NK-EVs (Figure 11C), suggesting that EVs 

from multiple sources are naturally capable of travelling throughout the entire body, including into 

the difficult-to-reach regions such as the brain. DiR-labelled PBS (i.e. free DiR) did not contribute 

greatly to the signal observed in the tumours or organs (Supplemental Figure 2).  
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Figure 11. NK-EVs’ signal following 24 hours of treatment in a TNBC mouse model. 

The Newton 7.0 FT500 was used to collect fluorescent images of the tumours and major organs 

(heart, lung, liver, spleen, kidney, brain) 24 hours post-treatment. TNBC mice were injected with 

A) DiR-labelled NK-EVs intratumorally, B) DiR-labelled NK-EVs intravenously, or C) DiR-

labelled 293F-EVs intravenously (all administered at a dose of 5.0 × 1010 EVs). Representative 

images of tumours and organs, both i) without fluorescence and ii) with the fluorescent signal 

overlayed, are presented, and iii) their mean fluorescence intensity is presented for each treatment 

group (the black dashed line represents the background signal). Data are presented as the mean ± 

SEM, n=5. 
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4. Discussion 

Breast cancer is the leading form of cancer and cancer-related mortality in women 

worldwide. TNBC is considered the most aggressive form of breast cancer. Due to a lack of 

targetable receptors, TNBC is characterized by a lack of viable treatment options, contributing to 

poor patient prognosis. Chemotherapy is the primary form of treatment for many TNBC patients, 

but it is associated with several drawbacks. This includes its adverse effect of enriching CSC 

populations. Thus, there is a dire need to develop novel treatment options that are effective against 

both the bulk TNBC cells as well as the treatment-resistant CSCs. 

 

4.1. Elucidation of the NK-EVs’ mechanism of action against TNBC 

NK-EVs have arisen as a promising therapeutic for several diseases, including difficult-to-

treat cancers like TNBC. Similar to NK cells, NK-EVs are enriched in cytotoxic molecules (e.g. 

perforin, granzyme A/B, IFNγ) that facilitate their ability to recognize and lyse cancerous cells 

[76, 77, 79, 84, 85]. Thus, we sought to investigate the efficacy and cytotoxic MoA of NK-EVs 

using various clinically relevant TNBC models. 

In this study, we determined that the NK-EVs exhibit a dose-dependent cytotoxic effect on 

TNBC cell viability. Several TNBC cell lines of varying morphologies were included in this study, 

demonstrating the broad effectiveness of the NK-EVs against all identified TNBC subtypes. The 

dose-dependent effect of NK-EVs is heavily supported by other researchers, where higher doses 

of NK-EVs were inversely correlated with cell viability, while other non-cytotoxic EVs had no 

impact on cell viability [76, 78, 82, 87]. This demonstrates that EV cytotoxicity is largely 

dependent upon its parental cell’s composition. 
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In this study, we found that the NK-EVs were highly cytotoxic over the first 24 hours of 

incubation. Other studies have also suggested that NK-EVs exhibit a time-dependent cytotoxic 

effect over the first 24 hours of incubation [80, 82], but few studies have reported their observations 

in a TNBC or breast cancer model beyond this time point. Cecchetti et al. investigated NK-EVs 

against various hematological cancer lines and observed that the percentage of dead cells was 

elevated after both 24 and 48 hours of co-incubation [108]. Another study by Jiang et al. 

investigated the effects of hypoxia on NK-EV cytotoxicity over 120 hours [90]. NK-EVs exposed 

to hypoxia were more effective at controlling cell proliferation over time relative to the unaltered 

NK-EVs, suggesting that hypoxic conditions may be more beneficial to the long-term cytotoxic 

functioning of NK-EVs; however, cancer cells treated with unaltered NK-EVs (i.e. not exposed to 

hypoxia) had a gradual restoration of cell viability after their initial exposure, irrespective of their 

dosage. Altogether, these findings suggest that unaltered NK-EV-mediated cytotoxicity is 

confined to a short-term timeframe. In a clinical setting, this would translate to the need for 

multiple administrations of NK-EVs or some form of stimulation/priming to benefit from their 

cytotoxicity long-term. 

To confirm their cytotoxic MoA, activation of apoptosis and necrosis was observed over 72 

hours. Additionally, caspase 3/7, caspase 8, and caspase 9 activation were assessed following 90 

minutes of co-incubation. Previous studies have determined that NK-EVs increase apoptosis and, 

to a lesser extent, necrosis of cancer cells, facilitating direct cell death [76, 82, 84, 90, 109]. 

Similarly, in this study, NK-EV treatment upon various TNBC cell lines increased the activation 

of each tested caspase in a dose-dependent manner. This finding suggests that NK-EVs use 

caspase-dependent apoptotic pathways to facilitate cell death. Similarly, NK-EV-treated cells 
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presented with elevated levels of apoptosis and necrosis over a 72-hour time period. Thus, the 

cytotoxic MoA of NK-EVs involves the induction of cell death through multiple pathways. 

To complement the results obtained against TNBC cell lines, various TNBC PDX 

organotypic cultures were used to assess both cell viability and MoA. As PDX models are obtained 

from a patient following surgery, they maintain the heterogeneity, architecture, and characteristics 

of the original tumour. This makes PDX a clinically relevant model that tends to closely reflect 

the patient response to treatment. Additionally, as each PDX line is obtained from a different 

patient, using multiple PDX lines allows for a better understanding of the tested therapy’s universal 

applicability.  

In this study, the NK-EVs induced a rapid ex vivo cytotoxic effect on PDX organotypic 

cultures, where viability was reduced by at least 80% after the first 24 hours. To our knowledge, 

this is one of the first studies to investigate NK-EVs using a PDX model. Another study by Nathani 

et al. utilized an Osimertinib-resistant PDX lung cancer (TM0019) mouse model, where NK-EVs 

(empty or loaded with miR-5193/miR-149-5p) significantly reduced cell viability in vitro and 

reduced tumour growth in vivo [110]. Similarly, three-dimensional cancer cell cultures (i.e. 

generated from a cancer cell line) had an increased capacity of taking up NK-EVs relative to non-

cancerous cell lines, leading to an increased frequency of dead cells over time [86, 111, 112]. 

Overall, NK-EVs have demonstrated effectiveness against a three-dimensional tumour model, 

indicating their potential benefit in a clinical setting against various cancer types, including TNBC. 

 

4.2. The relationship between NK-EVs and CSC populations 

CSCs are a subpopulation of cancer cells with an immense capacity for self-renewal and cell 

proliferation. CSCs are largely unaffected by conventional chemotherapy and can contribute to 
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treatment resistance, tumour recurrence, and metastasis. As a result, the development of novel 

treatment options that can target and eliminate CSCs is crucial.  

Increasing research has highlighted the capability of NK cells to target CSCs. Although 

CSCs tend to downregulate MHC expression to avoid immune recognition, CSCs upregulate 

various ligands (e.g. MICA, ULBP) that can be recognized by the NK cells’ activating receptor 

NKG2D, a receptor that is also found on the NK-EVs [113-115]. Interestingly, NK cells were more 

cytotoxic against CD44high/CD24low and ALDHhigh CSCs relative to non-CSCs [113, 115].  To 

date, NK cells have demonstrated the ability to target the CSCs of various cancer types, including 

breast cancer, colorectal cancer, pancreatic cancer, melanoma, and glioblastoma [113, 115-118]. 

Unfortunately, poor infiltration of solid tumours following NK cell therapy could not effectively 

target CSCs in human patients, suggesting that alternative treatment options are required. 

As NK-EVs possess high biocompatibility and are capable of infiltrating solid tumours, they 

may be capable of uptake by the CSCs. For the first time, McCune and Kornbluth reported that 

NK-EVs were particularly cytotoxic against a subpopulation of treatment-resistant leukemic cells 

with a CSC-like (CD34high/CD38low) phenotype [86]. Similar to their parental cell, NK-EVs seem 

to possess a heightened cytotoxicity against CSCs. 

To the best of our knowledge, this study demonstrates for the first time that NK-EVs are 

effective against CSCs in breast cancer. Live cell analysis revealed that NK-EVs were more 

cytotoxic against CSCs compared to non-CSCs over a 72-hour period. Furthermore, Ctgf and 

Cyr61 gene expression, both of which are involved in the stem cell-promoting YAP/TAZ pathway, 

was suppressed. Finally, tumorsphere formation, a defining characteristic of CSC functionality, 

was impaired. Further validation in an in vivo biological system is required; however, this finding 
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could have major implications for the NK-EVs' ability to inhibit tumour recurrence and distant 

metastasis, major issues that affect TNBC patients’ survival worldwide. 

 

4.3. NK-EV’s biodistribution in a TNBC PDX mouse model 

A critical step in evaluating a therapeutic’s clinical applicability is to test its efficacy in a 

clinically relevant biological system. To date, the majority of experiments in the nanomedicine 

field have been conducted in a cancer cell line-based mouse tumour model, which does not 

accurately reflect the three-dimensional structure, architecture, and heterogeneity of an actual 

tumour [93, 94]. In this study, TNBC PDX fragments originating from breast cancer patients were 

transplanted onto the mammary fat pad of NSG mice to generate a clinically relevant TNBC mouse 

model. The TNBC PDX mouse model provides a more accurate platform to investigate NK-EV 

efficacy, as well as to understand how the enhanced permeability and retention mechanisms affect 

NK-EV biodistribution and tumour entry [96, 99, 100]. 

In this study, we injected a high dose of DiR-labelled NK-EVs (5.0 × 1010 EVs) either IT or 

IV and assessed their biodistribution in a TNBC PDX mouse model over a 24-hour period. IT-

administered NK-EVs remained largely localized to their site of injection over the course of the 

investigation. In contrast, IV-administered NK-EVs primarily accumulated at the site of injection 

(i.e. the tail) or around the liver. More signal was detected throughout the entire body at the 24-

hour timepoint, particularly at the tumour site. Ex vivo imaging of the tumours and organs was also 

conducted at the 24-hour timepoint to confirm NK-EV accumulation within the body. In the IT 

mice, the highest amount of signal was detected in the tumours, with significantly lower amounts 

of signal found in the peripheral organs like the liver, lungs, and spleen. This observation aligns 

with a previous study by Smyth et al. that compared the uptake of  IT-administered tumour-derived 
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EVs against liposomes, which revealed that the EVs accumulated in the tumour to a far greater 

extent than the liposomes [119]. This suggests that the EVs’ specific composition is more efficient 

for uptake by the tumour cells. Conversely, IV administration of NK-EVs resulted in a broader 

distribution pattern. The highest amount of signal was detected in the liver and spleen, the major 

organs involved in detoxification and blood filtration. High amounts of signal were also detected 

in the tumours and lungs. The EVs’ biodistribution does not appear to be dependent upon cell 

source, as the patterns observed for both NK-EVs and 293F-EVs were very similar. Other studies 

using a breast cancer cell line-based model have reported a similar biodistribution pattern, with the 

liver, spleen, and lungs being the major accumulation sites for IV-administered tumour-derived 

EVs [119-122]. These findings suggest that the biodistribution pattern of EVs is largely a result of 

their inherent biocompatibility. 

In the literature, some studies have engineered their NK-EVs to target specific receptors on 

the cancer cells’ surfaces. For example, in a TNBC mouse model, Si et al. engineered 293F-EVs 

for the dual targeting of EGFR and CD47, two markers highly expressed on TNBC cells, which 

resulted in EV accumulation exclusively in the tumour, liver, and kidneys, with no detectable off-

target uptake in the other peripheral organs [123]. In a neuroblastoma mouse model, Wang et al. 

found that NK-EVs fused with the let-7a-loaded dendrimers were more effective at specifically 

targeting the tumours compared to the unmodified NK-EVs [89]. Thus, engineering the NK-EVs 

to target cancer cell-specific markers could be a potential strategy to increase EV accumulation in 

the tumours and reduce the risk of off-target cytotoxicity. 

One of the major obstacles in the treatment of TNBC is the occurrence of metastasis in late-

stage patients. In metastatic TNBC patients, the primary sites of metastasis are the lungs, liver, and 

brain (Table 1). The prognosis for metastatic TNBC patients is very poor, where available 
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treatment options are increasingly limited and, in many cases, unsuccessful. Particularly, in 

patients with brain metastases, no approved TNBC treatments can bypass the blood-brain barrier 

(BBB), rendering them ineffective. As a result, the median survival following a diagnosis of brain 

metastases is only 5-7 months, highlighting a dire need to develop novel therapies that are effective 

against distant metastases. To this end, several studies report that EVs possess the inherent ability 

to traverse the entire body and bypass the BBB [61-66, 124]. In a study by Alvarez-Erviti et al., 

they successfully delivered engineered dendritic cell-derived EVs loaded with siRNA targeting 

GAPDH to the brain without any notable side effects being observed [64]. In our study, ex vivo 

imaging of the organs following IV administration revealed that low levels of unaltered NK-EVs 

and 293F-EVs accumulated in all organs analyzed, including the brain of a TNBC mouse model. 

Altogether, these finding suggests that NK-EVs could potentially target distant metastases; 

however, further research in a metastatic TNBC model is required. Additionally, to increase the 

abundance of EVs travelling to sites of metastasis, EV engineering could be considered. For 

example, to increase the abundance of EVs crossing the BBB, they could be modified to target 

markers specifically upregulated on brain metastases.  

 

4.4. Future directions: In vivo models to assess NK-EV efficacy and immunoregulation 

A major limitation for the use of TNBC PDX models is the absence of an immune system. 

In this study, NSG mice were selected for the transplantation of PDX tissue. NSG mice lack T and 

B cells, eliminating their adaptive immune system. Furthermore, NSG mice do not possess 

functional NK cells, and the dendritic cells and macrophages are defective, greatly impairing their 

innate immunity. Severe immunodeficiency in these mice is necessary for the successful 

implantation of human PDX lines, but does not allow for the investigation of immune cell 
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recruitment following treatment or assessment of the NK-EVs’ immunomodulation, an emerging 

area of research. 

Despite the efficacy of NK-EVs in vitro and ex vivo, NK-EVs administered in vivo into NSG 

TNBC mouse model alone were not effective at controlling tumour growth relative to the PBS 

control group (Appendix A: Figure 1B – C, Figure 2). However, NK-EV treatment was more 

effective at controlling tumour growth relative to the PTX and PTX + NK-EV combination group 

(Appendix A: Figure 1B - C). NK-EV treatment did result in a lower but non-statistically 

significant difference in tumour weight relative to all other treatment groups (Appendix A: Figure 

1E, Figure 2D). This can be partially explained by the hollow tumour core observed in several of 

the NK-EV-treated tumours (Appendix A: Figure 1F), meaning the NK-EVs may have affected 

the tumour’s final morphology. Additionally, NK-EV treatment suppressed CSC frequencies 

relative to PTX alone; however, this had no significant impact upon subsequent tumour growth 

following secondary transplantation of the treated tumours (Appendix A: Figure 1G, Figure 2E, 

Figure 3). This may be partially associated with the heterogeneity of the PDX model used in this 

study, where increasing sample size may help achieve statistical significance. The results presented 

are preliminary, but will serve to inform the experimental design of our future animal studies 

investigating NK-EVs. 

It’s noteworthy that our results stand in contrast to other studies that have investigated NK-

EVs in a breast cancer cell line-based mouse model, which have all reported a reduction in tumour 

growth and improved survival times [76, 79, 91, 92]. In contrast to this study, less severely 

immunocompromised mouse models were used in other reports for the engraftment of human 

cancer cell lines. This includes athymic nude mice, which possess functional B cells and NK cells, 
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as well as NOD-SCID mice, which have functional NK cells. Thus, it is possible that the selected 

NSG mouse model in this study may not be suitable for investigating NK-EV efficacy. 

Indeed, increasing studies have demonstrated that NK-EVs are capable of stimulating the 

anti-tumour immune response. Studies in support of this hypothesis include proteomic analysis of 

NK-EVs, which revealed a high abundance of proteins related to the immune system (granzyme 

A/B, granulysin, human leukocyte antigen class II, inducible T cell costimulator, etc.) [59]. Further 

analysis of NK-EVs co-cultured with peripheral blood mononuclear cells revealed that NK-EVs 

promoted Th1 polarization, T cell activation, monocyte and monocyte-derived dendritic cell 

activation, and NK cell activation, suggesting a large impact on immune regulation in vitro [59, 

125]. A study by Shoae-Hassani et al. determined that NK-EVs derived from NK cells co-cultured 

with neuroblastoma cells educated the naïve NK cell populations, making them more cytotoxic 

against neuroblastoma cells [58]. Furthermore, in a Lewis lung carcinoma model, Zhou et al. found 

that artificial NK-EV treatment reduced immunosuppressive macrophages and myeloid-derived 

suppressor cells in the spleen, and increased CD8+ T cell, NK cell, and macrophage frequencies 

at the tumour site [60]. These findings highlight the role of NK-EVs as an immunotherapy. Thus, 

although NK-EVs can induce rapid cytotoxicity in cancer cells, this alone is unlikely to achieve 

sustained control of tumour growth. Instead, their long-term regulation of tumour growth may rely 

on promoting the anti-tumour immune response, an effect that’s not observable in the 

immunodeficient NSG mouse used in this study.  

To further investigate the effects of NK-EVs on the anti-tumour immune response, an 

alternative animal model should be considered. As previously discussed, mouse models with a 

decreased severity of immunodeficiency have demonstrated positive results regarding NK-EV 

efficacy. Additionally, immunocompetent mouse models bearing tumours derived from a murine 
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cell line could be considered; however, all these models retain components of the mouse’s immune 

system. An ideal model for investigating the effects of NK-EVs on the human immune response 

would be a humanized mouse model. Humanized mouse models allow for the transplantation of 

human PDX fragments while partially recapitulating the TME, including the human tumour-

associated and circulating immune cells, as well as cytokine/chemokine signaling and production 

[101, 102]. To date, several studies have successfully developed and used humanized mouse 

models transplanted with breast cancer-derived PDX tumours to investigate novel cancer 

immunotherapies, including anti-PD-L1 antibody pembrolizumab [126-130]. Thus, this model 

provides a robust platform for the assessment of NK-EVs as a potential immunotherapy for TNBC 

for future studies. 
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5. Conclusion 

In conclusion, this study demonstrated that NK-EVs exhibited a short-term, dose-dependent 

cytotoxic effect on TNBC cell viability. NK-EVs induce cell death through the activation of 

apoptosis and necrosis pathways. These findings were validated using clinically relevant PDX 

organotypic cultures. NK-EVs also effectively inhibit the viability and functionality of TNBC 

CSCs, suggesting their potential to suppress tumour recurrence and metastatic progression. 

Finally, using a TNBC PDX mouse model, NK-EVs accumulated in the tumours following both 

IV and IT administration.  

Although NK-EVs were effective in vitro and ex vivo, further validation in a humanized 

mouse model is necessary to assess their long-term impact on tumour control. Future studies 

should also consider investigating NK-EVs in a metastatic TNBC model, an aspect that has not 

been explored in the literature. Finally, the use of engineered or cargo-loaded NK-EVs may further 

improve their tumour-targeting and efficacy against both the bulk tumour cells and CSCs.  Given 

their versatility and multi-faceted mechanisms of action, NK-EVs hold significant promise for 

clinical application in managing tumour growth, preventing recurrence, and suppressing distant 

metastasis. 
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7. Supplemental Information 

 

Supplemental Table 1. List of primers used for RT-qPCR. 

Gene Forward primer sequence Reverse primer sequence 

Gapdh AATGGGCAGCCGTTAGGAAA GCGCCCAATACGACCAAATC 

Ctgf AGGAGTGGGTGTGTGACGA CCAGGCAGTTGGCTCTAATC 

Cyr61 AGCCTCGCATCCTATACAACC TTCTTTCACAAGGCGGCACTC 
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Supplemental Figure 1. NK92-EVs cytotoxic co-culture assay against TNBC cell lines after 

24h of treatment. 

