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ABSTRACT OF THE DISSERTATION 

 

Therapeutic Functions of Bioengineered, Enucleated Cells 

 

 

by 

 

 

Christina Nicole Alarcón 

 

Doctor of Philosophy in Biomedical Sciences 

 

University of California San Diego, 2020 

 

Professor Richard Klemke, Chair 

 

Cell-based therapies hold tremendous potential to treat cancer, inflammatory conditions, 

and degenerative diseases. However, despite a few notable successes, cell-based therapies face key 

clinical barriers, including cell source heterogeneity, inefficient directed migration (homing) to 

target tissues, cell dosing or controllability, inability to affect tissue microenvironments, and 

patient safety. Bioengineering may potentially enhance cell capabilities, but raises safety concerns 

regarding the control of genetically engineered cells in vivo. Therefore, bioengineering methods 

to improve cell-based therapy efficacy must prioritize predictable behavior and safety.   

To address these issues, the Klemke Laboratory developed a platform technology that 

couples cell bioengineering with cell enucleation (mass removal of nuclei) to enhance cellular 

function and controllability. By adapting methods developed in the 1970s, mesenchymal stromal 

cells (MSCs) were enucleated by ultracentrifugation in discontinuous Ficoll gradients containing 
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cytochalasin B. Combining cell bioengineering with enucleation both decreases the risk of 

engraftment and oncogenesis, and provides opportunities for customized pre- and/or post-

enucleation bioengineering. We named these bioengineered, enucleated cells “CargocytesTM”.  

Cargocytes were characterized by absent nuclei, viability for 2-3 days, functional protein 

translational machinery, retention of receptor expression, and directional migration, and then 

further investigated via bioengineering with therapeutically-relevant properties. For in vitro 

studies, Cargocytes were bioengineered and then examined for secretion of functional cytokines 

and expression of functional chemokine receptors. Next, Cargocytes in vivo abilities were 

examined in two independent mouse models. First, bioengineered Cargocytes injected 

intratumorally in a mouse breast cancer model produced functional antitumor cytokine that slowed 

tumor progression and increased animal survival. Second, bioengineered Cargocytes injected 

intravenously in a mouse ear inflammation model both homed to the site of inflammation and 

produced functional anti-inflammatory cytokine that reduced inflammation. This suggests that 

bioengineered, enucleated cells are more efficacious than non-engineered cells, and lacking nuclei 

uniquely contributes to safety and controllability in vivo.  

To my knowledge, therapeutic bioengineering of enucleated cells has not been previously 

described, and Cargocytes represent a unique entity in the cell-based therapy field as either a stand-

alone or adjuvant therapy. By retaining biologically important cell-like functions yet with 

advantages like small size and defined lifespan, Cargocytes potentially resolve key barriers 

currently limiting cell-based therapies. 
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Introduction: Cell-Based Therapies in the Treatment of Diseases 

1 The potential promise and problems in cell-based therapies 

Cell-based therapies are a field of medicine and research in which cells from a patient 

(autologous) or from a donor (allogeneic) are isolated, purified, enhanced, or modified in order to 

have a therapeutic effect when transplanted or transferred into the patient. Early scientific attempts 

at cell-based therapy in the 1880s and 1930s involved injection of animal cells into human patients 

to reduce aging or treat cancer, and while these treatments produced no validated or documented 

success, these ideas paved the way for future development of hormone therapies and stem cell 

therapies.2 The first successful, medically-validated use of cell therapy in humans was a bone 

marrow transplant between identical twins in the 1950s, which spurred the maturation of the 

hematopoietic stem cell (HSC) field for the treatment of blood disorders.3  By 2014, HSC emerged 

as the most common cell-based therapy in clinical trials, followed by mesenchymal stromal cells 

(MSCs), lymphocytes, and dendritic cells.4 With recent technologic advances, cell-based therapies 

are poised to become an additional “pillar” of therapeutic healthcare, alongside the traditional 

pillars of pharmaceuticals (small molecules and drugs), biologics (hormones, antibodies, gene 

therapies), and medical devices.5  

Cell-based therapies hold incredible promise to treat many types of disease, such as cancer, 

inflammatory conditions, and degenerative diseases. Compared to conventional pharmaceuticals 

and biologics, cells possess the ability to physically respond to, interact with, and regulate their 

microenvironment,6, 7 such as through cell-cell junctions, tunneling nanotubes, extracellular 

vesicles, expression of surface molecules, and release or receipt of signaling molecules. Despite 

over 1,300 listed cell therapy clinical trials,8 the Food and Drug Administration (FDA) to date has 

only approved 14 cell therapy products, including eight hematopoietic progenitor cell (HPC, HSC), 
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two chimeric antigen receptor T cell (CAR T), and four other cell types (fibroblasts, keratinocytes, 

chondrocytes, dendritic cells).9, 10 This discrepancy between the intensity of cell therapy research 

and the list of FDA-approved products can be attributed to clinical barriers in achieving 

reproducible efficacy and safety, wherein selection of patient population, donor cell heterogeneity 

and efficacy, scalability and effect of cell culturing protocols, quality control and standardization 

of cell products, and administration technique all affect the ultimate variability and therefore 

outcome of clinical trials.11 While some of these barriers can be addressed on an institutional level, 

such as through randomizing patients to treatment groups or defining more rigorous patient 

eligibility criteria, our laboratory focused on addressing the efficacy and safety of the therapeutic 

cell itself. Because one prominent constraint to cell therapies is the inability to achieve an 

appropriate number of viable, therapeutically efficacious cells at the target site, we posed the 

following question: How can we improve the in vivo efficacy, reproducibility, and safety of cell 

therapies?  

2 Bioengineering to improve efficacy and controllability in cell-based therapies 

The variability in properties of therapeutic cells arises from multiple sources.  Aside from 

potential differences between different donors, there can also be significant intrinsic heterogeneity 

of cells from the same donor between cells harvested from different tissue sources,12 and individual 

cells within a clonal population.13 Additionally, ex vivo culture techniques and the tissue 

microenvironment can influence the overall in vivo efficacy of cells.14 Once in the body, cell 

therapies face problems related to cell trafficking and biodistribution, homing and targeting to 

desired sites, and tissue penetration.15 In an ideal scenario, it would be possible to control cell 

proliferation and death, cell migration and homing to target sites, targeted effects, cell-cell 

communication and response to signals, and production and secretion of bioengineered therapeutic 
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products.7 To achieve these goals, methods like bioengineering can be harnessed to improve both 

the consistency, quality, specificity, and efficacy of cell-based therapeutics.15-17 In this field, 

bioengineering refer to genetic or non-genetic modification of cells to produce a desired 

therapeutic effect. As a few examples, T cells infected with viral vectors to express endogenous or 

synthetic surface markers (chimeric antigen receptors) became CAR T cells able to bind specific 

targets;18coating cells with nanopolymers embedded with adhesion molecules improved 

extravasation into target tissues;19and cells transfected with mRNAs encoding the cytotoxic 

TRAIL ligand induced death of tumor cells.20 In the context of precision medicine, bioengineering 

might include reverse-engineering a therapeutic cell based on the genetic signature, antigen 

expression, cytokine profile, or disease state of the patient. Given the wide variety of manipulations 

available to modify cells, our question was refined: How can bioengineering be applied to more 

specifically improve the efficacy, reproducibility, and safety of cell-based therapies?  

While bioengineering can address many pitfalls inherent in cell-based therapies, it is still 

necessary to address the controllability of cell behavior in vivo. This is of particular importance in 

pluripotent stem cell therapies like human embryonic stem cells or induced pluripotent stem cells 

(iPSC), which have the potential to differentiate, proliferate, and in some cases, transform into 

tumors.21-23 The FDA has recognized the uncertainty in this rapidly-evolving field, and issued a 

consumer alert warning about the risks involved in the unregulated use of stem cells.24 There is 

also the possibility that transplantation of donor DNA can eventually elicit immune reactions.25, 26 

To address controllability and patient safety, some cell-based therapies include irradiation of cells 

to induce irreversible DNA damage,27, 28 on-switches,29 or bioengineering with an apoptosis-

inducing suicide switch.30-32 However, irradiation can induce production of undesirable 

cytokines33 or compromise cellular functions, and suicide switches can fail34 or introduce problems 
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such as immunogenicity, slow onset, no prevention of toxicity, and potentially eradicate cells 

prematurely.29 Therefore, our lab considered alternative methods to reduce or even remove the risk 

of DNA, and specifically engineered DNA, in cell-based therapies. This led us to explore the 

process of cell enucleation, in which the nucleus is removed from the cell. Theoretically, removing 

the cell nucleus would prevent in vivo transfer of genomic DNA without inducing additional cell 

damage, avoid de novo gene synthesis for undesired reprogramming in disease 

microenvironments, and ultimately control the lifespan and behavior of the cell. To determine the 

feasibility of enucleating therapeutic cells, I evaluated previous work detailing the methods to 

generate enucleated cells and their characteristics.  