MDA-MB-231 and SUM149-PT cells were left untreated (right) or co-incubated with a high dose 

of NK-EVs (1 × 1011 EVs/mL) (left) for 24 hours. Images were acquired on the EVOS FL 

microscope with a 4X objective.  
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Supplemental Figure 2. Ex vivo biodistribution of IV- or IT-administered DiR-labelled PBS. 

The Newton 7.0 FT500 was used to collect fluorescent images of the tumours and major organs 

(heart, lung, liver, spleen, kidney, brain) 24 hours post-treatment. TNBC mice were injected with  

DiR-labelled PBS A) intratumorally (IT; purple) or B) intravenously (IV; blue), and the data are 

presented as the mean fluorescence intensity (the black dashed line represents the background 

signal). A comparison between the average mean fluorescent intensity was performed for DiR-

labelled NK-EV and PBS C) IT  or D) IV (IT NK-EVs: red, IV NK-EVs: orange). Data are 

presented as the mean ± SEM, n=3, ns: nonsignificant, **: p<0.01, ****: p<0.0001. 
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Appendix A: NK-EV Efficacy in Animal Models 

 
Appendix A: Figure 1. Evaluation of TNBC PDX tumour growth over four weeks of NK-EV 

treatment. Schematic representation where TNBC PDX HCI-002 mice models are treated with 

PBS (black), 5.0 × 1010 NK-EVs (orange), 10 mg/kg paclitaxel (blue), or a combination of 10 

mg/kg paclitaxel and 5.0 × 1010 NK-EVs (green). Treatment occurred three times a week for four 

weeks total, after which tumours were harvested and analyzed using secondary transplantation, 

flow cytometry, and a resazurin-based cell viability assay. This figure was created using 

BioRender. B) Individual tumour growth, C) tumour volume fold change, and D) total body weight 

(g) for each treatment group were evaluated over the entire treatment period. Following tumour 

harvest, E) tumour volume, F) representative photos of the tumour (pictured above is the NK-EV-

treated tumour), and G) tumour weight were recorded. Data are shown as means ± SEM from at 

least five biological replicates (PBS: n=7; NK-EV: n=8, paclitaxel: n=5, NK-EV + paclitaxel: 

n=6), ns: non-significant, *: p<0.05, **: p<0.001, ****: p<0.0001.  
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Appendix A: Figure 2. NK-EV treatment did not significantly impact tumour growth in a 

TNBC cell line-based model. NSG mice were injected orthotopically with RFP-MDA-MB-231 

cells onto the mammary fat pad and treated with PBS (black), 5.0 x 1010 NK-EVs (orange). 

Treatment occurred three times a week for four weeks (28 days) total. A) Individual tumour 

volume, B) tumour volume fold change, and C) total body weight for each treatment group was 

evaluated over the entire treatment period. Following tumour harvest, D) tumour weight was 

recorded. E) Flow cytometry was used to assess the frequency of living CD44+ / CD24- cells. Data 

are shown as means ± SEM, n=10, ns: non-significant. 



66 

 

 

Appendix A: Figure 3. Secondary transplantation of treated PDX tumours following NK-EV 

treatment. A) Schematic workflow for secondary transplantation of NSG mice. The mice were 

transplanted with HCI-002 fragments previously treated with PBS (black), 5.0 × 1010 NK-EVs 

(orange), 10 mg/kg paclitaxel (PTX; blue), or a combination of NK-EVs and paclitaxel (green). 

This figure was created using BioRender. B) The rate of change for tumour growth over the entire 

time of investigation is presented. Data are shown as mean ± S.E.M., n=10. 
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Appendix B: Curriculum Vitae 

EDUCATION 

Master of Science in Microbiology and Immunology         2023 – 2025 

University of Ottawa, Ottawa, ON 

• Research project: Investigating the efficacy of NK cell-derived extracellular vesicles 

against triple-negative breast cancer 

• Supervisors: Dr. Lisheng Wang and Dr. Jessie Lavoie (Health Canada) 
 

Honours Bachelor of Science in Translational and Molecular Medicine                   2019 - 2023 

University of Ottawa, Ottawa, ON 

• Research project: Targeting CD73 with flavonoids inhibits triple-negative breast cancer 

stem cell survival 

• Supervisor: Dr. Lisheng Wang 

 

RESEARCH EXPERIENCE 

Graduate Researcher              September 2023 – Present 

University of Ottawa & Stem Cell-based Therapeutics Laboratory, Health Canada, Ottawa, ON 

• Supervised by Dr. Lisheng Wang and Dr. Jessie Lavoie. 

• Highly familiar with experimentation in a mouse model, including the sterile handling of 

immunodeficient mice; setting up and maintaining breeding colonies; intravenous, 

intraperitoneal, subcutaneous, and intratumoral injections; and IVIS fluorescent imaging. 

• Conducted and trained students in the transplantation of patient-derived xenografts into an 

immunodeficient mouse model. 

• Trained in cell culturing, patient-derived xenograft, RT-qPCR, cytotoxic co-culture assays, 

and flow cytometry to assess bulk tumour cell and cancer stem cell viability. 

• Experienced in the large-scale biomanufacturing of clinical-grade extracellular vesicles, 

including hollow-fibre bioreactor production, nanoparticle tracking analysis, and 

protein/dsDNA quantification. 

• Mentored several undergraduate students. 
 

Undergraduate Researcher                           May 2022 – August 2023 

University of Ottawa, ON 

• Supervised by Dr. Lisheng Wang. 

• Trained in several immunology-related techniques like cell culturing, as well as flow 

cytometry and RT-qPCR to assess cancer stem cell health. 

• Responsible for culturing, expanding, and maintaining an organized collection of the 

laboratory’s patient-derived xenograft lines. 
 

Undergraduate Researcher                              Jan 2022 – April 2022 

University of Ottawa, ON 

• Worked under the supervision of Dr. Michael Downey. 
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• Screened GFP-tagged yeast proteins for histidine polyphosphorylation targets using NCBI 

Blast and UniProt. 

• Experienced in western blotting to test polyphosphorylation of selected proteins. 
 

Summer Student – Co-op                   May 2021 – August 2021 

Brucellosis Reference Laboratory, Canadian Food Inspection Agency, Ottawa, ON 

• Worked under the supervision of Dr. Om Surujballi and Niroshan Thanthridge-Don. 

• Conducted ELISA and PCR tests to optimize the organization’s current detection assay for 

tuberculosis and brucellosis in livestock. 

 

PROFESSIONAL EXPERIENCE 

Teaching Assistant – TMM3104: Cellular Metabolism   October 2023 – December 2024 

University of Ottawa, Ottawa, ON 

• Responsible for the marking and grade distribution of all students enrolled in the course. 

• Conducted regular review sessions to reinforce course material. 

• Mentored students on relevant course material and proper studying techniques. 
 

Adapted Exams Proctor              January 2023 – April 

2023 

University of Ottawa, Ottawa, ON 

• Proctored students taking their exams with the Student Academic Success Services. 

• Acted as the direct line of communication between professors and students during 

examination periods. 

• Worked within a team to ensure all exams were accounted for and delivered to the 

appropriate department. 
 

Tutor-Mentor                                                                                 September 2020 – 

June 2022 

TutorBright, Ottawa, ON 

• Tutored students in high school science, math, and English.  

• Acted as a mentor, which included developing a study schedule to help organize their time 

better.  

• Developed worksheets meant to test the students’ knowledge as extra practice. 

 

EXTRACURRICULAR ACTIVITY 

Vice President of Social Media                          May 2024 – April 2025 

Biochemistry, Microbiology, and Immunology Graduate Student Association, Ottawa, ON 

• Maintained all social media platforms associated with the student association. 

• Aided in the creation of graphics necessary to promote student events and 

announcements. 

• Assisted with the planning and execution of social and academic events for the student 

body. 
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Promotions Coordinator                         May 2022 – May 2023 

Translational and Molecular Medicine Student Association, Ottawa, ON 

• Created all graphic materials needed to promote TMMSA events using Canva. 

• Managed the distribution of TMM’s apparel for the 2022-2023 academic year. 

• Organized and ran events to promote mental and physical wellbeing as part of the 

wellness committee. 
 

Student Volunteer                      January 2020 – May 2021  

Let’s Talk Science, Ottawa, ON  

• Led several classrooms in various science-related activities.  

• Acted as a mentor for new volunteers, guiding them through the planning and execution 

of activities.  
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Appendix C: The Potential of Hormonal Therapies for Treatment of 

Triple-Negative Breast Cancer 

 

Preface: The review article “The Potential of Hormonal Therapies for Treatment of Triple-

Negative Breast Cancer” was originally published Open Access in the Cancers journal in 2023 

[16].  

Citation:  Kirkby, M.; Popatia, A. M.; Lavoie, J. R.; Wang, L. The Potential of Hormonal 

Therapies for Treatment of Triple-Negative Breast Cancer. Cancers 2023, 15 (19), 4702. DOI: 

10.3390/cancers15194702.  

Author Contributions: Conceptualization: MK and LW; writing—original draft 

preparation: MK and AMP.; writing—review and editing: MK, AMP, JRL. and LW. All authors 

have read and agreed to the published version of the manuscript. 

 

Abstract 

Triple-negative breast cancer (TNBC) is considered one of the most aggressive forms of 

breast cancer with poor survival rates compared to other breast cancer subtypes. TNBC is 

characterized by the absence of the estrogen receptor alpha, progesterone receptor, and the human 

epidermal growth factor receptor 2, limiting those viable treatment options available to patients 

with other breast cancer subtypes. Furthermore, due to the particularly high heterogeneity of 

TNBC, conventional treatments such as chemotherapy are not universally effective, leading to 

drug resistance and intolerable side effects. Thus, there is a pressing need to discover new therapies 

beneficial to TNBC patients. This review highlights current findings regarding the roles of three 

steroid hormone receptors, estrogen receptor beta, the androgen receptor, and the glucocorticoid 
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receptor, in the progression of TNBC. In addition, we discussed several ongoing and completed 

clinical trials targeting these hormone receptors in TNBC patients. 

 

1. Introduction 

Breast cancer is one of the most lethal and complex diseases that have resulted in the deaths 

of millions worldwide [1]. Approximately 15% of all breast cancer cases are classified as triple-

negative breast cancer (TNBC) which, relative to the other subtypes, has the most aggressive 

phenotype, the worst overall survival (OS), and a higher occurrence of metastases at the time of 

diagnosis [2,3]. TNBC is classically defined by a lack of the hormone receptor estrogen receptor 

alpha (ERα) and the progesterone receptors (PRs) and by an absence of human epidermal growth 

factor receptor 2 (HER2) [4] (Figure 1). As a result, TNBC tumors are not susceptible to the 

targeted therapies that have been developed for other breast cancer subtypes and TNBC patients 

most commonly rely on chemotherapy for treatment. 

 

 

https://www.mdpi.com/2072-6694/15/19/4702#B1-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B2-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B3-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B4-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#fig_body_display_cancers-15-04702-f001
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Figure 1. Classification of common breast cancers.  

Luminal-A breast cancer lacks expression of HER2; Luminal-B breast cancer is either PR+/−; 

HER2+ breast cancer lacks PR and ER expression; triple-negative breast cancer (TNBC) lacks 

expression of PR, ER, and HER2. This figure was made using Biorender.com. 

 

TNBC is considered a fairly heterogenous disease, where four distinct TNBC subtypes have 

been identified based on their unique gene expression profiles: basal-like 1 (BL1), basal-like 2 

(BL2), mesenchymal (M), and luminal androgen receptor (LAR) [5,6]. Each subtype is associated 

with a unique clinical profile and a differing response to adjuvant and neoadjuvant chemotherapy. 

Particularly, the BL1 classification was associated with a greater response to chemotherapy and a 

longer relapse-free survival period [6]. Conversely, the BL2 and LAR phenotypes were more 

resistant to neoadjuvant chemotherapy and only 18% and 29% of patients achieved a pathological 

complete response, respectively [6,7]. Thus, in part due to the heterogeneity of this disease, there 

is a lack of viable treatment options universally available for TNBC patients. This is reflected by 

TNBC’s poor prognosis, where the five-year survival rate for patients with metastatic TNBC is 

only around 10% [2]. Additionally, approximately 40% of stage I–III TNBC patients will 

experience relapse following treatment, with the greatest risk present during the first three years 

post-therapy [3,8]. Thus, there is a critical need to develop novel therapies against this disease. 

The aim of this review is to highlight three possible hormone receptors that could be used 

clinically for TNBC patients. Specifically, we discuss the current research surrounding the role of 

estrogen receptor beta (ERβ), the androgen receptor (AR), and the glucocorticoid receptor (GR) in 

the progression of TNBC, as well as their implications on survival and treatment. We also highlight 

several clinical trials targeting these hormone receptors in TNBC patients and the major outcomes 

from these studies. 

 

https://www.mdpi.com/2072-6694/15/19/4702#B5-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B6-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B6-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B6-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B7-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B2-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B3-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B8-cancers-15-04702
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2. Estrogen Receptor Beta 

TNBC is commonly characterized by an absence of ERα. Despite this, approximately 5–

10% of ERα-negative breast cancer tumors responded positively to treatment with anti-ERα drug 

tamoxifen [9,10], indicating the possibility of alternative ERα-independent signaling pathways. 

Growing research has associated the presence of ERβ with the outcome of various TNBC patients. 

Similar to ERα, ERβ is a steroid hormone receptor that binds various estrogenic compounds, 

including estradiol-β-17 (E2), to regulate the transcription of its downstream gene targets [11]. 

Independently of ERα, ERβ is encoded by the gene ESR2 and can be spliced into five distinct 

isoforms, ERβ1-5; however, only the full-length variant ERβ1 is functionally capable of binding 

estrogenic compounds [11,12]. Although ERα and ERβ share a similar genetic identity and are 

composed of the same five domains, they diverge most significantly in their N-terminal 

region(18%), which harbor the activation function 1 (AF-1) domain, and C-terminal (18%) region 

(Figure 2), resulting in ER-specific gene regulation [13]. ERβ’s classical mechanism of action is 

functionally similar to that of ERα. In its unbound state, ERβ is bound to the chaperone protein 

heat shock protein 90 (HSP90) [14]. The binding of its estrogenic compound leads to dimerization 

of the receptor, dissociation of HSP90, and subsequent translocation to the nucleus. There, ERβ 

can regulate gene transcription through interactions with the estrogen response elements. ERβ is 

widely expressed in normal breast epithelial cells and is present in other tissue including the 

prostate, ovaries, and brain [15,16,17]. 

 

  

https://www.mdpi.com/2072-6694/15/19/4702#B9-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B10-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B11-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B11-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B12-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#fig_body_display_cancers-15-04702-f002
https://www.mdpi.com/2072-6694/15/19/4702#B13-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B14-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B15-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B16-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B17-cancers-15-04702
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Figure 2. Homology between ERα and ERβ’s amino acid sequence. Dotted lines are used to 

compare domains with the same function.  

The N-terminal domain (A/B) containing AF-1 is 18% homologous. The DNA-binding domain 

(C) is 97% homologous. The hinge domain (D) is 30% homologous. The ligand-binding domain 

(E), which contains the AF-2 domain, is 59% homologous. The carboxyl-terminal domain (F) is 

18% homologous. Adapted from [13]; originally published under Creative Commons Attribution 

3.0 Unported (CC BY 3.0) license. Available from: 10.5772/21807. This figure was made using 

Biorender.com. 

 

3. Estrogen Receptor Beta in the Progression of TNBC 

Previously, there has been controversy regarding ERβ’s existence within diseased breast 

tissue. Specifically, previous reports investigating ERβ in breast cancer have used non-specific 

anti-ERβ antibodies, likely producing a false positive result in regard to ERβ expression 

[18,19,20]. Since then, several studies using validated anti-ERβ antibodies have generated 

different results. One study validating the use of antibody PPZ0506 for ERβ detection was unable 

to detect any transcriptional activity in both normal and diseased breast tissue [20]. In contrast, 

another study using both antibodies PPZ0506 and PPG5/10 and an optimized 

immunohistochemistry-based assay demonstrated that approximately 20–30% of all breast 

carcinomas tested positive for ERβ expression [17]. In TNBC patients specifically, the percentage 

of ERβ-positive tumors ranged between 25 and 83%; however, the majority of these studies used 

non-specific antibodies to reach these conclusions [21,22,23,24]. A recent study using the 

validated CWK-F12 ERβ1 antibody found that 72% of TNBC tumor samples expressed ERβ1, 

https://www.mdpi.com/2072-6694/15/19/4702#B13-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B18-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B19-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B20-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B20-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B17-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B21-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B22-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B23-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B24-cancers-15-04702
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aligning well with studies using non-specific antibodies; however, its expression was not 

associated with any TNBC subtype (BL1, BL2, M, or LAR) in particular [25]. Overall, the current 

findings support the idea that ERβ is expressed in a significant proportion of TNBC tumors; 

however, further research using validated ERβ antibodies is needed. 

The expression of ERβ on TNBC tumors could have several clinical implications. 

Interestingly, ERβ expression does not depend on the presence or absence of the classical breast 

cancer markers, indicating that ERβ signaling can function independently of ERα [21,26]. 

Although several studies have attempted to elucidate Erβ’s role in the progression of TNBC, a 

clear understanding has not been reached. In TNBC cell lines with inducible ERβ1 expression, 

cellular growth was halted through inhibition of the G1/S cell cycle transition, and this 

phenomenon was enhanced by the addition of E2 [27]. Furthermore, a knockdown of ERβ at the 

transcriptional level increased the expression of several pro-tumorigenic genes, including 

transforming growth factor beta (TGFβ) 1/2 [28]. 

In direct contrast, a growing number of studies have demonstrated that, under certain 

conditions, ERβ can instead promote tumor growth in TNBC. As an example, one study 

demonstrated that ERβ expression in ERα-negative cell lines resulted in increased insulin growth 

factor (IGF) 2 (IGF2) secretion, upregulation of MAPK/PI3K signaling, and was associated with 

a decrease in relapse-free survival [29]. The observed discrepancy could be attributed to the 

differential regulation imposed by ERβ isoforms beyond ERβ1. ERβ2 and ERβ5 were the 

predominant ERβ isoforms found in human TNBC tumors and cell lines, and an upregulation of 

either resulted in enhanced cell migration and invasion [30]. Conversely, overexpression of ERβ1 

was associated with a suppression of tumor growth and survival. Furthermore, there is a lack of 

standardization in detection methods, tissue preparation, and antibody selection, as well as minimal 

https://www.mdpi.com/2072-6694/15/19/4702#B25-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B21-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B26-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B27-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B28-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B29-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B30-cancers-15-04702
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information regarding ERβ’s role in each TNBC subtype [29]. Each of these factors could 

contribute to the conflicting results published so far. Thus, further clarification is needed to fully 

elucidate the functions of each ERβ isoform in the context of TNBC. 

Several researchers have proposed that ERβ’s functioning may also depend on other 

signaling pathways, particularly mutations in tumor suppressor P53. Around 80% of all TNBC 

patients harbor a mutation in the P53 gene, often resulting in a gain in oncogenic functioning [31]. 

Mutant p53 can form a complex with p63 and p73, inhibiting their activity and promoting cancer 

cell metastasis [32,33]. When ERβ is present in vitro, it can interact with mutant p53 to disrupt the 

complex with either p63 or p73, inhibiting tumor growth [34,35]. ERβ’s interaction results in a 

reconfiguration of mutant p53′s structure, returning its structure to the wildtype form and 

preventing its oncogenic functioning. In patients with wildtype p53, ERβ alters p53′s 

transcriptional regulation, resulting in a pro-proliferative phenotype [35]. Similar trends were 

observed in TNBC patients’ OS, where patients expressing mutant p53 and high levels of ERβ had 

the best outcome. Of note, the sequestration of patient phenotypes may also allow clinicians to 

predict the benefit of tamoxifen use in TNBC patients. Patients expressing high levels of ERβ and 

mutant p53 showed an increased responsiveness to tamoxifen treatment while those with wildtype 

p53 received little to no benefit at all. Thus, ERβ and mutant p53 could serve as useful biomarkers 

to predict tamoxifen’s effectiveness in TNBC patients. 

 

4. Clinical Data regarding Estrogen Receptor Beta in TNBC 

Because ERβ is believed to impact the progression of some TNBC tumors, growing 

research has looked at targeting the receptor in a clinical setting. This section describes the current 

https://www.mdpi.com/2072-6694/15/19/4702#B29-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B31-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B32-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B33-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B34-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B35-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B35-cancers-15-04702
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clinical data available for targeting ERβ and what results have been obtained thus far. Table 

1 summarizes the major findings from clinical trials targeting ERβ. 

 

Table 1. Ongoing or completed clinical trials targeting estrogen receptor beta in TNBC. 

Trial (National 

Clinical Trial 

Identifier) 

Phase 
 

Condition Interventions Key Results References 

Tamoxifen 
  

ERβ+/p53-

mutant TNBC 

patient with 

brain metastases 

Tamoxifen Reduction in tumor volume 

in the brain metastases; 

currently, no signs of 

disease progression. 

[36] 

Tamoxifen 

(NCT02062489) 

III (1) 

(2) 

ERα/PR-

negative 

ERβ+ operable 

breast cancer 

patients 

Adjuvant 

Tamoxifen 

No preliminary data 

available. 

Study to be completed by 

May 2026. 

[37] 

Toremifene 

(NCT02089854) 

IV (1) Patients with 

operable ERβ+ 

TNBC tumors 

Toremifene + 

Anastrozole 

No preliminary data 

available. 

[38] 

17β-Estradiol 

(E2) 

II (1) Metastatic 

TNBC 

E2 Partial response: 1/13 

patients (Erβ expressing); 

little effect 

on OS and PFS; grade 3–

4 AE in 4/17 patients; 2 

cases of grade 3 dyspnea; 1 

case of grade 3 vomiting; 1 

case of grade 4 

thromboembolism. 

[39] 

17β-Estradiol 

(E2) 

(NCT03941730) 

II (1) Metastatic 

TNBC patients 

overexpressing 

Erβ 

E2 No preliminary data 

available. 

Study to be completed by 

April 2024. 

[40] 

PFS: progression-free survival; OS: median overall survival; AE: adverse events. 

 

4.1. Selective Estrogen Receptor Modulators 

Although not traditionally used for ERα-negative tumors, preclinical and clinical research 

has shown that ERβ can influence the effectiveness of tamoxifen in a small percentage of TNBC 

patients. In a 2023 case study, the use of tamoxifen in an ERβ-positive / p53-mutant TNBC patient 

who had experienced brain metastases was evaluated [36]. Treatment with tamoxifen led to a 

https://www.mdpi.com/2072-6694/15/19/4702#table_body_display_cancers-15-04702-t001
https://www.mdpi.com/2072-6694/15/19/4702#table_body_display_cancers-15-04702-t001
https://www.mdpi.com/2072-6694/15/19/4702#B36-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B37-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B38-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B39-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B40-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B36-cancers-15-04702
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significant reduction in tumor volume of the brain metastases. This observation was predominantly 

a result of tamoxifen’s ability to increase ERβ’s interaction with mutant p53 in the cancerous cells, 

providing support for the clinical benefit of targeting ERβ in patients. As of today, the patient has 

shown no signs of disease progression. Although a larger number of patients is needed to validate 

this finding, this case study was the first to evaluate the status of p53 and ERβ for TNBC treatment. 

An ongoing phase III clinical trial (NCT02062489) is currently evaluating the effectiveness of 

adjuvant tamoxifen therapy in ERα/PR-negative, ERβ-positive operable breast cancer patients 

[37]. The primary objective of this trial is to evaluate tamoxifen’s effect on OS and disease-free 

survival (DFS) in tumors highly expressing ERβ and to determine if Erβ is positivity correlated 

with a response to estrogen therapy. Results for this study are expected in May 2026. 

Toremifene is another FDA-approved nonsteroidal selective estrogen receptor modulator 

that has demonstrated a similar efficacy and safety profile to tamoxifen [41]. A phase IV clinical 

trial (NCT02089854) evaluating the use of adjuvant endocrine therapy (toremifene and 

anastrozole, a nonsteroidal aromatase inhibitor) in patients with operable ERβ-positive TNBC 

tumors is underway [38]. The effect of this endocrine therapy on DFS and OS will be evaluated to 

determine its effectiveness relative to the control group (i.e., no adjuvant endocrine therapy). 

Results for this trial have not been published yet. 

 

4.2. 17β-Estradiol 

E2 is the ligand for both ERα and ERβ. As previously mentioned, in TNBC cell lines with 

inducible expression of ERβ, treatment with E2 promoted G1 cell cycle arrest and tumor regression 

[27], suggesting that E2 could have clinical potential in treating TNBC. In a phase II clinical trial, 

the use of high-dose oral E2 was evaluated in 17 patients with metastatic TNBC, regardless of 

https://www.mdpi.com/2072-6694/15/19/4702#B37-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B41-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B38-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B27-cancers-15-04702
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their ERβ status [39]. Among the 13 patients who expressed high levels of ERβ, only 1 patient 

demonstrated a partial response to E2 treatment, and treatment was shown to have little effect on 

OS and progression-free survival (PFS). E2 treatment was generally well tolerated by the patients. 

Grade 3/4 adverse events (AE) were observed in 4 of the 17 patients evaluated with two cases of 

grade 3 dyspnea, one case of grade 3 vomiting, and one case of grade 4 thromboembolism reported. 

Although the trial concluded with minimal effectiveness, the authors do not rule out the use of 

ERβ entirely. Improved detection of ERβ and the use of alternative ERβ agonists could result in 

increased clinical benefit for a subset of TNBC patients. 

An ongoing phase II clinical trial by Mayo Clinic (NCT03941730) is evaluating the 

effectiveness of E2 in metastatic TNBC patients overexpressing ERβ [40]. No results have been 

posted as of this date, and completion of this study is expected in April 2024. 

 

5. Androgen Receptor 

One of the most commonly overexpressed steroid nuclear receptors in breast cancer patients 

is the androgen receptor (AR), with a 70% occurrence leading to increased pathogenesis [42]. This 

receptor is a single polypeptide that is expressed in 10–43% of TNBC subtypes [43]. The AR has 

different domains in its structure that allow it to carry out its functions (Figure 2). The first domain 

is the N-terminal region which contains androgen-independent AF-1. The DNA-binding domain 

(DBD) interacts with incoming androgen signaling components while the hinge domain connects 

the DBD with the ligand-binding domain (LBD) [44]. Lastly, the C-terminal LBD binds to 

androgen and anti-androgen ligands contained in the C-terminus with the androgen-dependent 

activation function 2 domain (Figure 3). 
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Figure 3. An overview of the androgen receptor (AR) protein structure and its signaling 

pathway in cancerous cells.  

AR’s N-terminal region contains androgen-independent activation function 1 (AF-1), followed by 

the DNA-binding domain, the hinge domain (H), and the ligand-binding domain (LBD) contained 

in the C-terminus with the AF-2 domain. In AR’s unbound state, it interacts with a chaperone 

protein. When a ligand of interest such as androgen binds to AR, it dissociates from the chaperone 

protein and homodimerizes. It then translocates to the nucleus to activate gene transcription that 

enables cell growth, cancer cell proliferation, and apoptosis escape. This figure was made using 

Biorender.com. 

 

The AR has the capacity to bind to different ligands, such as growth factors including IGF 

and TGFβ, or endogenous androgens [45,46]; however, when it is unbound, it will interact with 

chaperone proteins [42]. Once AR binds to a ligand of interest, it will dissociate from the chaperone 

protein and will reconfigure into a homodimer that induces target gene transcription by 

translocating into the nucleus and activating a series of signaling events that lead to apoptosis 

escape and cancer cell proliferation [42,47,48] (Figure 2). AR signaling is important for the 
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functioning of several organs in the human body including the cardiovascular system, 

musculoskeletal system, prostate, and the nervous system [49]. 

 

6. The Role of the Androgen Receptor in TNBC 

The most consistently identified subtype of TNBC that is characterized by AR mRNA and 

its target genes’ expression is the LAR subtype [5,43,50]. LAR TNBCs show increased resistance 

to both neoadjuvant and adjuvant chemotherapy and demonstrate a poor pathological complete 

response [7,43,51]. Although AR signaling has been implicated in AR-positive TNBC, its 

involvement in disease progression is not completely understood. When the LAR subtype was 

identified, the targeting of AR in LAR cells decreased cell proliferation [5]. TNBC cells expressing 

high levels of AR increased expression of genes associated with cell cycle progression when 

compared to AR-negative cell lines [52]. Interestingly, across all the breast cancer subtypes, AR 

was present on both the primary and metastatic breast carcinomas, with some metastatic tumors 

showing elevated AR levels [53]. In vitro analysis of TNBC cell lines demonstrated that an 

upregulation of AR promoted anchorage-independent survival [54], suggesting that AR expression 

may be essential for successful metastasis to occur. Mechanistically, the presence of androgen can 

trigger the formation of a complex between AR, Src, FAK, and PI3K to modulate focal adhesion 

and promote cellular invasion [55]. Additionally, AR was also shown to promote cancer stem cell 

growth, and treatment with the antiandrogen enzalutamide decreased the formation of 

mammospheres in vitro and reduced tumor growth in vivo [54]. Because cancer stem cells are 

capable of initiating tumor growth, the targeting of AR alongside chemotherapy may be a viable 

method for preventing recurrent disease. 
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Current studies investigating AR’s role as a prognostic marker in breast cancer have 

yielded controversial results. Several studies analyzing AR-positive and AR-negative TNBC 

tumors indicate that the expression of AR is associated with an increased OS and DFS [56,57,58]. 

However, as described above, this is in direct contrast with most experimental results obtained so 

far. Furthermore, a small number of studies report that AR expression is associated with an 

increased rate of metastasis [59,60], while others have stated that it has no effect upon OS in TNBC 

[61,62]. Possible explanations for this discrepancy can include several factors such as the 

demographic and TNBC subtypes being analyzed, as well as the effect of different AR mutations 

upon patient outcome [43]. A lack of standardization among the methodologies and AR cut-off 

percentages used could also contribute to the conflicting results [63]. Despite this, targeting AR is 

still a viable option as, similar to ERα-positive tumors, AR-positive tumors are dependent on AR 

function [54]. Therefore, therapies targeting AR are an area of great interest, particularly for the 

LAR TNBC subtype. 

 

7. Clinical Trials Targeting the Androgen Receptor in TNBC 

Because AR has been heavily implicated in the progression of AR-positive LAR and non-LAR 

TNBC subtypes, several researchers are now looking to target AR as a novel therapeutic avenue 

for TNBC patients. In this section, the results of several ongoing and recent clinical trials targeting 

AR are described. The results from these clinical trials are summarized in Table 2. 
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Table 2. Ongoing or completed clinical trials targeting the androgen receptor in TNBC. 

Trial (National 

Clinical Trial 

Identifier) 

Phase 
 

Condition Interventions Key Results References 

Enzalutamide 

(NCT01889238) 

II (1) 

(2) 

Locally 

advanced or 

metastatic 

AR+ TNBC 

Intent-to-

treat (ITT)—

all patients 

AR 

expression 

≥10% 

Enzalutamide PFS: (1) 2.9 months, (2) 3.3 

months; OS: (1) 12.7 

months, (2) 17.6 months; 

Fatigue (≥2%). 

Study to be completed by 

December 2023. 

[64] 

Enzalutamide 

(NCT02750358) 

II (1) Stage I–III 

AR+ TNBC 

Adjuvant 

Enzalutamide 

DFS: 1-year: 94%; 2-year: 

92%; 3-year: 80%; Grade 3 

or higher AEs related to 

treatment: fatigue (6%), 

hypertension (2%). 

Study to be completed by 

May 2024. 

[65] 

Enobosarm 

(NCT02971761) 

II (1) AR+ 

metastatic 

TNBC 

patients 

Enobosarm + 

Pembrolizumab 

Complete response: 

1/16; Partial 

response: 1/16; Stable 

disease: 2/16; Response 

rate to combination 

treatment: 13%; CBR: 25% 

after 16 weeks; Grade 3 

related AEs—pain (6%), dry 

skin (6%), diarrhea (6%). 

[66] 

Bicalutamide 

(NCT00468715) 

II (1) ER–/PR– 

metastatic 

breast cancer 

patients 

highly 

expressing 

AR 

Bicalutamide AR+ expression (≥10%): 

12%; 6-month CBR: 

19%; PFS: 12-week median; 

Grade 3 AEs related elevated 

liver enzyme levels in one 

patient with liver metastases; 

Grade 3 nausea in 1/28 

patients. 

[67] 

Bicalutamide 

(NCT02605486) 

II (1) AR+ 

metastatic 

TNBC 

Bicalutamide + 

Palbociclib 

At 6-month mark: 

35% progression-free; 

32% stable disease. 

Study to be completed by 

November 2024. 

[68] 

Bicalutamide 

(NCT03090165) 

I/II (1) Advanced 

AR+ TNBC 

patients 

Bicalutamide + 

Ribociclib 

No preliminary data 

available. 

Study to be completed by 

September 2024. 

[69] 
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PFS: progression-free survival; DFS: disease-free survival; OS: median overall survival; CBR: clinical benefit rate; 

AEs: adverse events. 

 

7.1. Enzalutamide 

Enzalutamide is a second-generation antiandrogen that has been FDA-approved for the 

treatment of metastatic castration-resistant prostate cancer [71]. Enzalutamide works by binding 

to the ligand-binding domain of AR, inhibiting the binding of androgen ligands to its receptor. As 

a result, nuclear translocation and chromosomal DNA interactions are prevented, blocking the 

transcription of target genes and oncogenic processes. A phase II clinical trial (NCT01889238) 

tested enzalutamide on patients 18 years or older that had locally advanced or metastatic AR-

positive TNBC [64]. Patients that had prior treatments for advanced TNBC were eligible for the 

study; however, patients that had central nervous system metastases, cardiovascular diseases, or a 

history of seizures were excluded from this study. The patients were divided into two groups: the 

evaluable subgroup whose AR expression level was ≥10% and the intent-to-treat (ITT) subgroup 

which included all the patients involved. The results revealed that the PFS was 2.9 months in the 

ITT subgroup compared to 3.3 months in the evaluable subgroup. Additionally, the median OS 

was 12.7 months in the ITT subgroup compared to 17.6 months in the evaluable subgroup. 

Enzalutamide was well tolerated by most participants in this study. Fatigue was the only grade 3 

Seviteronel I (1) 

(2) 

Women with 

ER+ breast 

cancer or 

TNBC 

14/19: ER+ 

5/19: TNBC 

Seviteronel AEs reported in only 4 

patients; 7 women given 450 

mg dose of seviteronel, 4/7 

patients reached 16-

week CBR, 2 of these 

patients diagnosed with 

TNBC. 

Phase II trial will expand 

cohort to include men and 

women with either ER+ or 

TNBC. 

[70] 
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or greater AE related to treatment, occurring in ≥2% of patients, with all other serious AEs being 

attributed to disease progression. This study is expected to be completed by December 2023. 

Another phase II clinical study (NCT02750358) evaluated adjuvant enzalutamide 

treatment in patients with stage I–III AR-positive TNBC who had completed their standard-of-

care treatment [65]. A total of 50 patients were initially enrolled in the study; however, only 35 

patients completed at least one year of enzalutamide treatment to meet the trial’s endpoint for 

feasibility. Of the evaluated patients, the 1-year DFS, 2-year DFS, and 3-year DFS were 94%, 

92%, and 80%, respectively. Enzalutamide was well tolerated in these patients and demonstrated 

low toxicity. The only grade 3 or higher AEs reported were fatigue (6%) and hypertension (2%). 

This study’s expected completion date is May 2024. 

 

7.2. Enobosarm 

Enobosarm is a non-steroidal selective androgen receptor modulator that, in AR-positive 

TNBC tumors, showed an ability to inhibit tumor growth [72]. In a phase II clinical trial 

(NCT02971761), a combination of enobosarm and pembrolizumab, an anti-PD-1 immunotherapy, 

was tested on AR-positive metastatic TNBC patients [66]. A total of 18 patients were initially 

enrolled in the trial and only 16 patients were evaluated for efficacy. This combinational therapy 

returned some clinical benefit, with 1 of 16 patients achieving a complete response, 1 of 16 patients 

receiving a partial response, and 2 of 16 patients with stable disease. Additionally, the response 

rate for this combination treatment was 13% and the clinical benefit rate (CBR) was 25% after 16 

weeks. Enobosarm and pembrolizumab treatment was generally well tolerated, with the only grade 

3 AEs reported being pain (6%), dry skin (6%), and diarrhea (6%). 

 

https://www.mdpi.com/2072-6694/15/19/4702#B65-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B72-cancers-15-04702
https://www.mdpi.com/2072-6694/15/19/4702#B66-cancers-15-04702


87 

 

7.3. Bicalutamide 

Bicalutamide is a first-generation non-steroidal AR antagonist that is currently FDA-

approved for the treatment of prostate cancer [73]. Bicalutamide binds AR through competitive 

inhibition, preventing its translocation to the nucleus and any further signaling. A phase II trial 

(NCT00468715) investigated bicalutamide’s efficacy and safety in ER-/PR-negative metastatic 

breast cancer patients that were highly expressing AR [67]. A total of 51 of the 424 (12%) screened 

patients tested positive for AR expression (≥10%), and 26 patients were evaluable for the study’s 

primary endpoint. In the evaluated patients, a 6-month CBR of 19% and a 12-week median PFS 

were achieved. Bicalutamide showed low levels of toxicity and no grade 4/5 AEs were reported. 

Grade 3 AEs related to elevated liver enzyme levels (aspartate aminotransferase, bilirubin, and 

alkaline phosphatase) were reported in one patient who had liver metastases, so it is unclear 

whether the events could be attributed to disease progression or to treatment. Otherwise, 1 of the 

28 patients evaluated for safety reported grade 3 nausea. 

Some researchers have begun exploring bicalutamide’s effectiveness in combination with 

other therapeutics for treating AR-positive TNBC patients. Particularly, the cyclin-dependent 

kinase (CDK)4/6-retinoblastoma pathway has been implicated in the progression of breast cancer, 

and some TNBC cell lines have demonstrated sensitivity to the use of CDK4/6 inhibitors [74]. An 

ongoing phase II clinical trial (NCT02605486) investigating bicalutamide in combination with 

CDK4/6 inhibitor palbociclib in AR-positive metastatic TNBC has demonstrated potential clinical 

benefit [68]. A total of 31 of the 33 enrolled patients were evaluated for the study’s endpoints. At 

the six-month mark, 11 of 31 patients were progression-free, and 10 of 31 patients had stable 

disease. The bicalutamide and palbociclib combination was fairly well tolerated by patients. The 

expected study completion date for this trial is November 2024. Another phase I/II clinical trial 
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(NCT03090165) is investigating the use of bicalutamide in combination with the CDK4/6 inhibitor 

ribociclib in advanced AR-positive TNBC patients [69]. From the phase I clinical data, this 

combinational therapy has been well tolerated by patients and no unexpected toxicities have been 

reported. The study’s expected completion date is September 2024. 