3 History of mass cell enucleation 

Cell enucleation describes the process of removing the nucleus from a cell body. In the 

context of somatic cell nuclear transfer, the donor oocyte is enucleated using microsurgical, 

chemically-assisted, or centrifugation techniques.35 However, these methods are generally 

inefficient for larger scale (mass) enucleation of somatic cells. Other methods for cell enucleation 

were developed in the 1960s, when S.B. Carter described the effects of cytochalasin B, a cell-

permeable toxic metabolite isolated from the mold Helminthosporium dematioideum, upon mouse 

L (fibroblast) cells grown on conventional tissue culture dishes. At different concentrations and 

incubation times, cytochalasin B induced mitotic division without cellular cleavage, decreased cell 

mobility, and eventually, led to spontaneous nuclear extrusion.36 During nuclear extrusion, the 

nucleus becomes condensed and enclosed in a thin rim of cell membrane as it separates from the 

cell body, loosely connected by a thin stalk of plasma membrane. Complete extrusion occurs if the 

stalk is severed, but extrusion is reversible if the cytochalasin B is removed while the stalk is still 

intact.37 
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Following Carter’s discovery, cytochalasin B was applied to a wide range of cell types with 

variable enucleation success,38 although generally, mouse cells were more susceptible than human 

cells and other species. In 1972, Prescott et. al. increased the yield of enucleated cells by combining 

cytochalasin B treatment with high gravitational force equivalent (g-force) via ultracentrifugation 

to enucleate cells grown on rigid surfaces39 such as flasks or dishes,40-50 tubes,51, 52 or coverslips.39, 

53-62 It is assumed that the force of ultracentrifugation aids in severing the stalk tethering the cell 

membrane-coated nucleus (karyoplast) to the plasma membrane encasing the remnant cytoplasm 

(cytoplast).39 While ultracentrifugation improved the overall enucleation efficiency, the total yield 

was limited by the surface area upon which the cells were plated, and also decreased if cells or 

cytoplasts detached from the surface during centrifugation. In pilot experiments, I also encountered 

these shortcomings when enucleating cells grown on plastic inserts or dishes.  

In 1975, Wigler and Weinstein described a method for mass enucleation of cells by 

ultracentrifugation in suspensions of discontinuous gradients of Ficoll containing cytochalasin B.63 

Ficoll 400 (Chemical Abstracts Service Number 26873-85-8) is a synthetic, highly branched 

polysaccharide polymer characterized as high molecular weight, neutral (non-ionic), hydrophilic, 

and water soluble with low osmolality and low membrane permeability.64 Based on these 

properties, Ficoll is gentler on cells compared to sucrose gradients, so while it is primarily used as 

a density gradient media to separate or isolate cell populations or organelles, it also has applications 

in electrophoresis, hybridization, cryopreservation, and immunologic studies.65 According to 

Wigler and Weinstein’s method, concentrations of Ficoll (25%, 17%, 16%, 15%, and 12.5%) made 

with cytochalasin B were layered into centrifuge tubes. After equilibration, cells grown on plastic 

dishes were harvested and suspended in additional 12.5% Ficoll with cytochalasin B, layered onto 

the existing gradients, and ultracentrifuged at ~100,000 g. Distinct bands of cellular components 
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were found to aggregate in the different layers: cellular debris banded in the 0-12.5% Ficoll layer 

interface, cytoplasts aggregated in the 15-17% layer, and karyoplasts banded at the 17-25% 

interface. From these experiments, they concluded that cytochalasin B was necessary to generate 

viable cytoplasts, but the process required greater centrifugal forces than those used in enucleation 

of cells adherent to flat surfaces. However, this method dramatically improved both the total and 

relative yields of cytoplasts (up to 70% of input cells were recovered as cytoplasts) and consistency 

of generating cytoplasts of high purity (high efficiency, minimal contamination with remnant cells 

or nuclei). Theoretically, the yield is only limited by the band capacity of the gradient, although I 

found that the enucleation protocol had to be adapted for each cell type to achieve optimized 

enucleation. Further information on adaptation of this protocol is provided in Chapter 1.  

Since Wigler and Weinstein’s publication, additional enucleation protocols have used other 

density gradients such as Percoll66 or colloidal silica67 on various cell types.68 However, the 

reproducibility, large yield, and high enucleation efficiency of cell in Ficoll gradients made it an 

attractive choice for my investigation of enucleated cells. For these studies, it was important to 

define the capabilities of enucleated cells before proposing how these functions could be harnessed 

for therapeutic benefit.  

4 Characteristics and uses of enucleated cells 

Early on, it was recognized that cytoplasts retain many key morphologic and behavioral 

characteristics of nucleated cells. The karyoplast is composed of a nucleus surrounded by a small 

portion of cell membrane and scant cytoplasm containing only ribosomes, mitochondria, and small 

pieces of endoplasmic reticulum, so while it can attach to a plastic surface, it is not motile.56 60 In 

contrast, cytoplasts are rimmed by plasma membrane and retain all cytoplasmic organelles minus 

the nucleus, and therefore can attach to plastic and are motile.56, 60, 61 Cytoplasts are viable for up 
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to 2-3 days.39, 60 By microscopy, cytoplasts attach to plastic, spread, retain cellular shape, perform 

pinocytosis, exhibit contact inhibition, and are motile, even after trypsinization and replating.53 

Compared to parental cells, cytoplasts perform similar cellular functions (albeit sometimes at 

lower levels), such as assembly of microtubules and cytoplasmic fibers,61 propensity to spread as 

a monolayer or overlapping,59 incorporation of amino acids into proteins,39, 68, 69 and expression of 

cell surface antigens.70   

Cytoplasts are useful for studying the nuclear-cytoplasmic roles in the metabolism or 

localization of subcellular components,52, 68 cell migration,71 replication and development of 

viruses viruses,39, 54, 68, 72  and host response to infectious agents.73 There is a large body of literature 

defining the properties of enucleated human neutrophils/granulocytes, termed cytokineplasts 

(selected references).74-78 Additionally, cytoplasts are used in fusion studies of heterologous nuclei 

or cytoplasts into nucleated cells or cytoplasts, a process that generates hybrid cells known as 

cybrids.79, 80 All of these published studies characterized cytoplast properties or functions in vitro 

only, with the exception of neutrophil cytoplasts in a rat neonatal sepsis model81 and enucleated 

tumor cells used as a tumor vaccine in mice.46  

5 Proposed therapeutic use of bioengineered, enucleated cells (Cargocytes) 

Based on their manifold capabilities, we were intrigued with the idea of not only using 

cytoplasts in vivo, but bioengineering them to have specific therapeutic functions. While the 

technology to generate cytoplasts is not new compared to the cutting-edge field of cell 

bioengineering, the combination of these techniques to produce cytoplasts with therapeutic 

properties is a novel approach to cell-based therapy. We coined the term “CargocyteTM” when 

referring to cells that are bioengineered and enucleated for therapeutic applications. The 

bioengineering can be applied either pre- or post-enucleation, with examples of this workflow and 
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potential bioengineering strategies listed on the graphical abstract (Fig. 1).  

Based on the broad potential of bioengineering to customize and enhance cells for 

therapeutic use, the need to preserve the controllability and safety of bioengineered cells in vivo, 

and previous studies showing that enucleated cells can perform many important cellular functions 

for a limited time, I hypothesized that Cargocytes would be amenable to bioengineering with 

specific clinically-relevant functions, such as production of immunomodulatory cytokines and 

expression of homing receptors that would ultimately produce an in vivo effect. To test these 

hypotheses, I first validated basic functional characteristics of Cargocytes, and then evaluated their 

bioengineered capabilities in two mouse models in vivo. In vitro assays that validate basic 

properties and feasibility of bioengineering Cargocytes are described in Chapter 1. Bioengineering 

constructs and enhancements to in vitro performance are provided in Chapter 2. In vivo use of 

Cargocytes producing antitumor cytokines in a mouse breast cancer model is presented in Chapter 

3. Finally, in vivo effects of Cargocytes homing to sites of inflammation in a mouse ear 

inflammation model are detailed in Chapter 4.  