 

7.4. Seviteronel 

Seviteronel possesses the ability to inhibit both AR and cytochrome P450 17α-

hydroxylase/17,20-lyase (CYP17 lyase), the enzyme required for androgen production [75]. 

Additionally, seviteronel promoted the radiosensensitization of TNBC cell lines and decreased 

tumor volume when used in conjunction with radiation. An open-label phase I clinical study aimed 

to determine the appropriate dosage of seviteronel in women with ERα-positive breast cancer or 

TNBC, as well as its safety [70]. A total of 19 women were evaluated in this study, where 14 of 

the patients were classified as ER-positive while the other 5 were classified as TNBC. AR status 

was not considered at this time. Seviteronel was generally well tolerated by patients, with grade 3 

or higher AEs being reported in only four subjects. Additionally, in the seven women given a 450 

mg dose of seviteronel, the recommended phase 2 dose, four of the patients reached the 16-week 

CBR, with two of these patients being diagnosed with TNBC. Phase II of this clinical trial will 

expand the cohort to include men and women with either ER-positive breast cancer or TNBC. 

 

8. Glucocorticoid Receptor 

GR is a nuclear hormone receptor that is ubiquitously expressed and activated upon the 

binding of its respective ligand, glucocorticoid. Glucocorticoids are steroid hormones that are 

released by the adrenal glands and play significant and broad roles in metabolism, anti-
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inflammation, immune responses, and fetal development [76]. The GR structure is composed of a 

disordered amino-terminal domain (NTD), a DBD, and an LBD [77]. In its unbound state, GR 

resides in the cytoplasm, protected in a chaperone complex during its folding stages. However, 

once the glucocorticoid ligand binds to GR’s LBD, GR becomes activated and translocates to the 

nucleus where its DBD domain participates in specific DNA binding. Consequently, GR will then 

recruit various transcription factors that will further activate or repress target gene expression 

(Figure 4). 

 

 

Figure 4. Glucocorticoid receptor (GR) binding mechanism, activating target gene 

expression.  

In its unbound state, GR is located in the cytoplasm with a chaperone complex. Once bound to its 

ligand, glucocorticoid, GR translocates to the nucleus where its DNA-binding domain (DBD) will 

activate or inhibit target gene expression. This figure was made using Biorender.com. 
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9. Glucocorticoid Receptor in TNBC 

The expression levels of GR on TNBC cells vary considerably in different studies, ranging 

from 0% to 84% [78,79,80,81,82]. This discrepancy can be largely attributed to the lack of 

standardization among antibodies and methods used to detect GR on cells. Generally, the presence 

of GR on TNBC cells is associated with a poor patient prognosis and a worse OS [78,79]. This is 

in direct contrast with ERα-positive patients where the presence of GR corresponds to a better 

prognosis [83], suggesting that regulation of GR through ERα can heavily impact whether GR 

imparts a proliferative or antiproliferative functioning. TNBC patients with high GR expression 

are typically more resistant to chemotherapy-induced apoptosis, a phenomenon that is likely 

mediated through the GR-mediated upregulation of several pro-survival genes, including MPK-

1 and SGK-1 [83,84]. In basal-like TNBC, GR and STAT3 bind the same regulatory region, 

cooperatively promoting the expression of hundreds of basal-like genes that are associated with 

cell proliferation, stemness, and the epithelial–mesenchymal transition (EMT) [85]. 

GR signaling in TNBC cells depends heavily upon its external environment. An abundance 

of TGFβ1 or cellular stress in the tumor microenvironment activates p39 MAPK signaling, 

resulting in ligand-independent but p38-dependent GR phosphorylation at Ser134 (pS134-GR), 

ultimately promoting TNBC invasion and anchorage-independent growth [86]. Additionally, 

pS134-GR promotes the expression of MAP3K5, an activator of p38 MAPK signaling, suggesting 

that GR participates in a feedforward loop in response to stressors present in the environment. 

Additionally, pS134-GR regulates several genes involved in metabolic reprogramming to favor 

cell migration [78], demonstrating GR’s essential role in metastasis. 

Interestingly, GR signaling could possibly have a bi-faceted role in chemotherapy response. 

High GR expression in TNBC patients was associated with an increased responsiveness to 
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anthracycline-based chemotherapy; however, it demonstrated a poor response to taxane-based 

therapy [87]. In ERα-negative patients who were given glucocorticoid alongside their 

anthracycline treatment, OS was improved, while ERα-negative patients treated with 

glucocorticoid alone showed a worse OS [88]. The mechanism of action behind GR’s interactions 

with anthracycline and taxane is not well understood; however, this observation allows for the 

potential use of GR as a biomarker for the outcome of different chemotherapies in TNBC. 

 

10. The Clinical Use of RU486 (Mifepristone) in GR-Positive TNBC 

RU486, otherwise known as mifepristone, is an antiprogesterone and anti-

glucocorticosteroid agent that has a high affinity for PR and GR [89]. RU486 is capable of binding 

either receptor, maintaining them in an unfavorable conformation to inhibit any downstream 

signaling. RU486 is predominantly used to terminate pregnancy during the early developmental 

stages; however, preclinical data obtained in breast cancer cell lines and TNBC mice models 

suggest that it could function as a hormonal therapy as well [90,91,92,93]. Table 3 summarizes 

the results of clinical trials testing mifepristone in TNBC. 

 

Table 3. Ongoing or completed clinical trials targeting the glucocorticoid receptor in TNBC. 

Trial 

(National 

Clinical Trial 

Identifier) 

Phas

e 

 
Conditio

n 

Interventions Key Results References 

Mifepristone 

RU486 + Nab-

paclitaxel 

(NCT0149331

0) 

I (1

) 

Advance

d GR+ 

breast 

cancer 

patients 

TNBC + 

patients 

RU486 + nab-

paclitaxel 

Complete 

response: 2/6; Partial 

response: 2/6; Stable 

disease: 1/6; Progressive 

disease: 1/6; Some patients 

experienced neutropenia. 

[94] 

Mifepristone 

RU486 + Nab-

paclitaxel vs. 

II (1

) 

Advance

d GR+ 

TNBC 

Nab-paclitaxel + 

Placebo 

OS (2): 9 months; OS 

(1): 6 months; PFS: not 

significantly improved by 

[95] 
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Placebo 

(NCT0278898

1) 

(2

) 

13/29: 

Nab-

paclitaxel 

+ placebo 

16/29: 

Nab-

paclitaxel 

+ RU486 

Nab-paclitaxel + 

RU486 

addition of RU486; Grade 

3 AE: Neutropenia. 

Study to be completed by 

August 2024. 

Mifepristone 

RU486 + 

Eribulin 

(NCT0201433

7) 

I/II (1

) 

Patients 

with 

operable 

GR+ 

TNBC 

RU486 + Eribulin Phase I: 16 patients with 

meta-static breast 

cancer; Phase II: 21 

patients with TNBC; Phase 

II dose combinational 

treatment partial 

response: 3/23; Stable 

disease: 8/23; Progressive 

disease: 11/23; Inconclusi

ve: 1/23; Median PFS: 9 

weeks; Grade 3/4 

AEs: neutropenia, 

neuropathy, fatigue, 

hypokalemia, nausea. 

[96] 

PFS: progression-free survival; OS: median overall survival; AEs: adverse events. 

 

A randomized phase I clinical trial (NCT01493310) completed in 2018 was designed to 

determine the pharmacokinetics and toxicity of chemotherapy agent nab-paclitaxel (Abraxane, an 

albumin-bound nanoparticle formulation of paclitaxel) when used in combination with 

mifepristone in advanced GR-positive breast cancer patients [94]. A total of nine patients were 

enrolled in the trial, where six were diagnosed with TNBC. Of the six TNBC patients, two of them 

had a complete response, two had a partial response, one had stable disease, and one had 

progressive disease. Pharmacokinetic studies revealed that administration of mifepristone 

successfully delayed nab-paclitaxel clearance in a number of patients. Combinational treatment 

had manageable levels of toxicity, with some patients experiencing neutropenia as a result of this 

therapy. 
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A phase II, randomized, placebo-controlled clinical trial (NCT02788981) is investigating the 

use of nab-paclitaxel with or without mifepristone in patients with advanced GR-positive TNBC 

[95]. Of the 29 patients enrolled in the trial, 13 received nab-paclitaxel and a placebo, while the 

other 16 patients received the nab-paclitaxel and mifepristone combination. OS in the combination 

group was 9 months, while nab-paclitaxel alone was 6 months, though PFS was not significantly 

improved by the addition of mifepristone. The combinational treatment was generally well 

tolerated by patients, with the most reported grade 3 AE being neutropenia. This study is expected 

to be completed by August 2024. 

A phase I/II clinical trial (NCT02014337) investigated the safety and efficacy of 

mifepristone in combination with eribulin, another FDA-approved chemotherapy agent for breast 

cancer, in patients with GR-positive TNBC [96]. Phase I included 16 patients with metastatic 

breast cancer while phase II had 21 patients with TNBC specifically. Across phase I and II, there 

were 23 evaluable patients at the recommended phase II dose (mifepristone 300 mg/day and 

eribulin 1.1 mg/m2). Following combinational treatment, three patients had a partial response, 

eight had stable disease, eleven patients had progressive disease, and one was still inconclusive. 

The median PFS was 9 weeks, which was generally better than the use of eribulin alone. In terms 

of safety, this combinational treatment was well tolerated, and the most commonly reported AE 

was neutropenia. Grade 3/4 AEs were limited to neutropenia, neuropathy, fatigue, hypokalemia, 

and nausea. 

 

11. Conclusions 

The inherent lack of distinct cellular targets and the pronounced heterogeneity of TNBC 

tumors has led to a significant deficiency in treatment options, resulting in a more challenging 
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prognosis for TNBC patients. As a result, researchers have been exploring alternative therapeutic 

avenues for TNBC. Targeting steroid hormonal receptors, such as ERβ, GR, and AR, has shown 

some potential in inhibiting cancer cell proliferation and curbing tumor growth in biological 

models. These receptors could also be considered as biomarkers for determining patient prognosis 

and sensitivity to related treatments. Specifically, the presence of AR is associated with improved 

OS while GR is associated with a worsened outcome in TNBC, and patients expressing ERβ and 

mutant p53 had an increased responsiveness to tamoxifen treatment. 

Clinical trials targeting these receptors in TNBC patients expressing high levels of ERβ, AR, 

or GR demonstrated moderate improvement of survival and patient outcome, particularly in 

patients with metastatic disease. The majority of therapies were well tolerated by patients, with a 

limited number of grade 3 or higher AEs. Thus, it appears that the use of these hormonal therapies 

could provide some benefit to a substantial proportion of TNBC patients. 

 

12. Future Directions 

While the current findings are promising, further research is needed to resolve gaps in the 

literature. Primarily, the majority of studies do not account for the heterogeneity of TNBC tumors. 

Subtype-dependent regulation of receptor signaling could partially explain the range of patient 

responses reported in clinical trials. Additionally, insight into the interactions between these 

hormone receptors is needed. While a small number of studies have reported on the crosstalk 

between the various hormone receptors [97,98,99,100], their mechanism of action is still largely 

unknown. Thus, further research regarding these hormonal receptors in TNBC could lead to a new 

effective treatment for some patients. 
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Appendix D. Scalable Biomanufacturing Workflow to Produce and 

Isolate Natural Killer Cell-Derived Extracellular Vesicle-Based 

Cancer Biotherapeutics 

 

Preface: This work was adapted from the method paper “Scalable Biomanufacturing 

Workflow to Produce and Isolate Natural Killer Cell-Derived Extracellular Vesicle-Based Cancer 

Biotherapeutics” originally published in the Journal of Visualized Experiments in 2024. This work 

was published as a co-first author with Frederic St-Denis-Bissonnette. 

Citation: St-Denis-Bissonnette, F.; Kirkby, M.; Wang, L.; Lavoie, J. R. Scalable 

Biomanufacturing Workflow to Produce and Isolate Natural Killer Cell-Derived Extracellular 

Vesicle-Based Cancer Biotherapeutics. Journal of Visualized Experiments 2024,  (210). DOI: 

10.3791/67227. 

Author Contributions: Conceptualization, FSTDB, MK, LW, JRL; NTA experimentation 

and analysis: FSTDB, MK; EV cytotoxicity assay: FSTDB; EV cytotoxicity analyses: FSTDB, 

MK, LW, JRL; Statistical analysis: FSTDB; writing—original draft preparation, FSTDB and MK; 

writing—review and editing, FSTDB, MK,  LW, JRL. All authors have read and agreed to the 

published version of the manuscript. 

 

Abstract 

Natural killer cell-derived extracellular vesicles (NK-EVs) are being investigated as cancer 

biotherapeutics. They possess unique properties as cytotoxic nanovesicles targeting cancer cells 

and as immunomodulatory communicators. A scalable biomanufacturing workflow enables the 

production of large quantities of high-purity NK-EVs to meet the pre-clinical and clinical 

demands. The workflow employs a closed-loop hollow-fiber bioreactor, enabling continuous 
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production of NK-EVs from the NK92-MI cell line under serum-free, xeno-free, feeder-free, and 

antibiotic-free conditions in compliance with Good Manufacturing Practices standards. This 

protocol-driven study outlines the biomanufacturing workflow for isolating NK-EVs using size-

exclusion chromatography, ultrafiltration, and filter-based sterilization. Essential NK-EV product 

characterization is performed via nanoparticle tracking analysis, and their functionality is assessed 

through a validated cell viability-based potency assay against cancer cells. This scalable 

biomanufacturing process holds significant potential to advance the clinical translation of NK-EV-

based cancer biotherapeutics by adhering to best practices and ensuring reproducibility. 

 

Introduction 

In the 21st century, remarkable advancements have been achieved in the battle against 

cancer. This is mainly due to the rise of cancer immunotherapeutics, a class of drugs that harnesses 

the immune system to fight cancer. Natural killer cell-derived extracellular vesicles (NK-EVs) 

represent promising contenders in the expanding realm of immunotherapy. Integrative to innate 

and adaptive immunity, NK cells play a crucial role in the body's defense against virus-infected, 

stressed, and malignant cells. They employ a comprehensive arsenal of anti-cancer machinery to 

eliminate abnormal cells through cytotoxic means1,2,3. Among these mechanisms is the production 

and secretion of EVs, nanoscale bilayer structures containing various biomolecules, such as 

proteins, RNAs, and DNAs, crucial for facilitating intercellular communication4,5,6. NK-EVs 

emerge as promising cell-free therapeutics due to their unique carrier properties. These include 

their small size, allowing filter-based sterilization, high biocompatibility, preferential 

accumulation within tumors, broad cargo delivery spectrum, capacity to overcome biological 

barriers such as the blood-brain barrier, and minimal toxicity profile. For several reasons, NK-EVs 
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obviate the need for patient lymphodepletion via chemotherapy before administration: 1) 

conventionally, lymphodepletion is employed to create a more hospitable environment for cell-

based therapy, enabling infused cells to proliferate and exert their therapeutic effects; 2) unlike 

cells, EVs lack the replication capacity and are substantially smaller in scale; 3) EVs operate 

through distinct mechanisms and exhibit diminished immunogenicity compared to cells5,6,7. 

Furthermore, NK-EVs consistently exhibited in vitro efficacy against various cancer models and 

have also shown immunomodulatory effects on immune cells that foster anti-cancer 

responses8,9. In vivo results corroborate these findings, showcasing cancer regression following 

NK-EV treatment and negligible toxicities10,11,12. Therefore, NK-EV-based therapeutics hold great 

promise to address the challenges of treating cold, immunologically inert solid tumors13,14,15,16,17. 

Our recent study addresses a significant bottleneck to the clinical translation of NK-EVs 

through biomanufacturing7. The article presents a proof-of-concept for a cost-effective and 

scalable biomanufacturing workflow of NK-EVs meticulously designed to ensure in-process 

quality control testing. This approach continuously produced large quantities of high-purity NK-

EV-based cancer biotherapeutics, with thorough product characterization conducted according to 

the MISEV2018 guidelines18. The scalability of the biomanufacturing workflow can be achieved 

by increasing cartridge size or having multiple bioreactors running in parallel. Similarly, the 

scalability of the EV isolation workflow can be easily attainable using techniques like Fast Protein 

Liquid Chromatography (FPLC) based size-exclusion chromatography (SEC), ultrafiltration (UF), 

and filter-based sterilization. The closed-loop hollow-fiber bioreactor (HFB) system grew the IL-

2-self-sufficient NK cell line (NK92-MI cells) without requiring serum supplementation, a feeder 

system, and antibiotics. This was accomplished using a commercially available chemically defined 

and xeno-free medium (a GMP version is now commercially available). As a result, large 
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quantities of NK cells (109 viable cells) and NK-EVs (1012 EVs) were successfully produced 

within 5 - 7 days using a single medium-size bioreactor cartridge, with both products extensively 

characterized. Throughout the biomanufacturing process, cell health was monitored daily using 

quantifiable metrics such as pH, glucose, and lactate levels, along with visual indicators such as 

media color and any sign of contamination, which are essential predictors of cell and EV quality. 

Post-harvest evaluation of NK cell viability and functionality generated in the HFB system, 

particularly cytotoxicity, revealed a significant enhancement compared to flask-based cultures7. 

Likewise, purified NK-EVs exhibited a high purity profile, devoid of bacteria, mycoplasma, 

common viral entities, and cellular components, and with negligible endotoxin levels. Importantly, 

purified NK-EVs constituted over 99.9% of all nanoparticles found in the final product7. Lastly, 

these purified NK-EVs retained key NK characteristics, including surface markers (CD2, CD45, 

CD56), cytokine payload (GzmB, PFN, IFN-g), and demonstrated potent cytotoxicity against 

leukemic K562 cells, the gold-standard line for assessing NK cell cytotoxicity7. 

The present protocol details the scalable biomanufacturing workflow discussed above. It 

elucidates the methodology for isolating NK-EVs produced using FPLC-SEC coupled with UF 

and filter-based sterilization. Additionally, the protocol describes pivotal steps, including product 

characterization using nanoparticle tracking analysis (NTA), quality assessment using various 

tools (protein/dsDNA quantification and microbial testing), and functional validation of the 

purified NK-EV product against cancer cells by cell viability assay. Typically, this workflow 

yields 1.0 - 1.5 mL of NK-EV product with an average concentration of 1.18 x 1012 EVs/mL7, 

totaling a minimum of 1 x 1012 EVs based on approximately 40 mL of EV-rich CM. This process 

allows product release for various downstream applications, such as investigatory, preclinical, and 

multi-omics (proteomics, transcriptomics, genomics, metabolomics, lipidomics, and epigenomics) 
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studies demanding high quantities of high-quality EVs while holding potential for clinical 

translation, with demonstrated reproducibility. 

 

Protocol 

1. NK-EV biomanufacturing from NK92-MI cells using a closed-loop bioreactor 

NOTE: NK-EVs are manufactured using a scalable biomanufacturing workflow that adheres to 

Good Manufacturing Practices (GMP) and utilizes the NK92-MI cells (see Figure 1). Our recent 

publication has detailed insights into the biomanufacturing procedure and NK-EV products' 

identity and safety profiles7. 

 

 
Figure 1: Biomanufacturing of natural killer cell-derived extracellular vesicles (NK-EVs) in 

a closed-loop hollow-fiber bioreactor (HFB) with scalable isolation workflow.  