Concepts in the Introduction, in part, have been submitted for publication of the material 

as it may appear in Nature Biotechnology, H. Wang, C.N. Alarcón, B. Liu, F. Watson, S. Searles, 

C. Lee, J. Keys, W. Pi, D. Allen, J. Lammerding, J.D. Bui, and R.L. Klemke, 2020. The 

dissertation/thesis author was the co-primary investigator and co-first author of this paper.  
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Figure 1: Schematic of example workflow when generating bioengineered, enucleated cells for 

therapeutic use (Cargocytes). Note that bioengineering can occur pre-and post-enucleation and 

also include multiple combinations (layers) of engineering. 
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Chapter 1: Endogenous Capabilities of Enucleated Mesenchymal Stromal Cells 

1.1 Therapeutic properties of Mesenchymal Stromal Cells 

Based on previous studies indicating that ultracentrifugation of cells in Ficoll with 

cytochalasin B could produce large numbers of relatively pure populations of enucleated cells, I 

attempted enucleation of a variety of cell types, including human, mouse, and cancer cell lines 

(Table 1). After examining both the initial enucleation potential of the various cells, and factoring 

in the known bioengineering capability and therapeutic potential of the cell type, our work focused 

on the enucleation and bioengineering of mesenchymal stromal cells (MSCs), which are these 

second most commonly used cell in current cell-based clinical trials after HSCs.4 To my 

knowledge, MSCs have not been previously reported to be enucleated.  

Mesenchymal stromal cells, previously termed mesenchymal stem cells,82 are a 

heterogeneous groups of cells that were first isolated from bone marrow in the 1960s and described 

as adherent, non-hematopoietic, fibroblast-like stromal cells capable of osteogenic 

differentiation.83, 84 Since that time, MSCs have been isolated from almost every tissue,85, 86 and 

although their exact lineage is still debatable, it is likely of pericyte (perivascular) or fibroblast 

origin.87-89 Although there is no definitive characterization or classification for MSCs, the 

International Society for Cell Therapy (ISCT) consensus statement indicates that MSCs should be 

adherent to plastic, display select surface markers, and differentiate along adipogenic, osteogenic, 

and chondrogenic lines.90 

MSCs hold great promise as a cell-based therapy due to their intrinsic ability to 

immunomodulate the disease microenvironment,91 secrete disease-fighting products,92 signal or 

recruit other disease-fighting cells, and differentiate or regenerate in damaged tissues.93 In fact, it 

has been proposed that MSCs should be called medicinal signaling cells,94 since they have such a 
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great ability to immunomodulate and recruit other cells in disease. Unlike embryonic stem cells, 

MSCs do not raise ethical concerns because they can be isolated from almost any post-natal 

tissue,86 and isolated in high numbers from bone marrow, adipose, umbilical cord blood, and 

menstrual blood.93 MSC are considered to be immune evasive rather than truly 

immunopriviledged,95 and their low immunogenicity is derived from a low but upregulatable basal 

expression of human leukocyte antigen (HLA) class I and lack of HLA class II. Finally, MSCs are 

considered relatively safe because they do not form teratomas96-98 and it is thought that their main 

mechanism of action is through paracrine-mediated effects rather than cell engraftment,99, 100 the 

so-called “hit-and-run” hypothesis.  

1.2 Limitations to current MSC therapies 

Current MSC therapies face many problems common to other cell-based therapy 

applications, including cell heterogeneity, in vivo homing, and overall efficacy.101, 102 MSC 

heterogeneity in humans and mice has been described between donors (based on age, health, 

gender),103-110 within individual donors,111-113 between site of harvest (bone marrow, adipose, 

umbilical cord, cord blood),114-117 and time and method of ex vivo culturing.106, 118-123 In particular, 

there is conflicting evidence that long-term culturing of MSCs affects phenotype, aneuploidy, and 

immunogenicity, 124, 125 but the secretome can also be altered by time in suspension, formulation 

of the delivery vehicle, and exposure to adjuvant.126  

Despite their incredible endogenous capabilities and efficacy in treating a variety of 

diseases,127, 128 the intrinsic and extrinsic MSC heterogeneity likely contributes to the variability 

of outcomes in clinical trials. While they were initially reported to have great homing to bone 

marrow, tumors, and sites of inflammation,129, 130 MSCs can also be reprogrammed in disease 

environments to have cancer-promoting effects131-134 or inconsistent homing to desired tissues. 
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Until recently, MSC clinical trials most commonly used bone marrow (BM)-derived cells, 135 but 

now perinatal (umbilical cord blood, UC) predominate, and adipose-derived (AD) MSCs are also 

rising in popularity.  

Based on the plentiful endogenous therapeutic properties of MSCs, we selected these cells 

as a prototype for Cargocyte generation, in which their functions could be specifically expanded 

or enhanced. In our lab, standard two dimensional (2D) tissue culture of primary BM and UC 

MSCs was laborious and cells reached senescence within six passages136 without reaching 

adequate numbers for mass enucleation. We therefore examined the feasibility of using AD MSCs, 

which were identified in the 1960s and characterized in the early 2000s.137  AD MSCs require 

minimally-invasive methods of collection, and net a high yield of cells with delayed senescence 

and relatively fast expansion in cell culture. Additionally, AD MSCs may be even less 

immunogenic than BM MSCs,138 although they may have some differences in therapeutic 

potential.139-141  To reduce cell senescence and heterogeneity, I performed experiments with a 

commercially-available,142 adipose-derived, human MSC cell line immortalized with telomerase 

reverse transcriptase (hTERT).143 These cells fulfill the (ISCT) criteria, grow relatively fast with 

consistent morphology in culture, and survive cryopreservation.144  

I adapted the Wigler enucleation protocol to optimize the yield and efficiency of enucleated 

hTERT MSCs (hT-MSCs) as a therapeutic prototype for bioengineering. Since cytoplasts were 

previously reported to retain many cellular features and functions of the parental cells, I 

hypothesized that hTERT MSC-derived Cargocytes would also retain key cell properties, 

specifically in regards to cell surface marker expression and functionality of cytoplasmic 

organelles that would convey ability to secrete proteins and migrate.  

1.3 Materials and Methods for enucleation of MSCs 
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1.3.1 Protocol for culturing MSCs 

Human telomerase reverse transcriptase (hTERT)-immortalized, adipose-derived 

mesenchymal stromal cells (hereinafter referred to as “hT-MSC”) were purchased from ATCC 

(#SCRC-4000™). Primary human BM-derived MSCs were obtained through Texas A&M College 

of Medicine's Institute for Regenerative Medicine. Primary human UC-derived MSCs were a 

generous gift from Dr. Mana Parast (UCSD). MSCs were cultured in complete culture medium 

(CCM) including alpha MEM (Gibco #12561) supplemented with 16.5% Premium FBS (Atlanta 

Biologics S1150), 1% HEPES (Gibco #15630), 1% Glutamax 100X (Gibco #35050), and 1% Anti-

Anti 100X (Gibco #15240). hT-MSCs were authenticated by IDEXX Laboratories. All cell stocks 

tested mycoplasma negative by PCR. 