Schematic representation of the biomanufacturing workflow to generate large quantities of high-

purity NK-EV products. IL-2 self-sufficient NK92-MI cells are seeded into a closed-loop HFB 

cartridge and cultured under serum-free (SF), xeno-free (XF), feeder-free, and antibiotic-free 

conditions, where they are grown for continual EV-rich conditioned medium collection. NK-EV 

isolation from EV-rich CM is performed by Fast Protein Liquid Chromatography-based size 

exclusion chromatography (FPLC-SEC) coupled with ultrafiltration (UF). NK-EVs are 

characterized and assessed through multiple assays, and their functionality against K562 leukemia 



107 

 

cells is evaluated using a viability potency assay. This figure has been modified from7(created with 

Biorender.com).   

 

1. Starting from 1 - 5 x 106 NK92-MI cells and maintaining a cell density between 3 - 8 x 

105 cells/mL, culture the cells in T25 - T175 flasks using a pre-warmed culture medium. 

Incubate at 37 °C with 5% CO2 (see Table of Materials). Replace the medium every 2 - 3 

days until 1 x 108 NK92-MI cells are produced of at least 70% viability. 

NOTE: Keep 1/5th-1/3rd of the conditioned medium (CM) when reseeding the cells, as it 

contains favorable growth factors. 

2. Perform medium HFB cartridge preparation and NK cell inoculation as described below. 

NOTE: All manipulations should be performed inside a class II biosafety cabinet to ensure 

and maintain sterility. Before moving the cartridge system into the biosafety cabinet, 

generously spray with 70% ethanol, paying special attention to the reservoir bottleneck and 

the syringe connections. 

1. Prepare the HFB cartridge according to the manufacturer's 

instructions19 (see Table of Materials; see Figure 2) as described below. 

1. Wrap Luer Lock connections with wax film and adjust the pump flow rate 

according to the manufacturer's instructions19. Condition the HFB cartridge 

by allowing 150 mL of sterile phosphate-buffered saline (PBS; see Table 

of Materials) to circulate for at least five days. 

2. To remove the air from the extracellular capillary space (ECS; volume is 

approximately 29 mL), inject approximately 40 mL of PBS through the left 

ECS port and allow the air to escape through the right ECS port. While 

doing that, close the left and right end port clamps. Ensure the syringe is 

always connected to the left and right ECS ports. 
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3. Once completed, put the cartridge on the flow pump (see Table of 

Materials) inside the incubator set to 37 °C and 5% CO2. Ensure there are 

no leaks after a few days of circulation. 

2. Replace the PBS with 150 mL of culture medium in the reservoir bottle and the 

ECS 2 days before seeding cells into the cartridge. Repeat the previous conditioning 

steps (step 1.2.1.) using the culture medium but for 2 days of circulation. 

3. Before seeding cells, replace the contents in the reservoir bottle and the ECS with 

250 mL of fresh culture medium. 

4. Acquire the culture flask from the incubator and transfer the cells to a 50 mL tube. 

Spin at 300 x g for 5 min. Resuspend the cell pellet using 21 mL of culture medium. 

5. Prepare two aliquots of 20.5 µL each from the cell suspension for cell counting on 

an automated cell counter (see Table of Materials). To each 20.5 µL cell 

suspension aliquot, add an equal amount of AO/PI dye (see Table of Materials) 

and mix up and down at least 10x. 

NOTE: We do not recommend Trypan Blue for accurate NK cell counting. 

Alternatively, use a hemocytometer for manual counting. 

6. Load 20 µL into each counting chamber of the counting slide and perform 

automated cell counting using the appropriate program. Calculate the average live 

cell concentration and note viability. 

7. Mix the NK cell solution a few times before aspirating it using a 20 mL syringe and 

an 18 G needle to maintain sterility. This solution should contain approximately 1 

x 108 live NK cells in approximately 20 mL or about 5 x 106 cells/mL. 
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8. After removing the needle from the syringe, gently inject the NK cells into the 

cartridge through the left ECS port. To ensure uniform cell dispersion throughout 

the cartridge, gently reciprocate the cell solution at least 10x using the syringes 

connected to the left and right ECS ports. 

NOTE: the solution should have equal turbidity across both syringes, with the left 

and right end ports closed. 

9. Open the left and right end port and inject what remains within the syringes. Close 

the left and right ECS ports using the clamps. 

10. Transfer the cartridge to the incubator and let it sit for 30 min before properly 

installing it on the flow pump. Leave the cartridge in for biomanufacturing. Adjust 

the flow rate according to the manufacturer. 

11. To monitor cell health metrics, acquire a 0.5 mL aliquot of medium daily from the 

thoroughly mixed medium in the reservoir bottle and store it at -20 °C after 

verifying glucose and pH levels. L-lactate levels can be verified later (see Table of 

Materials). 

12. Replace the medium in the reservoir (250 - 500 mL) every 1 - 2 days to maintain 

the glucose content above 50% of the initial levels found in the medium and pH 

above 7.0 (range from 7.0 - 8.0). 

3. Perform NK-EV-rich CM collection daily after 1 day of rest when first seeding the 

cartridge as described below. 

1. Move the cartridge system into the biosafety cabinet. Gently inject approximately 

21 mL of culture medium through the left ECS port to push an equivalent volume 
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of EV-rich CM through the right ECS - do not mix (see Figure 3). 

NOTE: Always use new plasticware to prevent contamination. 

2. Transfer EV-rich CM solution into a 50 mL tube and centrifuge at 300 x g for 5 

min. Meanwhile, move the cartridge system back into the incubator on the flow 

pump. 

3. Transfer the supernatant to a new tube and centrifuge at 2000 x g for 10 min. Again, 

transfer the supernatant into a new tube. Then, aliquot the EV-rich CM equally 

across 3, 50 mL tubes (~7 mL/tube) and store at −80 °C until further processing. 

NOTE: Sequentially harvested EV-rich CM is pooled across these three tubes, 

generating three technical replicate sample tubes. 

4. Perform HFB-NK cell harvest to continue producing EV-rich CM using the same HFB 

cartridge as described below. 

NOTE: NK cells can be harvested from the HFB's ECS by performing the HFB-NK cell 

harvest protocol" once the cartridge reaches confluence (maximum of 1 x 109 cells). This 

happens after 5 - 7 days for each lot or when the glucose content is found to be below the 

limit of detection of the glucose meter (e.g., no reading or readings of ~ 0) for 2 consecutive 

days. If this is the final cell harvest, the medium can be substituted for PBS to flush the 

cartridge and retrieve the cells. 

1. Harvest EV-rich CM exactly as detailed above in step 1.3. 

2. Inject approximately 50 mL of the medium through the left ECS port. To ensure 

homogenous cell dispersion throughout the cartridge, gently push back and forth 

the cell solution using the syringes connected to the left and right ECS ports at least 

10x to loosen up cells before ultimately pushing and collecting them with a syringe 
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through the right ECS port. Transfer the harvested EV-rich CM into a 50 mL tube. 

Set aside at 37 °C (water bath or incubator) for now. 

NOTE: The push-back action helps to dislodge the cells before they are fully 

expelled and collected by a syringe through the right ECS port. The solution should 

have equal turbidity across both syringes, with the left and right end ports closed. 

Tapping on the bioreactor cartridge (physical disturbance) can help preemptively 

dislodge the cell cluster at the bottom of the cartridge. Aggressive back-forth 

mixing of the cell suspension can negatively affect the viability of the recovered 

cells. Care and patience should be applied to maximize viability. 

3. Repeat the last step 2x. In total, 150 mL of cell suspension should be recovered. 

Centrifuge at 300 x g for 5 min. Discard supernatant. 

4. Resuspend both cell pellets in 20 mL of fresh medium each and combine them. 

Collect two aliquots of 20.5 µL each of the cell suspension for cell counting on an 

automated cell counter (see Table of Materials). 

NOTE: Typically, numerous cell dilutions using PBS as diluent are required to fall 

within the cell counter's dynamic range. 

5. To the 20.5 µL cell suspension aliquot, add an equal amount of AO/PI dye 

(see Table of Materials) and mix up and down at least 10x. Load 20 µL into each 

counting chamber of the counting slide and perform automated cell counting using 

the appropriate program. 

6. Average the live cell concentration of all dilution-corrected counts, determine the 

total amount of live cells, and record the viability. As detailed above, to 

continuously produce EV-rich CM using the same bioreactor cartridge, reseed 1 x 
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108 HFB-produced NK cells. 

NOTE: If desired, HFB-produced NK cells can be stored using a cryopreservation 

freezing medium and a freezing container to control the freezing rate (see Table of 

Materials). 

 

 
Figure 2: Hollow-Fiber Bioreactor (HFB) system component and set-up.  

The reservoir bottle (1) contains the complete medium that circulates through the bioreactor 

cartridge (2) by the action of a peristaltic pump (not shown) acting on the pump tubing (3). Cells 

are introduced into the extracellular capillary space (ECS) through the left (4) and right (5) ECS 

side ports. Once the ECS slide clamps are closed, the left (6) and right (7) end side ports are open 

to allow the medium to circulate throughout the system. Notice the addition of wax film on the 
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Luer Lock connection near the reservoir cap of the medium bottle to prevent potential 

contamination. 

 

 
Figure 3: Schematic representation of the NK-EV isolation process.  

After daily collection of EV-rich conditioned medium (CM), the solution was differentially 

centrifugated to remove cells (first spin at 300 x g for 5 min) and cellular debris (second spin at 

2000 x g for 10 min). Cleared EV-rich CM was stored at -80 °C until further processing. Once 

ready for NK-EV isolation, frozen EV-rich CM is thawed and centrifuged one more time to ensure 

the removal of cellular debris (third spin at 10,000 x g for 30 min). Then, the EV-rich CM is treated 

for 2 - 4 h at 37 °C with endonuclease to digest nucleic acids considered host cell contaminants. 

Next, the EV-rich CM is processed by Fast Protein Liquid Chromatography-based size-exclusion 

chromatography (FPLC-SEC) for EV purification using a bimodal resin. Eluted fractions of 

approximately 10 - 15 mL are combined and filtered with 0.22 µM filters to ensure the sterility of 

the final NK-EV product. Ultrafiltration allows the product to be concentrated by a factor of about 

35 - 50X, yielding a guaranteed concentration of over 1 x 1012 EVs/mL, totaling 1.0 - 1.5 mL. This 

figure has been modified from7(created with Biorender.com). 
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2. NK-EV purification by FPLC-SEC coupled with UF and filter-based sterilization 

1. Prepare the following solutions and filter them twice using a 0.1 µm filter (see Table of 

Materials): water (conductivity of 0 mS/cm), PBS: 50 mL of 10x PBS + 450 mL of water 

(conductivity around 14.7 mS/cm), 20% ethanol, cleaning solution (0.5 M NaOH and 30% 

isopropyl alcohol in water). 

2. Perform FPLC system initiation according to manufacturer's instructions (see Table of 

Materials). Perform pre- and post-run clean-in-place (CIP) steps according to 

manufacturer's instructions. Wash all lines and the column resin and rinse using double-

filtered (DF) water, cleaning solution, DF-water, and DF-PBS. 

NOTE: It is worth noting that CIP can be done on another day if needed. 

3. Use a chromatography column packed with a bimodal resin (see Table of Materials) with 

a bed height of 20 cm. Make connections using the drip-to-drip method to ensure no air is 

introduced inside the column. 

4. Set up the fraction collector with appropriate collection tubes and change the fractionation 

settings to the desired collection volume (e.g., 15 mL). Place enough tubes and two 

additional tubes to collect the entire sample volume. 

5. Carry out sample preparation as described below. 

1. Take 40 - 80 mL of EV-rich CM from the -80 °C freezer and thaw quickly at 37 

°C. Load the sample into the ultracentrifuge and spin at 10,000 x g for 30 min at 4 

°C. 

NOTE: Tubes must be balanced accurately by weight, not by volume. 

2. After spinning, collect the supernatant and transfer it to a new tube. To reduce 

dsDNA levels, treat the EV-rich CM with 50 U/mL of endonuclease and 1.5 mM 
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of MgCl2 (see Table of Materials). Incubate for 2 - 4 h in an incubator (37 °C), 

allowing moderate mixing. 

6. Once the system (lines and column) is ready for EV isolation, load the EV-rich CM into a 

60 mL syringe and connect it to the sample line. Start the system by clicking Manual 

Run and set the flow rate to 0. Follow the software prompts to save the run pre-emptively, 

then click Start. 

7. Select Line B (DF-PBS) and run at a flow velocity of 150 cm/h (flow rate of 2.0 mL/min). 

Make sure the solution runs through the column. 

8. Once the conductivity stabilizes, press Auto Zero UV. Change the flow path to direct the 

sample to the waste bottle before the column. Make sure no bubbles are introduced into the 

system. 

9. After a maximum of 5 - 20 s, direct the sample to the column. Click Fractionation once 

the UV readings reach approximately 230 mAU. 

10. Once the sample is completely injected through the system, switch the buffer system over 

to DF-PBS (at the sample valve) to continue purification. Click Fractionation again when 

the UV value reaches approximately 1600 mAU. 

NOTE: This corresponds to the intersection between UV readings and conductivity 

readings. Longer fractionation only dilutes the retentate without increasing EV yield. 

11. Combine all the fractions (diluted NK-EVs) and store them at 4 °C until ready for filter-

based sterilization and ultrafiltration (UF). 

12. Continue running DF-PBS until the UV value reaches approximately 1000 mAU. After 

this, stop running and save the chromatogram as a PDF document. 
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3. NK-EV product filter-based sterilization and concentration by UF 

1. Cool down the centrifuge to 10 °C. Sanitize every component of the UF apparatus 

(see Table of Materials) by rinsing with 20 - 30 mL of 90% ethanol. Spin at 4000 x g for 

5 - 10 min.  

NOTE: The filter is made of 10 kDa MWCO regenerated cellulose. 

2. Discard the flow through and then repeat the rinse using sterile PBS to equilibrate the 

device. Repeat 2x in total. 

3. To maximize sterility, filter the diluted NK-EV solution using a 0.22 µm syringe filter pre-

wet with DF-PBS (see Table of Materials). Collect the filtrate directly into the sterilized 

concentration apparatus. 

4. Spin at 4000 x g for 15 - 40 min (spin time is sample dependent). Mix the solution within 

the top filter compartment using a serological pipette after spinning. Spin at 4000 x g for 

an additional 10 min. 

NOTE: The mixing step is optional as it simply eases the concentration step by preventing 

the membrane from being clogged by EVs. 

5. Temporarily set aside the flow-through and collect the NK-EV sample by inverting the 

filtration device and attaching it to the collecting device. 

6. Spin at 2000 x g for 2 min. Transfer the purified NK-EV product into a 2 mL tube. Store 

the purified NK-EV product at 4 °C for short-term use (≤ 7 days) or frozen at -20 °C for 

long-term use. 

 

4. NK-EV characterization by Nanoparticle Tracking Analysis (NTA) 
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1. Prepare the solution and filter it twice at 0.1 µm (see Table of Materials): water, PBS, 

cleaning solution (10% bleach (CAUTION) in water). 

2. Initiate the NTA system according to the manufacturer's instructions. Similarly, perform 

the pre- and post-run clean-in-place (CIP) steps. Wash all lines and rinse using double-

filtered (DF) water, cleaning solution, and DF water. Equilibrate the lines using DF-PBS. 

3. Verify the flow cell and check for air bubbles. Remove bubbles if present. Once clear, 

carefully re-insert the flow cell into the NTA instrument. 

NOTE: Although not recommended by the manufacturer, very difficult-to-remove air 

bubbles can easily be removed by rinsing with 20% ethanol and then DF-water. 

4. Once the flow cell is in place and the door is closed, click Start Camera. With the lines 

filled with DF-PBS, the screen should show an absolute minimum number of particles. 

5. Change capture settings to a screen gain of 2 and a camera level of 14. Also, turn on the 

heater to temperature-stabilize the flow cell. 

6. Click Standard measurement to create a script under the SOP tab for collecting one 

capture over 1 min at a flow rate of 30 particles/frame and 23 °C. 

7. Just below, add the folder and file name to the pathway name to save the data. 

8. Prepare dilutions of the purified NK-EV product using DF-PBS in advance. When running 

NTA, accurate quantification requires 30 - 80 particles/frame. 

9. Vortex the sample before loading it into the syringe (see Table of Materials). 

10. Carefully connect the 1 mL acquisition syringe to the instrument loading line. No air should 

be present as it will negatively affect the acquisition and analysis. Slowly push half of the 

sample through, leaving around 0.5 mL in the syringe. 
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11. Once particles are visible on the screen, focus the camera to have a maximum of one halo 

around each particle. Click Infuse under the Hardware tab at a rate of 1000 for 5 s. Then, 

bring it down to a rate of 30. 

12. Press Run Script and follow the prompts. The software will ensure the temperature is set 

and ask if the settings are correct. Click Yes and follow the software prompts. 

13. After completing the capture, click Cancel when the software asks to process or export 

files. Click Infuse under the Hardware tab at a rate of 1000 for 10 - 15 s. In the meantime, 

turn back on the heater and the camera. Then, bring the rate down to 30 until the particles 

move. 

14. Gather four more captures by repeating the previous steps. Once a total of five captures 

have been recorded per dilutions, perform analysis after importing all five captures. 

15. Select the files to be processed by highlighting them. Click Process Selected Files. Under 

the Process tab, adjust the analysis settings to a screen gain of 2 and a detection threshold 

of 15. Settings are sample-dependent; ensure that 30 - 80 particles per frame are visible. 

16. Check and click OK for analysis. 

17. Once the files are processed, the software will ask to export them. Click Yes without 

clicking additional boxes or click Export. 

18. Repeat for all EV dilutions or samples. Shut down the NTA instrument after all samples 

are completed and CIP is done. 
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5. Quality assurance testing 

1. Perform microbial testing using two tests: 1) a small aliquot of purified NK-EVs is spiked 

into autoclaved LB broth medium, and 2) a small aliquot of purified NK-EVs is used for 

mycoplasma PCR detection (see Table of Materials). 

1. Test 1: culture LB medium at 37 °C for up to 5 days of with positive and negative 

controls included. Record the OD600, if needed. 

2. Test 2: perform mycoplasma PCR detection according to the manufacturer's 

protocol. 

2. Quantify protein and dsDNA on purified NK-EV dilutions using fluorometer-based assays 

as per manufacturer's instructions (see Table of Materials). 

 

6. Potency evaluation of NK-EV treated cancer cells using a validated highly sensitive 

resazurin-based cell viability assay 20 

1. Culture human K562 leukemia cells using RPMI-1640 with 10% heat-inactivated FBS for 

a few days before performing the potency assay (see Table of Materials). Maintain density 

between 2 - 8 x 105 cells/mL and replace media every 2 - 3 days. 

2. Acquire a 96-well flat-bottom plate (see Table of Materials) and pre-emptively add the 

volume of assay medium (supplemented with 5% EV-depleted FBS) required for 

normalization purposes (see Table of Materials). The final volume is 150 µL/well. 

NOTE: Use a repeater pipettor to reduce well-to-well variation. 

3. Acquire the cell culture and transfer the cells to a tube. Spin at 300 x g for 5 min. Resuspend 

the cell pellet into a single-cell solution using 2 - 5 mL of assay medium. 
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4. Collect an aliquot of 20.5 µL of the cell suspension for cell counting on an automated cell 

counter (see Table of Materials). 

5. To the 20.5 µL cell suspension aliquot, add an equal amount of AO/PI dye (see Table of 

Materials) and mix up and down at least 10x. 

NOTE: We recommend AO/PI for accurate cell counting. Alternatively, use a 

hemocytometer for manual counting. 

6. Load 20 µL into each counting chamber of the counting slide and perform automated cell 

counting using the appropriate program. Average the live cell concentration and record the 

viability. 