1.3.2 Protocol for enucleation of MSCs in suspension 

The following protocol was adapted from Wigler et. al.63 One day (24 hours) prior to 

enucleation, hT-MSCs were seeded at 2.5M cells per 15cm-diameter plate (Olympus 25-203) 

covered with 15ml of CCM. Stocks of 50% (weight/weight) Ficoll PM400 (GE Healthcare 17-

0300-500) were made by dissolving grams of Ficoll in ultrapure water (Invitrogen 10977-015) by 

continual magnetic stirring for 24 hours at room temperature, followed by 30 minutes of 

autoclaving. Once cooled, the mixture was stirred again for consistency, the refractive index (RI, 

1.4230-1.4290) measured on a refractometer (Reichert 13940000), and then aliquoted and stored 

at -20°C. Stock 2X MEM was prepared by adding 20% 10X MEM (Gibco, 11430-030), 5.9% 

Sodium Bicarbonate (7.5%, Gibco, 25080-094), 2% 100X Pen-Strep (Gibco 15140-122) and 72% 

ultrapure water (Invitrogen 10977-015) and filtering through 0.22um membrane flask (Olympus 

25-227) before aliquoting for storage at 4°C. Stock cytochalasin B (Sigma Aldrich C6762) was 

made by dissolving powdered cytochalasin B in DMSO (Sigma D2650) at 10 mg/ml, then 
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aliquoted and stored at -20°C. The night before enucleation (6-18 hours prior), Ficoll gradients 

were made by adding cytochalasin B (stock diluted to 2mg/ml in DMSO) to 2X MEM at 20 µg/ml 

(RI 1.3383 ± 0.0001), and then diluting it 1:1 with 50% Ficoll to make 25% Ficoll (1.3800 

±0.0005). Additional layers were made by diluting 25% Ficoll with 1X MEM (2X MEM 

containing cytochalasin B diluted 1:1 with ultrapure water) to make 17%, 16%, 15%, and 12.5% 

volumes. Layers were individually incubated for 1 hour at 37°C and then gradients were carefully 

poured into 13.2ml ultracentrifuge tubes (Beckman Coulter, #344059) from bottom to top as 2ml 

25%, 2ml 17%, 0.5ml 16%, 0.5ml 15%, and 2ml 12.5% Ficoll. Tubes and leftover 12.5% and 1X 

were incubated overnight at 37°C.  

The day of enucleation, subconfluent MSCs were harvested by washing with PBS (Gibco 

14190-144), adding 5ml Accutase (Innovative Cell Technologies, Inc., AT104) until cells 

detached, then washing in CCM at 1,200 rpm (IEC-CL2 centrifuge) for 5 mins, re-suspending in 

PBS for counting cell number. Cells were pelleted again and thoroughly resuspended at 20M per 

3.2ml 12.5% Ficoll, then filtered through a 40um cell strainer (Falcon 352340) and layered onto 

the prepared gradients in the centrifuge tube. The layers were topped with 1ml 1X MEM and 

carefully placed into pre-warmed SW41 swinging buckets. Buckets were balanced to ±0.05g, then 

the caps loosened during a 45 minute incubation at 37°C. Caps were tightened and buckets loaded 

onto a pre-warmed SW41 rotor in a Beckman Coulter L8-60M ultracentrifuge for 60 mins at 

26,000rpm (~103,000 x g), 31°C, and slow acceleration/deceleration (setting 7). Cargocytes were 

collected with low-binding pipette tips from the mid-12.5 to 1X layers (layer 1) and 16 to 15/12.5% 

interface (layer 2) in Stemfull low cell adhesion tubes (Sbio MS90150Z) and diluted with at least 

1:3 volumes of warm serum-free MSC medium. Tubes were gently inverted to mix the collected 

Ficoll layers with diluent, then pelleted for 10 mins at 1,200 rpm (IEC-CL2). The second and third 
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washes used 10ml of serum free media at 1,200 rpm for 6 minutes. Cytoplasts were counted and 

viability determined by Trypan blue exclusion (0.4%, Invitrogen T10282) on a Countess 

automated cell counter (Invitrogen) and a small aliquot used to determine enucleation efficiency 

(purity, % enucleated cells from total population present) via staining with Vybrant Dyecycle 

Green (1:4000, Invitrogen V35004) on an epifluorescent microscope (Nikon Eclipse Ti). 

Diameters of Cargocytes and parental MSCs were determined by the NIS-Elements AR 3.0 

software (Nikon). Cargocytes were either used immediately for in vitro or in vivo assays (freshly 

isolated), plated for assays at various later timepoints, or resuspended at 1M/ml in CCM with 10% 

DMSO for cryopreservation. Cargocytes and cells were frozen by controlled cooling at -1°/minute 

in an insulated container in the -80° freezer overnight, and then transferred to liquid nitrogen 

storage.  

1.3.3 Protocol for flow cytometry of surface receptors pre- and post-enucleation 

MSCs or Cargocytes were resuspended in fluorescence-activated cell sorting (FACS) 

buffer (pH 7.4 PBS, 0.5mM EDTA and 0.5% BSA) and stained with indicated antibodies (Table 

2) for 40 minutes on ice. After washing with FACS buffer 3 times, samples were analyzed by the 

flow cytometry machine FACS Canto II (BD). Isotype matched IgG was used for negative control. 

2.3.4 Protocol for immunofluorescent antibody staining of cytoskeleton and organelles 

MSCs or Cargocytes were cultured on fibronectin-coated (10µg/ml) Chambered 

Coverglass (ThermoFisher, # 155383) at subconfluent density. Cells were fixed in 4% 

Paraformaldehyde Solution (PFA, ThermoFisher, #AAJ19943K2),  and permeabilized with 0.2% 

Triton X-100 (Sigma Aldrich, #T8787) in PBS, then stained with indicated concentrations of 

antibodies (Table 2) and DAPI as previously described.145 After staining, fluorescent images were 

taken using Nikon Eclipse Ti epi-fluorescence microscope or Olympus FV1000 confocal 
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microscope and analyzed with the Image J Fiji software.    

1.3.5 Protocol for transfection of synthesized mRNAs 

Green fluorescent protein (GFP) and Gaussia Luciferase (Gluc) mRNAs were synthesized 

by TriLink Biotechnologies. The protein coding sequence was flanked by 5’- and 3’-untranslated 

regions (UTRs) from mouse α-globin. Full substitution of pseudouridine was used to synthesize 

transcripts. After adding 5’ cap structure (CleanCap® AG) and 3’ poly(A) tail (120A), the 

synthesized mRNAs were purified with silica membrane. The pre-made mRNAs from TriLink 

were directly used for mRNA transfection. Briefly, 1 µg synthesized mRNA was added to 49 µl 

warm opti-MEM and separately 4 µl Lipofectamine 3000 (ThermoFisher, # L3000008) was added 

to 46 µl Opti-MEM. The Lipofectamine and mRNA solutions were incubated separately for 5 

minutes, then mixed together and incubated for another 15 minutes at room temperature (RT). 

MSCs or Cargocytes were resuspended in CCM without antibiotics at 1E6 cells/ml. 100 µl of 

mixed mRNA + Lipofectamine-3000 solution was added to 1ml MSC or Cargocyte suspension, 

mixed thoroughly and incubated at 37°C for 30 minutes. After transfection, MSCs or Cargocytes 

were washed twice with CCM. GFP-transfected MSCs or Cargocytes were plated in 6-well-plate 

(1E5 per well) and GFP expression was analyzed with the epifluorescence microscope (Nikon 

Eclipse Ti) or by flow cytometry. For Gluce mRNA, transfected MSCs or Cargocytes were plated 

in 24-well-plate (25,000 per well, 1 ml CCM media). Conditioned medium was taken 48 hours 

after transfection, and luciferase activity was determined as relative luminometer units (RLU) 

using BioLux Gaussia Luciferase Assay Kit (NEB, E3300) on GloMax 96 microplate luminometer 

(Promega) 

1.3.6 Protocol for transwell migration and invasion assays 

Boyden chamber assays146 for directional movement were performed using fibronectin–
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coated (Sigma Aldrich, #F1141) inserts with 8 µm pore membranes (Corning, #10167000). MSCs 

or Cargocytes were resuspended in serum free media with 0.25% BSA (Sigma Aldrich, #126593), 

and placed in the upper chamber (5E4 cells per well). The lower chambers were filled with serum 

free media with 10% FBS (Atlanta Biologicals, #S11550). After 2 hours, the inserts were removed 

and the upper surface of the membrane and chamber were wiped with cotton swabs to remove cells 

that did not migrate to the bottom side of the membrane. The membranes were stained with crystal 

violet staining solution (Sigma Aldrich, #HT90132) containing 2% ethanol, and then removed 

from the insert and mounted on glass microscope slides. The migrated cells present on the 

underside of the membrane were counted using light microscopy at 400X magnification. The 

loading control for each condition was MSCs or Cargocytes directly plated into 24-well plates 

(2E4 cells per well) to count cells that attached to the plate (i.e. no inserts were used). The number 

of cells migrating to the underside of a membrane was ratioed back to the number of cells in the 

loading control as a measure of the migrational ability of MSCs or Cargocytes. 