7. Transfer approximately 1 x 106 cells into a secondary tube. Dilute the cells to precisely 7 

mL of assay medium and repeat cell counting. The concentration should be approximately 

1.2 - 1.5 x 105live cells/mL. 

8. As detailed above, adjust the single-cell suspension concentration to 1 x 105 live cells/mL 

and repeat cell counting if needed. 

NOTE: The coefficient of variation between technical duplicate counts should be less than 

25%; typically, it is less than 5% with AO/PI counting. 

9. Once the desired concentration is achieved, transfer 50 µL (± 1 µL) of this solution into 

each well to get as close as possible to 5000 cells/well (4900 - 5100 cells/well). Prepare 

technical triplicates for each assay condition and use a repeater pipettor to reduce well-to-

well variation. 

10. Transfer the plate to an orbital shaker (350 - 500 RPM) for 2 min. Transfer cells back to 

the incubator until ready to proceed with NK-EV treatment. 

11. Prepare the required NK-EV dilutions (1:5, 1:10, and 1:100) using an assay medium. 
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12. From these dilutions, test the following EV concentrations: 1 x 108, 5 x 108, 1 x 109, 5 x 

109, 1 x 1010, 5 x 1010 and 1 x 1011 particles/mL. The dosing volume is limited to 20% of 

the total assay volume. 

13. Once ready, transfer the required volume of a given dilution to the wells requiring a desired 

EV concentration for treatment. Add 15 µL of 10x Triton-X to the positive control well 

(see Table of Materials). The final well volume should be normalized to 150 µL. 

14. Add the plate to an orbital shaker (350 - 500 RPM) for 2 min. Incubate the cells at 37 °C 

in the 5% CO2 incubator for 3 h. 

15. Pre-warm the plate reader (see Table of Materials) at 37 °C and load the following script: 

37 °C (reduces temperature-related variation), 450 RPM mixing for 1 min (ensures sample 

homogeneity), and read. 

16. Add 15 µL of the resazurin-based reagent to each well (see Table of Materials). Protect 

the reagent from light and use a repeater pipettor to reduce well-to-well variation. 

17. Add the plate to an orbital shaker (350 - 500 RPM) for 2 min. Transfer the plate to the 

incubator and incubate for 60 min. Remove air bubbles using an ethanol-dipped pipette tip. 

Read plate using an excitation of 560 nm and an emission of 590 nm. 

18. Data analysis: Average technical replicates were averaged and correct for background 

before performing a dose-response analysis using a non-linear regression for the inhibition 

effect showing the log(inhibitor) vs. normalized response-variable slope without 

constraint. Record the Hillslope and EC50 values. 
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Results 

NK-EVs possess inherent cytotoxic functions and have demonstrated high efficacy against 

various cancer models. However, there needs to be more standardization among current studies 

regarding a biomanufacturing workflow suitable for the large-scale production of NK-EVs6,21. Our 

previous study described the feasibility of a closed-looped hollow-fiber bioreactor (HFB) system 

to produce large quantities of high-purity NK-EV products7. As a follow-up, this protocol-based 

study details the biomanufacturing workflow and demonstrates its reproducibility by producing 

and isolating the NK-EV product (Figure 1). Furthermore, essential product characterization and 

validation are required before product release is performed, whereby new and original data are 

presented in this study. 

The HFB system was selected for NK-EV production due to its ease of use, reliability, 

scalability, and GMP compliance7. In reference to the HFB system set-up, the NK cells are injected 

through the left ECS port and seeded into the bioreactor cartridge (Figure 2). At the same time, 

the media bottle is connected to the HFB through the side ports, and the media is allowed to flow 

throughout the system. The NK cells are cultured in serum-free, xeno-free, feeder-free, and 

antibiotic-free medium, where the media is replaced when the glucose content falls below 50% to 

maintain and maximize cell health over time. CM is collected daily, processed through differential 

centrifugations, and kept frozen (-80 °C) until ready for further processing. Afterward, EV 

isolation is conducted through a combination of differential centrifugations and FPLC-SEC 

coupled with UF and filtration (Figure 3). This results in a concentrated and sterile NK-EV product 

with a final volume of approximately 1.0 - 1.5 mL. A representative chromatogram of the FPLC-

SEC isolation of NK-EVs is provided (Figure 4). Before FPLC-SEC processing, the NK-EV-rich 

CM is treated with endonuclease, significantly reducing dsDNA levels, a potential host (NK) cell 
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contaminant7. Thus, the described EV isolation workflow removes cellular debris and RNA/DNA 

contaminants from the NK-EV product, which is essential for ensuring a low and unwanted 

immunogenic potential and that the final product is suitable for downstream studies. 

 

 
Figure 4: NK-EV isolation chromatogram generated during Fast Protein Liquid 

Chromatography size Exclusion.  

The blue line represents the absorbance (mAU; maximum reading of 2000 mAU), the red line 

represents the conductivity, the red text represents the run log, and the gray shaded area represents 

the fractionated NK-EVs (denoted by fractions T2 - T7).  

  

Following isolation, basic NK-EV characterization and quality assurance testing are used to 

evaluate if the NK-EV product can be released for further downstream experimentation. NK-EV 
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product particle size range and concentration are measured using nanoparticle tracking analysis 

(NTA), with sizes ranging from 76.30 - 174.30 nm in diameter (D10 of 78.38 ± 2.07 nm, D50 of 

106.72 ± 2.43 nm, and D90 of 169.80 ± 4.17 nm) and an average concentration of 1.39 x 

1012 EVs/mL (Figure 5A-B). Additionally, fluorometer quantification showed a protein and 

dsDNA concentration of 298.90 ± 66.62 mg/mL and 225.60 ± 37.7 ng/mL for the final product, 

respectively (Figure 5C-D). This corresponds to an average ratio of 5.06 x 106 EV/µg of protein 

and 6.16 x 1012 EV/µg of DNA. Microbial and mycoplasma testing both returned negative results 

(data not shown). These results are consistent with the characterization of NK-EVs from previous 

work7. The earlier publication7 also provides a further in-depth characterization of the NK-EV 

products following the MISEV guidelines (i.e., TEM, western blot, endotoxin level, viral entities, 

and flow cytometry for surface antigens and cytokines). 

 

 

Figure 5: Purified NK-EV product characterization.  

(A) NK-EV product size distribution measured by NTA, shown as mean from 5 independent 

experiments, each with 10 technical replicates (5 video captures x 2 dilutions). (B) NK-EV particle 

product concentration (particles/mL) measured by NTA, presented as mean ± SD from 5 

independent experiments, each with technical duplicates. (C) NK-EV product protein 

concentration (mg/mL) was measured by using a fluorometer, presented as mean ± SD from 5 

independent experiments, each with technical triplicates. (D) NK-EV product dsDNA 

concentration (ng/mL) measured by using a fluorometer, presented as mean ± SD from 5 

independent experiments, each with technical triplicates. 
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Lastly, the NK-EV product's functionality (i.e., cytotoxicity against cancer cells) was 

assessed using a validated highly sensitive resazurin-based cell viability assay following NK-EV 

treatment against leukemic cell line K5627,20. K562 cell treatment with NK-EVs for 3 h produced 

a dose-dependent effect on cell viability, corresponding to an EC50 of 9.33 x 109 EVs/mL (i.e., the 

dosage that corresponds to the killing of 50% of the cell population; Figure 6A-B). Thus, 

following the outlined product release criteria, the NK-EV product is deemed suitable for further 

experimentation. 

  

 
Figure 6: Purified NK-EV product functional validation.  

NK-EVs demonstrate a dose-dependent cytotoxicity against human K562 leukemia cells treated 

at various NK-EV concentrations for 3 hours using a highly sensitivity resazurin-based cell 

viability assay. (A) Normalized assay readouts (green line represents the untreated K562 leukemia 

cell control, and the black dashed line represents lysed K562 leukemia dead cell control; detergent-

treated). Data are shown as mean ± SEM from 11 independent experiments with technical 

triplicates. (B) EC50 curve analysis with a variable slope for NK-EV treatment with 95% 

confidence interval/prediction bands (red dashed line represents 50% response). 

 

Discussion 

Several studies suggest that NK-EVs possess vast potential as an anti-cancer 

therapeutic4,5,7,9,16,22,23,24,25,26,27,28,29,30. However, a scalable GMP-compliant biomanufacturing 
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system capable of yielding large quantities of high-purity NK-EVs is required for further pre-

clinical testing and future clinical applications. To address this issue, a previous study used a 

closed-looped HFB system to continuously produce NK cells and NK-EV-rich CM suitable for 

downstream experimentation. Due to their 3D design, HFB systems closely reflect the conditions 

of the vascular system and possess an incredibly high surface-area-to-volume ratio, permitting 

upwards of a billion cells to remain in culture, ultimately leading to improved EV production7,31,32. 

Importantly, this work was the first to ever report using an HFB system for culturing NK cells, 

likely due to the cell line IL-2 self-sufficiency7. 

Additional steps must be taken to ensure the sterility of the HFB system and the production 

of high-purity NK-EVs. These precautions are especially crucial in the absence of a sterile, clean 

room, which may be the case for several research facilities. Before entering the biosafety cabinet, 

the HFB system is meticulously sprayed with 70% ethanol to disinfect all external surfaces. 

Additionally, wax film is wrapped around all Luer Lock connections to minimize the risk of 

contamination. This is particularly important as this biomanufacturing workflow does not use 

antibiotics, which are known to affect the biochemical profile of cell and cell-derived products33. 

Various metrics were used to assess cell health during cell product biomanufacturing. For example, 

daily assessments of the reservoir media's pH, glucose, and lactate levels were conducted as these 

are vital cell health surrogates for monitoring. In addition to quantitative assessments, qualitative 

observations of the HFB system (e.g., media color and visual signs of contamination such as 

turbidity) are also helpful for monitoring cell health. Cell counts on daily retrieved CM have not 

been found to be a representative metric of viability for the health of the culture (data not shown). 

This is likely a result of dead cells retrieved during CM sampling that were found within the tubing 

where media was not allowed to circulate (the small section between the ECS and the ECS syringe 
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port), thereby undervaluing the viability of the overall cell culture. Only harvested NK cells 

produced by the HFB at the end of a production lot can provide a reliable metric of the culture's 

health. These cells consistently showed viability values above 70% across production lots7. 

Together, these quality assessment methods ensure the continuous production of high-purity NK-

EVs. 

Several isolation techniques have been developed to purify and isolate EVs34. One method, 

SEC, utilizes a column packed with a porous material - resin - allowing for molecule separation 

based on size discrimination. Here, the larger EVs are eluted through the column faster; this 

method is known as flow-through purification based on size exclusion. At the same time, smaller 

contaminants (dsDNA, free-floating proteins like endonuclease, salts, phenol red, etc.) are left 

behind and further retained within the resin by electrostatic forces (i.e., a bimodal resin was used). 

SEC-based processing removes non-EV-bound proteins while maintaining the original EV 

structure and functionality35,36. Furthermore, SEC-based purification is easily scalable without 

compromising the high yield and purity, making it a suitable choice for isolating NK-EVs for 

biotherapeutic uses. Despite these advantages, SEC has some drawbacks, such as the relatively 

diluted flow-through (eluent); hence, UF is required for product concentration, but it also permits 

buffer exchange. The non-sterile UF apparatus is rinsed with 70% ethanol and PBS and kept in the 

biosafety cabinet prior to use to ensure sterility. Typically, the flow-through can be concentrated 

to 35x-50x of the initial volume while removing small molecules that could have made their way 

into the eluent. Differential centrifugation and endonuclease treatment are performed before 

FPLC-SEC coupled with UF to remove residual cells, cellular debris, and long strands of antigenic 

dsDNA7. 
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Following NK-EV product isolation, characterization, and functional validation are 

performed per the guidelines in MISEV2018 and MISEV2023 to determine the product's 

suitability for further use6,18. Each isolation yields 1.0 - 1.5 mL of high-purity NK-EV product at 

a minimum concentration of 1 x 1012 EVs/mL, with an average concentration of 1.39 x 

1012 particles/mL. Previously, Gupta et al. determined that the median EV dosage in vivo is 3.37 

x 108 EVs/kg of body weight of mice37. Treating with the median dosage would require 8.43 x 

106 EVs/mouse with a body weight of 25 g, a value far below the guaranteed minimum (1 x 

1012 particles/mL) obtained through this workflow. Thus, the described biomanufacturing 

workflow can produce more than enough NK-EVs for pre-clinical experimentation or to meet 

dosing targets. Each isolation is tested for mycoplasma and microbial presence as part of the 

product's quality control assessment. In addition, a previous study demonstrated the absence of 

common viral entities and endotoxin in the final product and the absence of cellular components 

considered host cell contaminants (by western blot analysis)7,34. Lastly, functional assessment was 

performed using a validated highly sensitive resazurin-based cell viability assay to assess the NK-

EVs' functionality20. The described viability assay functions by reducing resazurin (weakly 

fluorescent) to resorufin (highly fluorescent) by metabolically active cells, allowing for the 

assessment of cell viability following NK-EV treatment. Compared to other alternative cell 

viability assays, the resazurin-based assay used in the study is highly sensitive to changes in cell 

viability (very low background noise) and allows for shortened incubation time to observe results 

(less than 30 min to obtain statistically significant results)20. Generally, the NK-EVs exhibit a dose-

dependent effect upon K562 viability. Together, the results presented represent an NK-EV product 

that has met the product release criteria for pre-clinical evaluation and is suitable for downstream 

applications. 
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In conclusion, this protocol-based study describes the biomanufacturing of NK-EVs with 

clinical-grade potential. As discussed, the NK-EVs are produced using a closed-loop HFB system 

under serum-free, xeno-free, feeder-free, and antibiotic-free conditions7. A combination of FPLC-

SEC/UF isolates and purifies the NK-EV product. Before releasing the products for downstream 

application, the NK-EVs must be characterized and functionally validated to ensure they are 

suitable for use. As demonstrated, following this biomanufacturing protocol can successfully 

generate a large quantity of high-purity NK-EVs that exhibit on-target cytotoxicity against cancer 

cells. Therefore, the described biomanufacturing protocol may be an asset for future studies that 

require the production of clinical-grade NK-EVs. 

 

References 

1. Cheng, M., Chen, Y., Xiao, W., Sun, R., Tian, Z. NK cell-based immunotherapy for malignant diseases. Cell 

Mol Immunol. 10 (3), 230-252 (2013). 

2. Sheridan, C. Industry appetite for natural killer cells intensifies. Nat Biotechnol. 41 (2), 159-161 (2023). 

3. Shimasaki, N., Coustan-Smith, E., Kamiya, T., Campana, D. Expanded and armed natural killer cells for 

cancer treatment. Cytotherapy. 18 (11), 1422-1434 (2016). 

4. Elsharkasy, O. M., et al. Extracellular vesicles as drug delivery systems: Why and how. Adv Drug Deliv 

Rev. 159, 332-343 (2020). 

5. St-Denis-Bissonnette, F., et al. Applications of extracellular vesicles in triple-negative breast 

cancer. Cancers. 14 (2), 451 (2022). 

6. Welsh, J. A., et al. Minimal information for studies of extracellular vesicles (MISEV2023): From basic to 

advanced approaches. J Extracell Vesicles. 13 (2), e12404 (2024). 

7. St-Denis-Bissonnette, F., et al. A clinically relevant large-scale biomanufacturing workflow to produce 

natural killer cells and natural killer cell-derived extracellular vesicles for cancer immunotherapy. J 

Extracell Vesicles. 12 (12), e12387 (2023). 

8. Federici, C., et al. Natural-killer-derived extracellular vesicles: Immune sensors and interactors. Front 

Immunol. 11, 262 (2020). 

9. Lugini, L., et al. Immune surveillance properties of human NK cell-derived exosomes. J Immunol. 189 (6), 

2833-2842 (2012). 

10. Zhu, L., et al. Novel alternatives to extracellular vesicle-based immunotherapy - exosome mimetics derived 

from natural killer cells. Artif Cells Nanomed Biotechnol. 46 (sup3), S166-S179 (2018). 

11. Cochran, A. M., Kornbluth, J. Extracellular vesicles from the human natural killer cell line NK3.3 have 

broad and potent anti-tumor activity. Front Cell Dev Biol. 9, 698639 (2021). 

12. Kim, H. Y., et al. Delivery of human natural killer cell-derived exosomes for liver cancer therapy: an in vivo 

study in subcutaneous and orthotopic animal models. Drug Deliv. 29 (1), 2897-2911 (2022). 

13. Alvarez-Erviti, L., et al. Delivery of siRNA to the mouse brain by systemic injection of targeted 

exosomes. Nat Biotechnol. 29 (4), 341-345 (2011). 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=NK+cell-based+immunotherapy+for+malignant+diseases.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Industry+appetite+for+natural+killer+cells+intensifies.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Expanded+and+armed+natural+killer+cells+for+cancer+treatment.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Expanded+and+armed+natural+killer+cells+for+cancer+treatment.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Extracellular+vesicles+as+drug+delivery+systems:+Why+and+how.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Applications+of+extracellular+vesicles+in+triple-negative+breast+cancer.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Applications+of+extracellular+vesicles+in+triple-negative+breast+cancer.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Minimal+information+for+studies+of+extracellular+vesicles+(MISEV2023):+From+basic+to+advanced+approaches.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Minimal+information+for+studies+of+extracellular+vesicles+(MISEV2023):+From+basic+to+advanced+approaches.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=A+clinically+relevant+large-scale+biomanufacturing+workflow+to+produce+natural+killer+cells+and+natural+killer+cell-derived+extracellular+vesicles+for+cancer+immunotherapy.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=A+clinically+relevant+large-scale+biomanufacturing+workflow+to+produce+natural+killer+cells+and+natural+killer+cell-derived+extracellular+vesicles+for+cancer+immunotherapy.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Natural-killer-derived+extracellular+vesicles:+Immune+sensors+and+interactors.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Immune+surveillance+properties+of+human+NK+cell-derived+exosomes.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Novel+alternatives+to+extracellular+vesicle-based+immunotherapy+-+exosome+mimetics+derived+from+natural+killer+cells.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Novel+alternatives+to+extracellular+vesicle-based+immunotherapy+-+exosome+mimetics+derived+from+natural+killer+cells.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Extracellular+vesicles+from+the+human+natural+killer+cell+line+NK3.3+have+broad+and+potent+anti-tumor+activity.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Extracellular+vesicles+from+the+human+natural+killer+cell+line+NK3.3+have+broad+and+potent+anti-tumor+activity.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Delivery+of+human+natural+killer+cell-derived+exosomes+for+liver+cancer+therapy:+an+in+vivo+study+in+subcutaneous+and+orthotopic+animal+models.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Delivery+of+human+natural+killer+cell-derived+exosomes+for+liver+cancer+therapy:+an+in+vivo+study+in+subcutaneous+and+orthotopic+animal+models.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Delivery+of+siRNA+to+the+mouse+brain+by+systemic+injection+of+targeted+exosomes.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Delivery+of+siRNA+to+the+mouse+brain+by+systemic+injection+of+targeted+exosomes.


130 

 

14. El-Sahli, S., et al. A triple-drug nanotherapy to target breast cancer cells, cancer stem cells, and tumor 

vasculature. Cell Death Dis. 12 (1), 8 (2021). 

15. Sulaiman, A., et al. Co-targeting bulk tumor and CSCs in clinically translatable TNBC patient-derived 

xenografts via combination nanotherapy. Mol Cancer Ther. 18 (10), 1755-1764 (2019). 

16. Farcas, M., Inngjerdingen, M. Natural killer cell-derived extracellular vesicles in cancer therapy. Scand J 

Immunol. 92 (4), e12938 (2020). 