Invasion assays were performed using CultreCoat® 24 Well Medium BME Cell Invasion 

Assay (Trevigen, #3482-024-K) kit with 8 µm pore size. Cells were prepared and loaded into 

chambers per manufacturer recommendations. Briefly, MSCs or Cargocytes were cultured 

overnight media with 0.5% FBS, then trypsinized, washed, and resuspended in media with 0.5% 

FBS, and then placed in the upper chambers (4E4 cells per well) of rehydrated cell invasion inserts. 

The lower chambers were filled with media with 10% FBS. After 24 hours, inserts were removed 

and the upper surface of the membrane and chamber were wiped with cotton swabs to remove cells 

that did not invade into the BME. The membranes were stained with crystal violet staining solution 

(Sigma Aldrich, #HT90132) containing 2% ethanol, and then removed from the insert and 

mounted on glass microscope slides. The migrated cells present on the underside of the membrane 
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were counted using light microscopy at 400X magnification. The loading control for each 

condition was MSCs or Cargocytes directly plated into 24-well plates (2E4 cells per well) to count 

cells that attached to the plate (i.e. no inserts were used). The number of cells migrating to the 

underside of a membrane was ratioed back to the number of cells in the loading control as a 

measure of the migrational ability of MSCs or Cargocytes.  

1.3.7 Protocol for 3D migration in microfluidic mevice 

Confined migration assays were performed using a microfluidic device as previously 

described.147, 148 The device consists of alternating parallel migration channels of either 5µm height 

and constrictions 1 to 2 µm width (confined migration) or 5 µm height and 15 µm width 

(unconfined migration). Devices were assembled as previously described and coated with a 

solution of 10 µg/ml of fibronectin 24 hours prior to experiments148. Four hours prior to imaging, 

3E4 MSCs or Cargocytes were stained with Hoechst 33342 (1:4000 v/v), then seeded into 

microfluidic devices and allowed to migrate along an FBS gradient (2% to 16.5%). Imaging was 

performed on a Zeiss LSM700 laser scanning confocal microscope with a 20x air objective. Cells 

and devices were imaged for 14 hours at 10 minute intervals in a temperature controlled stage 

(37C°). The time required for cells to migrate through an individual constriction was quantified 

manually from images and was defined as starting at the first frame that the anterior portion of a 

cell entered a constriction and ending with the first frame after the cell posterior passed through 

the constriction. 

1.3.8 Protocol for select biodistribution and lung trapping 

MSCs labeled with LifeAct RFP were grown by two dimensional (2D) or 3D methods (see 

Section 4.1 and 4.5.2 for information about 3D culturing) and enucleated to produce 2D or 3D-

cultured Cargocytes. For flow cytometry analyses, MSCs or Cargocytes labeled with LifeAct RFP 
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were stained with 10 µM Vybrant DiD (Invitrogen, #V22887) following manufacturer’s 

instructions prior to intravenous (IV) injection of 1M MSCs or Cargocytes. Animals were 

euthanized 24 hours after MSC or Cargocyte injection. Lungs, spleen, and liver were removed and 

each placed in 2 ml digestion buffer containing collagenase I solution (0.5 mg/ml collagenase 

(Sigma Aldrich, #C9891-100MG), 20 µg/ml DNase, 5% FBS in PBS). After incubation at 37°C 

for 1 hour, tissues were ground with a pestle in a 70 µm cell strainer (Biopioneer, #DGN258368). 

When no large tissue pieces remained intact, strainers were washed with 2 ml of 1% FBS, 

2 mM EDTA in PBS. Cells were then treated with 1X RBC lysis buffer (Biolegend, # 420301) for 

2 minutes, washed with PBS, and analyzed by flow cytometry machine FACS Canto II (BD). 7-

AAD staining was not performed in this experiment due to overlapping signal with the RFP 

wavelength in the channels available.  

1.4: Characterization of MSC-derived Cargocytes 

Based on previously published descriptions of cytoplasts of various cell types, I 

hypothesized that enucleated hT-MSCs (Cargocytes) would retain many characteristics of the 

parental cell line, such as cell surface marker expression, and functional organelles. Therefore, 

Cargocytes should have short-term viability, express exogenous proteins, and migrate.   

My optimized enucleation protocol consistently produced a high yield (80-90%) of 

Cargocytes with >95% enucleation efficiency (purity, absent nuclei) (Table 1). Cargocytes 

collected from Ficoll layer 2 lack nuclei (Fig. 2a), and therefore are smaller than parental cells in 

suspension (Fig. 2b). They exclude Trypan blue for up to 72 hours without proliferating (Fig. 2c), 

even after thawing from cryopreservation (Fig 2d). Similar to parental cells over a period of 48 

hours, Cargocyte have cell membrane surface receptor expression of CD44, CD90, CD105, and 

CD166, with absent CD45 expression (Fig. 2e). After enucleation, Cargocytes can attach and 
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spread on plastic dishes, where they display organized F-actin and α-tubulin cytoskeletons (Fig 2f) 

and presence of organelles including Golgi, ER, mitochondria, lysosomes, and endosomes (Fig. 

2g).  

To test Cargocyte ability to translate exogenous mRNAs, Cargocytes were transfected with 

green fluorescent protein (GFP) mRNA, and their production of GFP was similar to parental cells 

(Fig. 3a, b). Similarly, Cargocytes transfected with Gaussia luciferase (Gluc) mRNA had Gluc 

activity comparable to parental MSCs (Fig. 3c). In 2D migration assays, Cargocytes migrated 

towards gradients of FBS similar to parental cells in Boyden chambers (Fig. 3d, e), even after 

recovery from cryopreservation (Fig. 3f). Similarly, Cargocytes invaded through Matrigel-coated 

inserts (Fig. 3f, g). In a 3D microfluidic chamber, Cargocytes moved faster and more effectively 

towards a FBS gradient, whereas parental cells frequently stopped at narrow constrictions due to 

inflexible nuclear size (Fig. 4a, b). Finally, when Cargocytes were injected intravenously into 

mice, fewer were detected in the lungs but more were present in the spleen and liver compared to 

parental MSCs (Fig. 4c).  

1.5 Conclusions about MSC-derived Cargocyte basic capabilities 

 Without a nucleus, Cargocytes are incapable of cellular division but can survive up to 72 

hours in vitro, which means they have a defined population and lifespan. With more precise control 

over cell proliferation and ultimate viability, Cargocytes may have more controlled behavior in 

vivo. Although a full panel of MSC markers was not performed, Cargocytes displayed similar cell 

surface profiles as parental cells, indicating that enucleation does not disrupt endogenous receptor 

profiles. In these experiments, it is important to underscore that we were not attempting to prove 

that Cargocytes are still MSCs because without a nucleus, they cannot undergo differentiation. 

Although Cytoplast viability was quantified only with Trypan blue exclusion, their ability to 
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express surface receptors and migrate at 48 hours strongly indicates their viability because these 

processes require an intact cell membrane and ATP.   

With intact cytoskeletal organization and retention of key organelles, Cargocytes possess 

the cellular machinery for protein translation and cell migration, which was further evidenced by 

GFP expression and migration in Boyden chamber assays. Of the organelles identified by 

immunofluorescent antibodies, the Golgi and ER in particular demonstrate functional ability to 

translate exogenous proteins. Importantly, this includes both cytoplasmic (GFP) and secreted 

(Gluc) proteins, as many therapeutically-relevant proteins are produced in these forms. Based on 

basal receptor expression, cytoskeletal organization, and cytoplasmic functionality, Cargocytes 

have an endogenous motility that can be classified as migration (directional and functional 

movement) towards a non-specific chemoattractant like FBS. The maintenance of viability and 

migration after cryopreservation have important implications for the ability to ship and store 

Cargocytes for biobanking or widespread distribution. In fact, migration studies in the microfluidic 

study were performed by shipping cryopreserved vials of Cargocytes and MSCs from California 

to New York, where they were thawed and imaged in the microfluidic device as shown.  

Although a recent study suggested that cytoplasts can migrate in 2D but not in 3D collagen 

gels,71 our analysis shows that Cargocytes migrate in both 2D Boyden chambers and 3D 

microfluidic chambers. In our lab, we observed that Cargocytes must first attach and spread in 

order to migrate, which they do preferentially on fibronectin-coated substrates rather than 

collagen-coated ones (unpublished observations).  