17. Murphy, D. E., et al. Extracellular vesicle-based therapeutics: natural versus engineered targeting and 

trafficking. Exp Mol Med. 51, 1-12 (2019). 

18. Thery, C., et al. Minimal information for studies of extracellular vesicles 2018 (MISEV2018): a position 

statement of the International Society for Extracellular Vesicles and update of the MISEV2014 

guidelines. J Extracell Vesicles. 7 (1), 1535750 (2018). 

19. FiberCell-Systems. . FiberCell systems user manual & quick start guide. , (2024). 

20. St-Denis-Bissonnette, F., et al. Evaluation of resazurin phenoxazine dye as a highly sensitive cell viability 

potency assay for natural killer cell-derived extracellular vesicle-based cancer biotherapeutics. J Extracell 

Biology. 3 (7), e166 (2024). 

21. Herrmann, I. K., Wood, M. J. A., Fuhrmann, G. Extracellular vesicles as a next-generation drug delivery 

platform. Nat Nanotechnol. 16 (7), 748-759 (2021). 

22. Andaloussi, E. L. A., Mager, I., Breakefield, X. O., Wood, M. J. Extracellular vesicles: biology and emerging 

therapeutic opportunities. Nat Rev Drug Discov. 12 (5), 347-357 (2013). 

23. Federici, C., et al. Exosome release and low pH belong to a framework of resistance of human melanoma 

cells to cisplatin. PLoS One. 9 (2), e88193 (2014). 

24. Yanez-Mo, M., et al. Biological properties of extracellular vesicles and their physiological functions. J 

Extracell Vesicles. 4, 27066 (2015). 

25. Neviani, P., et al. Natural killer-derived exosomal miR-186 inhibits neuroblastoma growth and immune 

escape mechanisms. Cancer Res. 79 (6), 1151-1164 (2019). 

26. Sun, H., et al. Natural killer cell-derived exosomal miR-3607-3p inhibits pancreatic cancer progression by 

targeting IL-26. Front Immunol. 10, 2819 (2019). 

27. Jiang, Y., et al. Engineered exosomes: a promising drug delivery strategy for brain disease. Curr Med 

Chem. 29 (17), 3111-3124 (2022). 

28. Dosil, S. G., et al. Natural killer (NK) cell-derived extracellular-vesicle shuttled microRNAs control T cell 

responses. Elife. 11, e76319 (2022). 

29. Geeurickx, E., et al. The generation and use of recombinant extracellular vesicles as biological reference 

material. Nat Commun. 10 (1), 3288 (2019). 

30. Nathani, A., et al. Combined role of interleukin-15 stimulated natural killer cell-derived extracellular 

vesicles and carboplatin in osimertinib-resistant H1975 lung cancer cells with EGFR 

mutations. Pharmaceutics. 16 (1), 83 (2024). 

31. Gobin, J., et al. Hollow-fiber bioreactor production of extracellular vesicles from human bone marrow 

mesenchymal stromal cells yields nanovesicles that mirrors the immuno-modulatory antigenic signature of 

the producer cell. Stem Cell Res Ther. 12 (1), 127 (2021). 

32. Sun, L., et al. A 3D culture system improves the yield of MSCs-derived extracellular vesicles and enhances 

their therapeutic efficacy for heart repair. Biomed Pharmacother. 161, 114557 (2023). 

33. Ryu, A. H., Eckalbar, W. L., Kreimer, A., Yosef, N., Ahituv, N. Use antibiotics in cell culture with caution: 

genome-wide identification of antibiotic-induced changes in gene expression and regulation. Sci Rep. 7 (1), 

7533 (2017). 

34. Meng, W., et al. Prospects and challenges of extracellular vesicle-based drug delivery system: considering 

cell source. Drug Deliv. 27 (1), 585-598 (2020). 

35. Yang, Y., et al. Extracellular vesicles isolated by size-exclusion chromatography present suitability for 

RNomics analysis in plasma. J Transl Med. 19 (1), 104 (2021). 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=A+triple-drug+nanotherapy+to+target+breast+cancer+cells,+cancer+stem+cells,+and+tumor+vasculature.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=A+triple-drug+nanotherapy+to+target+breast+cancer+cells,+cancer+stem+cells,+and+tumor+vasculature.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Co-targeting+bulk+tumor+and+CSCs+in+clinically+translatable+TNBC+patient-derived+xenografts+via+combination+nanotherapy.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Co-targeting+bulk+tumor+and+CSCs+in+clinically+translatable+TNBC+patient-derived+xenografts+via+combination+nanotherapy.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Natural+killer+cell-derived+extracellular+vesicles+in+cancer+therapy.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Extracellular+vesicle-based+therapeutics:+natural+versus+engineered+targeting+and+trafficking.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Extracellular+vesicle-based+therapeutics:+natural+versus+engineered+targeting+and+trafficking.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Minimal+information+for+studies+of+extracellular+vesicles+2018+(MISEV2018):+a+position+statement+of+the+International+Society+for+Extracellular+Vesicles+and+update+of+the+MISEV2014+guidelines.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Minimal+information+for+studies+of+extracellular+vesicles+2018+(MISEV2018):+a+position+statement+of+the+International+Society+for+Extracellular+Vesicles+and+update+of+the+MISEV2014+guidelines.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Minimal+information+for+studies+of+extracellular+vesicles+2018+(MISEV2018):+a+position+statement+of+the+International+Society+for+Extracellular+Vesicles+and+update+of+the+MISEV2014+guidelines.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Evaluation+of+resazurin+phenoxazine+dye+as+a+highly+sensitive+cell+viability+potency+assay+for+natural+killer+cell-derived+extracellular+vesicle-based+cancer+biotherapeutics.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Evaluation+of+resazurin+phenoxazine+dye+as+a+highly+sensitive+cell+viability+potency+assay+for+natural+killer+cell-derived+extracellular+vesicle-based+cancer+biotherapeutics.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Extracellular+vesicles+as+a+next-generation+drug+delivery+platform.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Extracellular+vesicles+as+a+next-generation+drug+delivery+platform.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Extracellular+vesicles:+biology+and+emerging+therapeutic+opportunities.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Extracellular+vesicles:+biology+and+emerging+therapeutic+opportunities.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Exosome+release+and+low+pH+belong+to+a+framework+of+resistance+of+human+melanoma+cells+to+cisplatin.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Exosome+release+and+low+pH+belong+to+a+framework+of+resistance+of+human+melanoma+cells+to+cisplatin.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Biological+properties+of+extracellular+vesicles+and+their+physiological+functions.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Natural+killer-derived+exosomal+miR-186+inhibits+neuroblastoma+growth+and+immune+escape+mechanisms.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Natural+killer-derived+exosomal+miR-186+inhibits+neuroblastoma+growth+and+immune+escape+mechanisms.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Natural+killer+cell-derived+exosomal+miR-3607-3p+inhibits+pancreatic+cancer+progression+by+targeting+IL-26.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Natural+killer+cell-derived+exosomal+miR-3607-3p+inhibits+pancreatic+cancer+progression+by+targeting+IL-26.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Engineered+exosomes:+a+promising+drug+delivery+strategy+for+brain+disease.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Natural+killer+(NK)+cell-derived+extracellular-vesicle+shuttled+microRNAs+control+T+cell+responses.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Natural+killer+(NK)+cell-derived+extracellular-vesicle+shuttled+microRNAs+control+T+cell+responses.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=The+generation+and+use+of+recombinant+extracellular+vesicles+as+biological+reference+material.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=The+generation+and+use+of+recombinant+extracellular+vesicles+as+biological+reference+material.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Combined+role+of+interleukin-15+stimulated+natural+killer+cell-derived+extracellular+vesicles+and+carboplatin+in+osimertinib-resistant+H1975+lung+cancer+cells+with+EGFR+mutations.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Combined+role+of+interleukin-15+stimulated+natural+killer+cell-derived+extracellular+vesicles+and+carboplatin+in+osimertinib-resistant+H1975+lung+cancer+cells+with+EGFR+mutations.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Combined+role+of+interleukin-15+stimulated+natural+killer+cell-derived+extracellular+vesicles+and+carboplatin+in+osimertinib-resistant+H1975+lung+cancer+cells+with+EGFR+mutations.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Hollow-fiber+bioreactor+production+of+extracellular+vesicles+from+human+bone+marrow+mesenchymal+stromal+cells+yields+nanovesicles+that+mirrors+the+immuno-modulatory+antigenic+signature+of+the+producer+cell.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Hollow-fiber+bioreactor+production+of+extracellular+vesicles+from+human+bone+marrow+mesenchymal+stromal+cells+yields+nanovesicles+that+mirrors+the+immuno-modulatory+antigenic+signature+of+the+producer+cell.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Hollow-fiber+bioreactor+production+of+extracellular+vesicles+from+human+bone+marrow+mesenchymal+stromal+cells+yields+nanovesicles+that+mirrors+the+immuno-modulatory+antigenic+signature+of+the+producer+cell.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=A+3D+culture+system+improves+the+yield+of+MSCs-derived+extracellular+vesicles+and+enhances+their+therapeutic+efficacy+for+heart+repair.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=A+3D+culture+system+improves+the+yield+of+MSCs-derived+extracellular+vesicles+and+enhances+their+therapeutic+efficacy+for+heart+repair.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Use+antibiotics+in+cell+culture+with+caution:+genome-wide+identification+of+antibiotic-induced+changes+in+gene+expression+and+regulation.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Use+antibiotics+in+cell+culture+with+caution:+genome-wide+identification+of+antibiotic-induced+changes+in+gene+expression+and+regulation.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Prospects+and+challenges+of+extracellular+vesicle-based+drug+delivery+system:+considering+cell+source.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Prospects+and+challenges+of+extracellular+vesicle-based+drug+delivery+system:+considering+cell+source.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Extracellular+vesicles+isolated+by+size-exclusion+chromatography+present+suitability+for+RNomics+analysis+in+plasma.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Extracellular+vesicles+isolated+by+size-exclusion+chromatography+present+suitability+for+RNomics+analysis+in+plasma.


131 

 

36. Gamez-Valero, A., et al. Size-exclusion chromatography-based isolation minimally alters extracellular 

vesicles' characteristics compared to precipitating agents. Sci Rep. 6, 33641 (2016). 

37. Gupta, D., Zickler, A. M., El Andaloussi, S. Dosing extracellular vesicles. Adv Drug Deliv Rev. 178, 178 (2021). 

 

 

 

 

  

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Size-exclusion+chromatography-based+isolation+minimally+alters+extracellular+vesicles%27+characteristics+compared+to+precipitating+agents.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Size-exclusion+chromatography-based+isolation+minimally+alters+extracellular+vesicles%27+characteristics+compared+to+precipitating+agents.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&doptcmdl=Citation&defaultField=Title+Word&term=Dosing+extracellular+vesicles.


132 

 

Appendix E. Rights and Permissions



133 

 

49 Spadina Ave. Suite 200 

Toronto ON M5V 2J1 Canada 

www.biorender.com 

 
Confirmation of Publication and Licensing Rights - Open 

Access 

 
July 8th, 2025 

 

Subscription Type: 

Agreement number: 
Publisher Name: 

Lab - Academic 
RT28HHQ2B1 
University of Ottawa 

Figure Title: The YAP/TAZ signaling pathway in mammalian cells. 
 

Citation to Use: Created in BioRender. Kirkby, M. (2025) https://BioRender.com/zghqgne 
 

 
To whom this may concern, 

 
This document (“Confirmation”) hereby confirms that Science Suite Inc. dba BioRender (“BioRender”) has 

granted the following BioRender user: Melanie Kirkby ("User") a BioRender Academic Publication License in 

accordance with BioRender’s Terms of Service and Academic License Terms (“License Terms”) to permit 

such User to do the following on the condition that all requirements in this Confirmation are met: 

 
1)  publish their Completed Graphics created in the BioRender Services containing both User Content 

and BioRender Content (as both are defined in the License Terms) in publications (journals, textbooks, 

websites, etc.); and 

2)  sublicense such Completed Graphics under “open access” publication sublicensing models such as 

CC-BY 4.0 and more restrictive models, so long as the conditions set forth herein are fully met. 

 
Requirements of User: 

 
1)  All Completed Graphics to be published in any publication (journals, textbooks, websites, etc.) must 

be accompanied by the following citation either as a caption, footnote or reference for each figure that 

includes a Completed Graphic: 

"Created in BioRender. Kirkby, M. (2025) https://BioRender.com/zghqgne ". 

2)  All terms of the License Terms including all Prohibited Uses are fully complied with. E.g. For 

Academic License Users, no commercial uses (beyond publication in journals, textbooks or websites) 

are permitted without obtaining or switching to a BioRender Industry Plan. 

3)  A Reader (defined below) may request that the User allow their figure to be a public template for 

Readers to view, copy, and modify the figure. It is up to the User to determine what level of access to 

grant. 

 
Open-Access Journal Readers: 

 
Open-Access journal readers (“Reader”) who wish to view and/or re-use a particular Completed Graphic in 

an Open-Access journal subject to CC-BY sublicensing may do so by clicking on the URL link in the 

http://www.biorender.com/
https://biorender.com/zghqgne
https://www.biorender.com/terms-of-service
https://biorender.com/academic-license
https://biorender.com/zghqgne


134 

 

applicable citation for the subject Completed Graphic. 

 
The re-use/modification options below are available after the Reader requests the User to adapt their 



135 

 

figure as a BioRender template and the User has granted such access. 

1)  View-Only/Free Plan Use: A Reader who wishes to only view the Completed Graphic may do 

so in the BioRender Services as either a BioRender Free Plan user or simply as a viewer. By 

becoming a BioRender Free Plan user, the Reader may view, modify and re-use the Completed 

Graphic as permitted under BioRender’s Basic License Terms (e.g. personal use only, no 

publishing or commercial use permitted). 

2)  Re-Use/Publish with No Modifications: For any re-use and re-publication of a Completed 

Graphic with no modification(s) to the Completed Graphic made by the Reader, a Reader may 

do so by citing the original author using the citation noted above with the Completed Graphic. 

The Reader must also comply with the underlying License Terms which apply to the Completed 

Graphic as noted above (e.g. no commercial use for Academic License). 

3)  Re-Use/Publish with Modifications: For any re-use and re-publication of a Completed Graphic 

with a modification(s) made by the Reader, the Reader may do so by becoming a BioRender 

user themselves under either an Academic or Industry Plan, citing the original author using the 

citation noted above with the Completed Graphic and complying with the applicable License 

Terms. 

 

 
For any questions regarding this document, or other questions about publishing with BioRender, 

please refer to our BioRender Publication Guide, or contact BioRender Support at 

support@biorender.com.

https://www.biorender.com/basic-license
https://help.biorender.com/hc/en-gb/categories/18150370413853-Publishing-citing-and-permissions
mailto:support@biorender.com


136 

 

49 Spadina Ave. Suite 200 

Toronto ON M5V 2J1 Canada 

www.biorender.com 

 
Confirmation of Publication and Licensing Rights - Open 

Access 

 
July 8th, 2025 

 

Subscription Type: 

Agreement number: 
Publisher Name: 

Lab - Academic 
RZ28HHQ9VQ 
University of Ottawa 

Figure Title: Representative schematic of the NK-EV’s composition. 
 

Citation to Use: Created in BioRender. Kirkby, M. (2025) https://BioRender.com/t546o0i 
 

 
To whom this may concern, 

 
This document (“Confirmation”) hereby confirms that Science Suite Inc. dba BioRender (“BioRender”) has 

granted the following BioRender user: Melanie Kirkby ("User") a BioRender Academic Publication License in 

accordance with BioRender’s Terms of Service and Academic License Terms (“License Terms”) to permit 

such User to do the following on the condition that all requirements in this Confirmation are met: 

 
1)  publish their Completed Graphics created in the BioRender Services containing both User Content 

and BioRender Content (as both are defined in the License Terms) in publications (journals, textbooks, 

websites, etc.); and 

2)  sublicense such Completed Graphics under “open access” publication sublicensing models such as 

CC-BY 4.0 and more restrictive models, so long as the conditions set forth herein are fully met. 

 
Requirements of User: 

 
1)  All Completed Graphics to be published in any publication (journals, textbooks, websites, etc.) must 

be accompanied by the following citation either as a caption, footnote or reference for each figure that 

includes a Completed Graphic: 

"Created in BioRender. Kirkby, M. (2025) https://BioRender.com/t546o0i ". 

2)  All terms of the License Terms including all Prohibited Uses are fully complied with. E.g. For 

Academic License Users, no commercial uses (beyond publication in journals, textbooks or websites) 

are permitted without obtaining or switching to a BioRender Industry Plan. 

3)  A Reader (defined below) may request that the User allow their figure to be a public template for 

Readers to view, copy, and modify the figure. It is up to the User to determine what level of access to 

grant. 

 
Open-Access Journal Readers: 

 
Open-Access journal readers (“Reader”) who wish to view and/or re-use a particular Completed Graphic in 

an Open-Access journal subject to CC-BY sublicensing may do so by clicking on the URL link in the 

http://www.biorender.com/
https://biorender.com/t546o0i
https://www.biorender.com/terms-of-service
https://biorender.com/academic-license
https://biorender.com/t546o0i


137 

 

applicable citation for the subject Completed Graphic. 

 
The re-use/modification options below are available after the Reader requests the User to adapt their 



138 

 

figure as a BioRender template and the User has granted such access. 

1)  View-Only/Free Plan Use: A Reader who wishes to only view the Completed Graphic may do so in the 

BioRender Services as either a BioRender Free Plan user or simply as a viewer. By becoming a 

BioRender Free Plan user, the Reader may view, modify and re-use the Completed Graphic as permitted 

under BioRender’s Basic License Terms (e.g. personal use only, no publishing or commercial use 

permitted). 

2)  Re-Use/Publish with No Modifications: For any re-use and re-publication of a Completed Graphic with 

no modification(s) to the Completed Graphic made by the Reader, a Reader may do so by citing the 

original author using the citation noted above with the Completed Graphic. The Reader must also 

comply with the underlying License Terms which apply to the Completed Graphic as noted above (e.g. 

no commercial use for Academic License). 

3)  Re-Use/Publish with Modifications: For any re-use and re-publication of a Completed Graphic with a 

modification(s) made by the Reader, the Reader may do so by becoming a BioRender user 

themselves under either an Academic or Industry Plan, citing the original author using the citation 

noted above with the Completed Graphic and complying with the applicable License Terms. 

 

 
For any questions regarding this document, or other questions about publishing with BioRender, please 

refer to our BioRender Publication Guide, or contact BioRender Support at support@biorender.com. 

  

https://www.biorender.com/basic-license
https://help.biorender.com/hc/en-gb/categories/18150370413853-Publishing-citing-and-permissions
mailto:support@biorender.com


139 

 

49 Spadina Ave. Suite 200 

Toronto ON M5V 2J1 Canada 

www.biorender.com 

 
 

Confirmation of Publication and Licensing Rights - Open 

Access 

 
July 29th, 2025 

 

Subscription Type: 

Agreement number: 

Publisher Name: 

Lab - Academic 
FD28KGEBFH 
University of Ottawa 

 

Figure Title: Cell viability of various TNBC cell lines following NK-EV treatment. 

Citation to Use: Created in BioRender. St-denis-bissonnette, F. (2025) https:// 
BioRender.com/1pz6h3l 

 
 

To whom this may concern, 

 
This document (“Confirmation”) hereby confirms that Science Suite Inc. dba BioRender (“BioRender”) 

has granted the following BioRender user: Melanie Kirkby ("User") a BioRender Academic 

Publication License in accordance with BioRender’s Terms of Service and Academic License 

Terms (“License Terms”) to permit such User to do the following on the condition that all 

requirements in this Confirmation are met: 

 
1)  publish their Completed Graphics created in the BioRender Services containing both User 

Content and BioRender Content (as both are defined in the License Terms) in publications 

(journals, textbooks, websites, etc.); and 

2)  sublicense such Completed Graphics under “open access” publication sublicensing 

models such as CC-BY 4.0 and more restrictive models, so long as the conditions set forth 

herein are fully met. 

 
Requirements of User: 

 
1)  All Completed Graphics to be published in any publication (journals, textbooks, websites, 

etc.) must be accompanied by the following citation either as a caption, footnote or reference 

for each figure that includes a Completed Graphic: 

"Created in BioRender. St-denis-bissonnette, F. (2025) https://BioRender.com/1pz6h3l ". 

2)  All terms of the License Terms including all Prohibited Uses are fully complied with. E.g. 

For Academic License Users, no commercial uses (beyond publication in journals, textbooks 

or websites) are permitted without obtaining or switching to a BioRender Industry Plan. 

3)  A Reader (defined below) may request that the User allow their figure to be a public 

template for Readers to view, copy, and modify the figure. It is up to the User to determine 

what level of access to grant. 

 

http://www.biorender.com/
https://biorender.com/1pz6h3l
https://biorender.com/1pz6h3l
https://www.biorender.com/terms-of-service
https://biorender.com/academic-license
https://biorender.com/academic-license
https://biorender.com/1pz6h3l


140 

 

Open-Access Journal Readers: 

 
Open-Access journal readers (“Reader”) who wish to view and/or re-use a particular Completed 

Graphic in an Open-Access journal subject to CC-BY sublicensing may do so by clicking on the 

URL link in the applicable citation for the subject Completed Graphic. 



141 

 

The re-use/modification options below are available after the Reader requests the User to adapt 

their figure as a BioRender template and the User has granted such access. 

1)  View-Only/Free Plan Use: A Reader who wishes to only view the Completed Graphic may do so 

in the BioRender Services as either a BioRender Free Plan user or simply as a viewer. By 

becoming a BioRender Free Plan user, the Reader may view, modify and re-use the Completed 

Graphic as permitted under BioRender’s Basic License Terms (e.g. personal use only, no 

publishing or commercial use permitted). 

2)  Re-Use/Publish with No Modifications: For any re-use and re-publication of a Completed 

Graphic with no modification(s) to the Completed Graphic made by the Reader, a Reader may 

do so by citing the original author using the citation noted above with the Completed Graphic. 

The Reader must also comply with the underlying License Terms which apply to the Completed 

Graphic as noted above (e.g. no commercial use for Academic License). 

3)  Re-Use/Publish with Modifications: For any re-use and re-publication of a Completed 

Graphic with a modification(s) made by the Reader, the Reader may do so by becoming a 

BioRender user themselves under either an Academic or Industry Plan, citing the original author 

using the citation noted above with the Completed Graphic and complying with the applicable 

License Terms. 

 

 

 

 

 

 

 

 

 

 
For any questions regarding this document, or other questions about publishing with BioRender, please 

refer to our BioRender Publication Guide, or contact BioRender Support at support@biorender.com. 

  

https://www.biorender.com/basic-license
https://help.biorender.com/hc/en-gb/categories/18150370413853-Publishing-citing-and-permissions
mailto:support@biorender.com


142 

 

49 Spadina Ave. Suite 200 

Toronto ON M5V 2J1 Canada 

www.biorender.com 

 
 

Confirmation of Publication and Licensing Rights - Open 

Access 

 
July 29th, 2025 

 

Subscription Type: 

Agreement number: 

Publisher Name: 

Lab - Academic 
MV28KGEQJC 
University of Ottawa 

 

Figure Title: NK-EVs activate cell-death pathways via an in vitro assay against triple- 
negative breast cancer cell lines. 

 
Citation to Use: Created in BioRender. St-denis-bissonnette, F. (2025) https:// 

BioRender.com/32v1mw0 

 
 

To whom this may concern, 

 
This document (“Confirmation”) hereby confirms that Science Suite Inc. dba BioRender 

(“BioRender”) has granted the following BioRender user: Melanie Kirkby ("User") a BioRender 

Academic Publication License in accordance with BioRender’s Terms of Service and Academic 

License Terms (“License Terms”) to permit such User to do the following on the condition that all 

requirements in this Confirmation are met: 

 
1)  publish their Completed Graphics created in the BioRender Services containing both User 

Content and BioRender Content (as both are defined in the License Terms) in publications 

(journals, textbooks, websites, etc.); and 

2)  sublicense such Completed Graphics under “open access” publication sublicensing 

models such as CC-BY 4.0 and more restrictive models, so long as the conditions set forth 

herein are fully met. 

 
Requirements of User: 

 
1)  All Completed Graphics to be published in any publication (journals, textbooks, websites, 

etc.) must be accompanied by the following citation either as a caption, footnote or reference 

for each figure that includes a Completed Graphic: 

"Created in BioRender. St-denis-bissonnette, F. (2025) https://BioRender.com/32v1mw0 ". 

2)  All terms of the License Terms including all Prohibited Uses are fully complied with. E.g. 

For Academic License Users, no commercial uses (beyond publication in journals, textbooks 

or websites) are permitted without obtaining or switching to a BioRender Industry Plan. 

3)  A Reader (defined below) may request that the User allow their figure to be a public 

template for Readers to view, copy, and modify the figure. It is up to the User to determine 

what level of access to grant. 

http://www.biorender.com/
https://biorender.com/32v1mw0
https://biorender.com/32v1mw0
https://www.biorender.com/terms-of-service
https://biorender.com/academic-license
https://biorender.com/academic-license
https://biorender.com/32v1mw0


143 

 

 
Open-Access Journal Readers: 

 
Open-Access journal readers (“Reader”) who wish to view and/or re-use a particular Completed 

Graphic in an Open-Access journal subject to CC-BY sublicensing may do so by clicking on the 

URL link in the applicable citation for the subject Completed Graphic. 



144 

 

The re-use/modification options below are available after the Reader requests the User to adapt 

their figure as a BioRender template and the User has granted such access. 

1)  View-Only/Free Plan Use: A Reader who wishes to only view the Completed Graphic may do so 

in the BioRender Services as either a BioRender Free Plan user or simply as a viewer. By 

becoming a BioRender Free Plan user, the Reader may view, modify and re-use the Completed 

Graphic as permitted under BioRender’s Basic License Terms (e.g. personal use only, no 

publishing or commercial use permitted). 

2)  Re-Use/Publish with No Modifications: For any re-use and re-publication of a Completed 

Graphic with no modification(s) to the Completed Graphic made by the Reader, a Reader may 

do so by citing the original author using the citation noted above with the Completed Graphic. 

The Reader must also comply with the underlying License Terms which apply to the Completed 

Graphic as noted above (e.g. no commercial use for Academic License). 

3)  Re-Use/Publish with Modifications: For any re-use and re-publication of a Completed 

Graphic with a modification(s) made by the Reader, the Reader may do so by becoming a 

BioRender user themselves under either an Academic or Industry Plan, citing the original author 

using the citation noted above with the Completed Graphic and complying with the applicable 

License Terms. 

 

 

 

 

 
 

For any questions regarding this document, or other questions about publishing with BioRender, please 

refer to our BioRender Publication Guide, or contact BioRender Support at support@biorender.com. 

  

https://www.biorender.com/basic-license
https://help.biorender.com/hc/en-gb/categories/18150370413853-Publishing-citing-and-permissions
mailto:support@biorender.com


145 

 

49 Spadina Ave. Suite 200 

Toronto ON M5V 2J1 Canada 

www.biorender.com 

 
 

Confirmation of Publication and Licensing Rights - Open 

Access 

 
July 23rd, 2025 

 

Subscription Type: 

Agreement number: 

Publisher Name: 

Lab - Academic 
GP28JMMURM 
University of Ottawa 

 

Figure Title: NK-EV treatment induces apoptosis-mediated cell death in human 
TNBC-PDX organotypic slice cultures. 

 
Citation to Use: Created in BioRender. Kirkby, M. (2025) https://BioRender.com/jpq9dg6 

 

To whom this may concern, 

 
This document (“Confirmation”) hereby confirms that Science Suite Inc. dba BioRender (“BioRender”) 

has granted the following BioRender user: Melanie Kirkby ("User") a BioRender Academic 

Publication License in accordance with BioRender’s Terms of Service and Academic License 

Terms (“License Terms”) to permit such User to do the following on the condition that all 

requirements in this Confirmation are met: 

 
1)  publish their Completed Graphics created in the BioRender Services containing both User 

Content and BioRender Content (as both are defined in the License Terms) in publications 

(journals, textbooks, websites, etc.); and 

2)  sublicense such Completed Graphics under “open access” publication sublicensing 

models such as CC-BY 4.0 and more restrictive models, so long as the conditions set forth 

herein are fully met. 

 
Requirements of User: 

 
1)  All Completed Graphics to be published in any publication (journals, textbooks, websites, 

etc.) must be accompanied by the following citation either as a caption, footnote or reference 

for each figure that includes a Completed Graphic: 

"Created in BioRender. Kirkby, M. (2025) https://BioRender.com/jpq9dg6 ". 

2)  All terms of the License Terms including all Prohibited Uses are fully complied with. E.g. 

For Academic License Users, no commercial uses (beyond publication in journals, textbooks 

or websites) are permitted without obtaining or switching to a BioRender Industry Plan. 

3)  A Reader (defined below) may request that the User allow their figure to be a public 

template for Readers to view, copy, and modify the figure. It is up to the User to determine 

what level of access to grant. 

 

http://www.biorender.com/
https://biorender.com/jpq9dg6
https://www.biorender.com/terms-of-service
https://biorender.com/academic-license
https://biorender.com/academic-license
https://biorender.com/jpq9dg6


146 

 

Open-Access Journal Readers: 

 
Open-Access journal readers (“Reader”) who wish to view and/or re-use a particular Completed 

Graphic in an Open-Access journal subject to CC-BY sublicensing may do so by clicking on the 

URL link in the applicable citation for the subject Completed Graphic.



147 

 

The re-use/modification options below are available after the Reader requests the User to adapt 

their figure as a BioRender template and the User has granted such access. 

1)  View-Only/Free Plan Use: A Reader who wishes to only view the Completed Graphic may do so 

in the BioRender Services as either a BioRender Free Plan user or simply as a viewer. By 

becoming a BioRender Free Plan user, the Reader may view, modify and re-use the Completed 

Graphic as permitted under BioRender’s Basic License Terms (e.g. personal use only, no 

publishing or commercial use permitted). 

2)  Re-Use/Publish with No Modifications: For any re-use and re-publication of a Completed 

Graphic with no modification(s) to the Completed Graphic made by the Reader, a Reader may 

do so by citing the original author using the citation noted above with the Completed Graphic. 

The Reader must also comply with the underlying License Terms which apply to the Completed 

Graphic as noted above (e.g. no commercial use for Academic License). 

3)  Re-Use/Publish with Modifications: For any re-use and re-publication of a Completed 

Graphic with a modification(s) made by the Reader, the Reader may do so by becoming a 

BioRender user themselves under either an Academic or Industry Plan, citing the original author 

using the citation noted above with the Completed Graphic and complying with the applicable 

License Terms. 

 

 

 

 

 

 

 

 

 

 
For any questions regarding this document, or other questions about publishing with BioRender, please 

refer to our BioRender Publication Guide, or contact BioRender Support at support@biorender.com. 

  

https://www.biorender.com/basic-license
https://help.biorender.com/hc/en-gb/categories/18150370413853-Publishing-citing-and-permissions
mailto:support@biorender.com


148 

 

49 Spadina Ave. Suite 200 

Toronto ON M5V 2J1 Canada 

www.biorender.com 

 
 

Confirmation of Publication and Licensing Rights - Open 

Access 

 
July 28th, 2025 

 

Subscription Type: 

Agreement number: 

Publisher Name: 

Lab - Academic 
FT28KBZTTB 
University of Ottawa 

 

Figure Title: Evaluation of TNBC PDX tumour growth over four weeks of NK-EV 
treatment. 

 
Citation to Use: Created in BioRender. Kirkby, M. (2025) https://BioRender.com/ 

mk1zmrq 

 
 

To whom this may concern, 

 
This document (“Confirmation”) hereby confirms that Science Suite Inc. dba BioRender (“BioRender”) 

has granted the following BioRender user: Melanie Kirkby ("User") a BioRender Academic 

Publication License in accordance with BioRender’s Terms of Service and Academic License 

Terms (“License Terms”) to permit such User to do the following on the condition that all 

requirements in this Confirmation are met: 

 
1)  publish their Completed Graphics created in the BioRender Services containing both User 

Content and BioRender Content (as both are defined in the License Terms) in publications 

(journals, textbooks, websites, etc.); and 

2)  sublicense such Completed Graphics under “open access” publication sublicensing models 

such as CC-BY 4.0 and more restrictive models, so long as the conditions set forth herein are 

fully met. 

 
Requirements of User: 

 
1)  All Completed Graphics to be published in any publication (journals, textbooks, websites, 

etc.) must be accompanied by the following citation either as a caption, footnote or reference 

for each figure that includes a Completed Graphic: 

"Created in BioRender. Kirkby, M. (2025) https://BioRender.com/mk1zmrq ". 

2)  All terms of the License Terms including all Prohibited Uses are fully complied with. E.g. 

For Academic License Users, no commercial uses (beyond publication in journals, textbooks 

or websites) are permitted without obtaining or switching to a BioRender Industry Plan. 

3)  A Reader (defined below) may request that the User allow their figure to be a public template 

for Readers to view, copy, and modify the figure. It is up to the User to determine what level of 

access to grant. 

http://www.biorender.com/
https://biorender.com/mk1zmrq
https://biorender.com/mk1zmrq
https://www.biorender.com/terms-of-service
https://biorender.com/academic-license
https://biorender.com/academic-license
https://biorender.com/mk1zmrq


149 

 

 
Open-Access Journal Readers: 

 
Open-Access journal readers (“Reader”) who wish to view and/or re-use a particular Completed 

Graphic in an Open-Access journal subject to CC-BY sublicensing may do so by clicking on the 

URL link in the applicable citation for the subject Completed Graphic. 



150 

 

The re-use/modification options below are available after the Reader requests the User to adapt 

their figure as a BioRender template and the User has granted such access. 

1)  View-Only/Free Plan Use: A Reader who wishes to only view the Completed Graphic may do so 

in the BioRender Services as either a BioRender Free Plan user or simply as a viewer. By 

becoming a BioRender Free Plan user, the Reader may view, modify and re-use the Completed 

Graphic as permitted under BioRender’s Basic License Terms (e.g. personal use only, no 

publishing or commercial use permitted). 

2)  Re-Use/Publish with No Modifications: For any re-use and re-publication of a Completed Graphic 

with no modification(s) to the Completed Graphic made by the Reader, a Reader may do so by 

citing the original author using the citation noted above with the Completed Graphic. The Reader 

must also comply with the underlying License Terms which apply to the Completed Graphic as 

noted above (e.g. no commercial use for Academic License). 

3)  Re-Use/Publish with Modifications: For any re-use and re-publication of a Completed Graphic 

with a modification(s) made by the Reader, the Reader may do so by becoming a BioRender user 

themselves under either an Academic or Industry Plan, citing the original author using the citation 

noted above with the Completed Graphic and complying with the applicable License Terms. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For any questions regarding this document, or other questions about publishing with BioRender, please 

refer to our BioRender Publication Guide, or contact BioRender Support at support@biorender.com. 

  

https://www.biorender.com/basic-license
https://help.biorender.com/hc/en-gb/categories/18150370413853-Publishing-citing-and-permissions
mailto:support@biorender.com


151 

 

49 Spadina Ave. Suite 200 

Toronto ON M5V 2J1 Canada 

www.biorender.com 

 
 

Confirmation of Publication and Licensing Rights - Open 

Access 

 
July 16th, 2025 

 

Subscription Type: 

Agreement number: 

Publisher Name: 

Lab - Academic 
NS28IMY1BG 
University of Ottawa 

 

Figure Title: Secondary transplantation of treated PDX tumours following NK-EV 
treatment. 

 
Citation to Use: Created in BioRender. Kirkby, M. (2025) https://BioRender.com/k5q2nku 

 

To whom this may concern, 

 
This document (“Confirmation”) hereby confirms that Science Suite Inc. dba BioRender (“BioRender”) 

has granted the following BioRender user: Melanie Kirkby ("User") a BioRender Academic 

Publication License in accordance with BioRender’s Terms of Service and Academic License 

Terms (“License Terms”) to permit such User to do the following on the condition that all 

requirements in this Confirmation are met: 

 
1)  publish their Completed Graphics created in the BioRender Services containing both User 

Content and BioRender Content (as both are defined in the License Terms) in publications 

(journals, textbooks, websites, etc.); and 

2)  sublicense such Completed Graphics under “open access” publication sublicensing models 

such as CC-BY 4.0 and more restrictive models, so long as the conditions set forth herein are 

fully met. 

 
Requirements of User: 

 
1)  All Completed Graphics to be published in any publication (journals, textbooks, websites, 

etc.) must be accompanied by the following citation either as a caption, footnote or reference 

for each figure that includes a Completed Graphic: 

"Created in BioRender. Kirkby, M. (2025) https://BioRender.com/k5q2nku ". 

2)  All terms of the License Terms including all Prohibited Uses are fully complied with. E.g. 

For Academic License Users, no commercial uses (beyond publication in journals, textbooks 

or websites) are permitted without obtaining or switching to a BioRender Industry Plan. 

3)  A Reader (defined below) may request that the User allow their figure to be a public template 

for Readers to view, copy, and modify the figure. It is up to the User to determine what level of 

access to grant. 

 

http://www.biorender.com/
https://biorender.com/k5q2nku
https://www.biorender.com/terms-of-service
https://biorender.com/academic-license
https://biorender.com/academic-license
https://biorender.com/k5q2nku


152 

 

Open-Access Journal Readers: 

 
Open-Access journal readers (“Reader”) who wish to view and/or re-use a particular Completed 

Graphic in an Open-Access journal subject to CC-BY sublicensing may do so by clicking on the 

URL link in the applicable citation for the subject Completed Graphic.



153 

 

The re-use/modification options below are available after the Reader requests the User to adapt 

their figure as a BioRender template and the User has granted such access. 

1)  View-Only/Free Plan Use: A Reader who wishes to only view the Completed Graphic may do so in 

the BioRender Services as either a BioRender Free Plan user or simply as a viewer. By becoming 

a BioRender Free Plan user, the Reader may view, modify and re-use the Completed Graphic as 

permitted under BioRender’s Basic License Terms (e.g. personal use only, no publishing or 

commercial use permitted). 

2)  Re-Use/Publish with No Modifications: For any re-use and re-publication of a Completed Graphic 

with no modification(s) to the Completed Graphic made by the Reader, a Reader may do so by 

citing the original author using the citation noted above with the Completed Graphic. The Reader 

must also comply with the underlying License Terms which apply to the Completed Graphic as 

noted above (e.g. no commercial use for Academic License). 

3)  Re-Use/Publish with Modifications: For any re-use and re-publication of a Completed Graphic 

with a modification(s) made by the Reader, the Reader may do so by becoming a BioRender user 

themselves under either an Academic or Industry Plan, citing the original author using the citation 

noted above with the Completed Graphic and complying with the applicable License Terms. 

 

 

 

 

 

 

 

 
For any questions regarding this document, or other questions about publishing with BioRender, please 

refer to our BioRender Publication Guide, or contact BioRender Support at support@biorender.com. 

 

 

https://www.biorender.com/basic-license
https://help.biorender.com/hc/en-gb/categories/18150370413853-Publishing-citing-and-permissions
mailto:support@biorender.com