A full biodistribution study has not yet been completed (in progress), but the decreased 

number of Cargocytes present in the mouse lungs at 24 hours suggests that they experience less 

lung trapping after intravenous injection. This may be due to Cargocytes’ decreased size compared 
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to parental cells, as well as lack of the rigid nucleus,149 which prevented cells from migrating 

through constrictions in the 3D microfluidic device (Fig. 4a). These features theoretically could 

allow for easier passage through small pulmonary capillaries. Additionally, the fact that 

Cargocytes labeled with a vital dye are detectable in tissue contributes to the evidence that 

Cargocytes are viable in vivo. These properties are examined in more detail in Chapter 4 for 

homing following intravenous injection.  

Together, these experiments indicate that Cargocytes perform biologically important 

cellular properties and functions like protein translation, receptor expression, and cell migration, 

as previously reported in the cytoplast literature. I next investigated Cargocyte therapeutic 

potential by characterizing the biofunctional properties of bioengineered Cargocytes.  

Chapter 1, in part, has been submitted for publication of the material as it may appear in 

Nature Biotechnology, H. Wang, C.N. Alarcón, B. Liu, F. Watson, S. Searles, C. Lee, J. Keys, W. 

Pi, D. Allen, J. Lammerding, J.D. Bui, and R.L. Klemke, 2020.  The dissertation author was the 

co-primary investigator and co-first author of this paper.  
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Figure 2: Cargocytes retain cell-like structure and organization.  

(a) hTERT MSCs labeled with LifeAct RFP (red) were enucleated by ultracentrifugation in Ficoll 

gradients and stained with Vybrant Green vital dye (green) for epifluorescent (top) and phase 

contrast (bottom) microscopy. Arrowhead = nucleus, arrow = Cargocyte without nucleus. Scale 

bar 20 µm. (b) Bar graph shows average diameter of MSCs or Cargocytes in suspension. Mean ± 

SEM; n=80. P value, two-tailed unpaired t-test. (c) Graphs show the percentage of viable hT-MSCs 

or freshly-isolated Cargocytes versus initial population over time. Mean ± SEM; n=6 biological 

replicates. (d) Graphs show the percentage of viable hT-MSCs or Cargocytes recovered following 

1 month of cryopreservation versus initial population over time. Mean ± SEM; n=6 biological 

replicates. (e) Graphs show MSC and Cargocyte surface expression of indicated markers analyzed 

by FACS with FlowJo. Parental MSC= nucleated MSCs from which Cargocytes were derived; 

Isotype control= MSC stained with isotype-matched IgG. 2hr/24hr/48hr Cargocyte= MSC-derived 

Cargocyte analyzed at indicated timepoints post-enucleation; Representative results from 3 

independent experiments. (f) Fluorescent confocal images of hT-MSCs and Cargocytes stained 

with rhodamine phalloidin to visualize the F-actin cytoskeleton (left), or anti-α-Tubulin antibody 

to visualize the microtubule network (right), and DAPI to visualize the nucleus. Arrows point to 

the F-actin cytoskeleton; arrowheads point to the microtubule network. Scale bar, 50 µm. (g) 

Fluorescent images of MSCs or Cargocytes stained with indicated subcellular organelle antibodies 

(green, arrows) and DAPI (blue). Mitochondria, anti-AIF (Apoptosis-inducing factor); Lysosome, 

anti-LAMP1 (Lysosome-associated membrane protein 1); Golgi, anti- RCAS1 (Receptor binding 

cancer antigen expressed on SiSo cells); Endoplasmic Reticulum (ER), anti-PDI (Protein disulfide 

isomerase); Endosome, anti-EEA1 (Early Endosome Antigen 1). Arrows point to indicated 

organelles. Scale bar= 50 µm. 
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Figure 3: Cargocytes retain important cellular functions and can be bioengineered. 

(a) Epifluorescent images show LifeAct RFP (red) hT-MSCs or Cargocytes stained with Hoechst 

33342 (blue) 24h post-transfection with GFP (green) mRNA. Representative results of 3 

independent experiments. Scale bar, 50 µm. (b) Bar charts show the mean fluorescent intensity 

(MFI) of GFP (left) or GFP positive ratio (right) of cells treated as in (a) and analyzed by flow 

cytometry. Mean ± SEM; n=6 biological replicates; Data pooled from 2 independent experiments; 

P value, two-tailed unpaired t-test. (c) Bar graph shows Gaussia luciferase (Gluc) activity in 

conditioned medium from MSCs or Cargocytes 48h post-transfection with Gluc mRNA. 

RLU=Relative luminometer units. Mean ± SEM; n=6 biological replicates; Data pooled from 2 

independent experiments; P value, two-tailed unpaired t-test (d) MSCs/Cargocytes migrated in 

Boyden chambers towards fetal bovine serum (FBS) gradients for 2 hours. Representative 

brightfield images of MSCs or Cargocytes that migrated to the underside of 8.0 

were stained with Crystal Violet. (e) Bar graph represents the ratio of migrated MSCs or freshly 

isolated Cargocytes treated as in (d) versus loading control (MSCs/Cargocytes seeded on 

fibronectin-coated plates). Mean ± SEM; n=10 independent fields from 3 biological replicates. (f) 

Bar graph represents the ratio of migrated MSCs or Cargocytes treated as in (d) when recovered 

following 1 month of cryopreservation versus loading control (MSCs/Cargocytes seeded on 

fibronectin-coated plates). Mean ± SEM; n=10 independent fields from 3 biological replicates. (g) 

MSCs/Cargocytes invaded through Matrigel-coated Boyden chambers to migrate towards FBS 

gradient. Representative brightfield images of MSCs or Cargocytes that invaded through the 

Matrigel to the underside of 8.0 µm porous filters were stained with Crystal Violet. (h) Bar graph 

represents the ratio of invading MSCs or Cargocytes treated as in (g) versus loading control. Mean 

± SEM; n=18 independent fields from 6 biological replicates. For (d), (e), (f), (g), and (h): Results 

representative of at least 3 independent experiments. All statistics are two-way ANOVA with 

Tukey's multiple comparisons test. P values shown above the bars.  
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Figure 4: Cargocytes migrate in 3D in vitro and in vivo 

(a) Time-lapse image sequence of hT-MSCs (bottom) and Cargocytes (top) moving through 

constrictions along an FBS gradient in a microfluidic device. F-actin cytoskeleton (red) was 

labeled with LifeAct-RFP and cell nucleus (blue) was stained with Hoechst 33342. Arrows point 

to migrating Cargocytes and arrowheads point to hT-MSC nuclei trapped in the confined 

constrictions. Scale bar, 50 µm. Experiment performed in the lab of Jan Lammerding by Jeremy 

Keys. (b) Bar graph shows the average time required for MSCs and Cargocytes treated as in (a) to 

migrate through an individual microfluidic constriction. Data for both confined (≤2 µm ×5 µm) 

and unconfined (15µm ×5 µm) constrictions are shown. Mean ± SEM. Data pooled from 3 

independent experiments. Exact number in each group shown above the bar. P value, one-way 

ANOVA with Bonferroni's multiple comparison tests. (c) LifeAct RFP MSC were cultured by two 

dimensional (2D) or 3D methods, then ultracentrifuged in Ficoll to generate 2D or 3D-derived 

Cargocytes. 2D and 3D MSCs and Cargocytes were stained with DiD intravital dye and IM were 

administered intravenously in BALB/c mice. 24 hours after injection, organs were harvested for 

FACS analysis. Bar graphs represent number of DiD stained, RFP+ MSCs or Cargocytes per 

5x10E5 events. NS= not significant; * = p<0.05, **=p< 0.01, *** = p<0.001.  



28 

 

 
  



29 

Table 1: Enucleation efficiency and viability of mammalian cells following ultracentrifugation in 

Ficoll density gradients. 

Cell Origin Cell name 
Enucleation 

Efficiency 

Recovery 

Rate 

Viability 

after 24 

hours 

Yield per tube 

MSC cells 

hT-MSC 

(hTERT) 
>95% 80%-90% >95% 12-15M 

UC-MSC 

(primary) 
85%-90% 60%-80% >90% 10-15M 

BM-MSC 

(primary) 
50%-85% 20%-50% 50%-75% ~8M 

D1 MSC >95% 40%-80% >90% 5M-10M 

NK cells NK-92 70%-90% 20%-40% 20%-40% ~5M 

Macrophages RAW 264.7 85%-95% 40%-70% 20%-40% ~15M 

Neutrophils HL-60 60%-98% 20%-40% 60%-80% ~15M 

Fibroblasts 
L929 70%-90% 50%-70% 70%-90% ~15M 

NIH3T3 70%-80% 40%-50% 70%-80% ~9M 

Enucleation efficiency (%) = number enucleated cells versus total number of cells in 

population retrieved from the tube. Enucleation was detected by epifluorescent microscopy as 

absence of fluorescent nuclear dye staining;  

Recovery rate (%) = number enucleated cells retrieved out of the tube versus initial number of 

cells input for enucleation;  

Viability after 24 hours = live enucleated cells versus total population as measured by the 

Trypan blue dye exclusion test; 

Yield per tube = total number of enucleated cells harvested from each 13 ml centrifuge tube; 

M = million cells 

hT-MSC = human hTERT immortalized adipose-derived mesenchymal stromal cells;  

BM-MSC = human primary bone marrow-derived mesenchymal stromal cells;  

UC-MSC = human primary umbilical cord mesenchymal stromal cells; 

D1 MSC = mouse bone marrow stromal precursor cells; 

NK = natural killer cells. 
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Table 2. List of Antibodies and Concentrations  

Primary antibodies 

Name 
Host 

Species 
Catalog Vendor 

Application and 

dilution 

anti-h/mSTAT4 Mouse MAB5287 R&D Western Blot, 1:1000 

anti P-STAT4 

(Y693) 
Rabbit 4134S 

Cell Signaling 

Technology 
Western Blot, 1:1000 

anti STAT3 

(124H6) 
Mouse 9139S 

Cell Signaling 

Technology 
Western Blot, 1:1000 

anti P-STAT3 Rabbit 91315 
Cell Signaling 

Technology 
Western Blot, 1:1000 

anti GAPDH Rabbit ab22555 Abcam Western Blot, 1:10000 

anti RCAS1 

(Golgi) 
Rabbit 12290T 

Cell Signaling 

Technology 
Immunostaining, 1:100 

anti AIF 

(Mitochondria) 
Rabbit 5318T 

Cell Signaling 

Technology 
Immunostaining, 1:100 

anti EEA1 

(Endosome) 
Rabbit 3288T 

Cell Signaling 

Technology 
Immunostaining, 1:100 

anti LAMP1 

(Lysosome) 
Rabbit 9091T 

Cell Signaling 

Technology 
Immunostaining, 1:100 

anti PDI (C81H6) 

(ER) 
Rabbit 3501T 

Cell Signaling 

Technology 
Immunostaining, 1:100 

Cy3 Anti-Human 

Mitochondria 

clone 113-1 

Mouse MAB1273C3 Millipore Immunostaining, 1:100 

FITC anti-mouse 

CD31 Antibody 
Rat 102506 Biolegend Immunostaining, 1:100 

Alexa-647 

Human Nuclear 

Antigen Antibody 

(235-1) 

Mouse 

IgG1 

Kappa 

NBP2-

34525AF647 

Novus 

Biologicals 
Immunostaining, 1:100 

CD8a 

Monoclonal 

Antibody 

(4SM16) 

Rat 14-0195-82 ThermoFisher 
Immunohistochemistry, 

1:100 

Anti-CD4 

antibody 
Rabbit 183685 Abcam 

Immunohistochemistry, 

1:100 

FOXP3 

Monoclonal 

Antibody (FJK-

16s) 

Rat 14-5773-82 ThermoFisher 
Immunohistochemistry, 

1:100 

anti-CD44 
Mouse 

IgG2A 
965614 R&D FACS, 1:20 
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Table 2. List of Antibodies and Concentrations, continued.  

 Name 
Host 

Species 
Catalog Vendor 

Application and 

dilution 

anti-CD90 
Mouse 

IgG2A 
965609 R&D FACS, 1:20 

anti-CD105 
Mouse 

IgG1 
965611 R&D FACS, 1:20 

anti-CD166 
Mouse 

IgG1 
965613 R&D FACS, 1:20 

anti-CD45 
Mouse 

IgG1 
965616 R&D FACS, 1:20 

APC anti-human 

CXCR4 

Mouse 

IgG2A 
306510 Biolegend FACS, 1:100 

PE/Cy7 anti-

human CD184 

(CXCR4) 

Mouse 

IgG2a, κ 
306513 Biolegend FACS, 1:100 

Alexa Fluor 647 

anti-mouse 

CD192 (CCR2) 

Rat 

IgG2b, κ 
150604 Biolegend FACS, 1:100 

PE rat anti-mouse 

CD162 (PSGL-1) 

Lewis 

IgG1, κ 
555306 BD FACS, 1:100 

R-Phycoerythrin 

AffiniPure Goat 

Anti-Human IgG 

Goat 109-115-098 
Jackson 

ImmunoResearch 
FACS, 1:100 

Purified Mouse P-

Selectin - IgG 

Fusion Protein 

IgG 

Fusion 

Protein 

555294 BD FACS, 1:50 

E-selectin-human 

IgG fusion 

protein 

IgG 

Fusion 

Protein 

575-ES-100 R&D systems FACS, 1:100 

APC anti-mouse 

NK-1.1 Clone: 

PK136 

Mouse 

IgG2a, κ 
108710 Biolegend FACS, 1:50 

APC anti-mouse 

CD8a Clone: 53-

6.7 

Rat 

IgG2a, κ 
100712 Biolegend FACS, 1:50 

APC/Cyanine7 

anti-mouse CD45 

Clone: 30-F11 

Rat 

IgG2b, κ 
103116 Biolegend FACS, 1:100 

PE anti-mouse 

CD45.2  Clone 

104 

Mouse 

(SJL) 

IgG2a, κ 

109808 Biolegend FACS, 1:50 

APC/Cy7 anti-

mouse CD4 

Clone: RM4-5 

Rat 

IgG2a, κ 
100526 Biolegend FACS, 1:50 
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Table 2. List of Antibodies and Concentrations, continued.  

Name 
Host 

Species 
Catalog Vendor 

Application and 

dilution 

PE/Cy7 anti-

mouse CD3  

Clone: 17A2 

Rat 

IgG2b, κ 
100219 Biolegend FACS, 1:50 

APC anti-mouse 

I-A/I-E Clone: 

M5/114.15.2 

Rat 

IgG2b, κ 
107614 Biolegend FACS, 1:100 

PE anti-mouse 

F4/80 Clone: 

BM8 

Rat 

IgG2a, κ 
123110 Biolegend FACS, 1:100 

FITC anti-mouse 

Ly-6C Clone: 

HK1.4 

Rat 

IgG2c, κ 
128006 Biolegend FACS, 1:50 

PE/Cy7 anti-

mouse CD25 

Clone: PC61 

Rat IgG1, 

λ 
102016 Biolegend FACS, 1:100 

APC anti-mouse 

Foxp3 Clone: 

FJK-16s 

Rat 

IgG2b, κ 
# 17-5773-82 ThermoFisher FACS, 1:20 

PerCP anti-mouse 

CD4 Clone 

GK1.5 

Rat 

IgG2b, κ 
100432 Biolegend FACS, 1:100 

Purified anti-

mouse CD16/32 

Antibody 

Rat 

IgG2a, λ 
101302 Biolegend Fc Blocking, 1:1000 

IgG controls 

Mouse IgG1 

Negative Control 

Antibody, clone 

1E2.2 

Mouse 

IgG1κ 
CBL600 Chemicon FACS, 1:100 

Mouse IgG2a 

Isotype Control 

from murine 

myeloma 

Mouse 

IgG2a,k 
M5409 Sigma FACS, 1:100 

PE Mouse IgG2a, 

κ Isotype Ctrl 

(FC) 

Mouse 

IgG2a, κ 
400213 Biolegend FACS, 1:100 

PE Mouse IgG1, 

κ Isotype Ctrl 

(FC) 

Mouse 

IgG1, κ 
400113 Biolegend 

FACS, 

Immunostaining, 1:100 

FITC Mouse 

IgG1, κ Isotype 

Ctrl (FC) 

Mouse 

IgG1, κ 
400110 Biolegend FACS, 1:100 
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Table 2. List of Antibodies and Concentrations, continued.  

Name 
Host 

Species 
Catalog Vendor 

Application and 

dilution 

FITC Mouse 

IgG2a, κ Isotype 

Control 

Mouse 

IgG2a, κ 
554647 BD FACS, 1:100 

APC Mouse 

IgG1, κ Isotype 

Ctrl (FC) 

Mouse 

IgG1, κ 
400122 Biolegend 

FACS, 

Immunostaining, 1:100 

APC Rat IgG2a, κ 

Isotype Ctrl 

Rat 

IgG2a, κ 
400511 Biolegend FACS, 1:100 

Alexa Fluor 488 

Rat IgG2a, κ Ctrl 

Clone: RTK2758 

Rat 

IgG2a, κ 
400525 Biolegend FACS, 1:100 

PE/Cy7 Mouse 

IgG2a, κ Isotype 

Ctrl 

Mouse 

IgG2a, κ 
400232 Biolegend FACS, 1:100 

Secondary antibodies 

HRP- Goat anti 

Rabbit IgG 
Goat 111-035-003 

Jackson 

ImmunoResearch 
WB  (1:10000) 

HRP- Goat anti 

mouse IgG 
Goat 115-036-068 

Jackson 

ImmunoReserarch 
WB  (1:10000) 

Alexa Flour 488 

goat anti-mouse 

IgG (H+L) 

Goat A11001 Invitrogen FACS, 1:200 

Alexa Flour 647 

goat anti-mouse 

IgG1 

Goat A21240 Invitrogen FACS, 1:200 

Alexa Flour 488 

Goat anti-Rabbit 

IgG (H+L) 

Goat A11008 Invitrogen Immunostaining, 1:500 

In Vivo antibodies 

InVivoMAb anti-

mouse PD-1 

(CD279) 

Armenian 

Hamster 

IgG 

BE0033-2 BioXcell 
In Vivo, 100 mcl of 2.0 

mg/ml per injection 

InVivoMAb 

Armenian 

hamster IgG 

isotype control, 

anti-glutathione 

S-transferase 

Armenian 

hamster 

IgG 

BE0260 BioXcell 
In Vivo, 100 mcl of 2.0 

mg/ml per injection 
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Chapter 2 Pre- and Post-enucleation Bioengineering of Cargocytes  

2.1 Bioengineering Cargocyte immunomodulatory functions 

In addition to characterizing the endogenous potential of MSC-derived Cargocytes, this 

work also endeavored to determine the ability to bioengineer Cargocytes with specific function-

enhancing properties, starting with the evaluation of protein translation, receptor expression, and 

chemotaxis. Because MSCs have many important innate immunomodulatory functions, I focused 

on the bioengineering of immunomodulatory cytokines and chemokine receptors. Since time in 

culture and exposure to disease microenvironments can alter the immunomodulatory functions of 

MSCs, it is important for bioengineering to either restore or stabilize endogenous 

immunomodulatory properties, as well as potentially impart new immunomodulatory functions.  

2.1.1 Immunomodulatory cytokines  

Cytokines are a large family of soluble proteins secreted mainly by leukocytes that exert 

key immunomodulatory functions by autocrine, paracrine, or endocrine means.150 Despite their 

potent activities, most endogenous cytokines have a short serum half-life and low 

bioavailability,151 which in a therapeutic setting necessitates either administering high exogenous 

doses that risk toxicity, or bioengineering with stabilizing modalities such as binding with fusion 

proteins, antibody complexes, polyethylene glycol (PEGylation), or mutagenesis.152 The balance 

of cytokines in health is carefully maintained, which partly explains why therapeutic 

administration of cytokines is often difficult to predict and control.153 In particular, cell-based 

therapies that attempt to stimulate the immune system, such as CAR T cells, can have serious 

adverse events like cytokine release syndrome secondary to massive leukocyte stimulation and 

activation.154 Therefore, effective cytokine therapies must address cytokine stability and delivery 

as well as ways to maintain or control the delicate immunoregulatory balance in vivo.  
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To address cytokine stability, our strategy used Cargocytes as delivery vehicles155 for 

locoregional production of the cytokine. Theoretically, this would reduce off-target effects and 

increase site-specific effects by more precisely confining the cytokine at the region of interest. To 

produce these cytokines, Cargocytes would be transfected with synthesized mRNA and then 

cytokine production and biofunctionality determined. Although Cargocytes translated exogenous 

proteins GFP and Gluc, more complex proteins like cytokines required careful design of the 

synthesized mRNA strands to maximize strand integrity, initiation of translation, and efficiency of 

translation. Therefore, we designed cytokine mRNA through TriLink BioTechnologies156 to 

included artificial caps to increased capping efficiency, a Kozak sequence157 for increased 

translation efficiency, 5’UTR and 3’UTR of alpha globin to increase the stability, and a 

pseudouridine modification to improve overall stability and translation efficiency. 

We bioengineered production of prototypical pro- or anti-inflammatory interleukins (IL): 

IL-12 is an immunostimulatory cytokine with antitumor activity,158 whereas IL-10 is an anti-

inflammatory cytokine.159 Bioactive IL-12 is a heterodimer (IL-12p70) composed of two 

covalently linked subunits (p35 and p40),160 so successful production of protein requires 

translation of two mRNA strands. When secreted IL-12 binds to the IL-12 receptor, it signals 

through the JAK-STAT pathway to activate STAT4 .161 Downstream effects of this activation 

include regulation of cell-mediated immune responses, as well as innate immune modulation. IL-

10 is a non-covalently linked homodimer that uniquely binds the IL-10RA receptor, which is 

mainly expressed on leukocytes. It also signals through JAK-STAT pathways to activate 

predominantly STAT3.162 Its main targets are macrophages and monocytes to either decrease the 

production of pro-inflammatory cytokines or increase the production of anti-inflammatory ones. 

Additional details about IL-12 and IL-10 as therapeutic agents in vivo are found in Chapter 3 
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(mouse breast cancer model) and Chapter 4 (mouse inflammation model), respectively.  

2.1.2 Chemokine receptors and endothelial adhesion molecules 

Chemokines are chemotactic cytokines that help direct cell migration to specific locations. 

They signal through G-protein-coupled receptors (GPCRs) and play an important role in cell 

homing (directed migration, including to the tissue of origin), tissue homeostasis and 

embryogenesis, and disease states like inflammatory conditions and cancer.163 Since MSCs 

frequently express low basal levels of homing receptors during ex vivo expansion, strategies to 

enhance in vivo homing have predominantly utilized preconditioning in culture to upregulate 

endogenous receptor expression, or bioengineering to express homing receptors for 

chemoattractants expressed in specific tissues.155  

The CXCR4/SDF-1α axis is important for MSC endogenous homing to several types of 

tissues, including bone marrow. C-X-C chemokine receptor type 4 (CXCR4, CD184) directs 

homing of MSCs, leukocytes, and some cancer cells towards its cognate ligand, SDF-1α 

(CXCL12)163. SDF1-α is predominantly expressed in immunoregulatory organs such as bone 

marrow, lungs, lymph nodes, heart, thymus, and liver, although it can also be upregulated in sites 

of tissue injury or disease.163 To improve in vivo homing, MSCs have been previously 

bioengineered with lentiviruses to increase CXCR4 expression on the surface.164 We used a similar 

strategy by infecting MSCs with lentiviruses encoding CXCR4 (MSCCXCR4) and then examined 

functional receptor expression of Cargocytes (CargocyteCXCR4) after enucleation.  

Another chemokine receptor we investigated is C-C chemokine receptor type 2 (CCR2, 

CD192), a chemokine receptor for chemokine ligand 2 (CCL2, monocyte chemoattractant protein, 

MCP-1) that directs monocytes, T cells, and dendritic cells to the sites of tissue damage, 

inflammation, and cancer.165, 166 Although CCR2 is not normally expressed on MSCs, it has been 
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used as an exogenous homing receptor to target MSCs to regions of ischemia.167 Since CCL2 can 

be increased in diseased tissues, we also used lentiviral bioengineering to express CCR2 on MSCs 

(MSCCCR2) and then enucleated them (CargocyteCCR2).  

Following systemic administration through intravenous (IV) injection, cell-based therapies 

must undergo steps similar to leukocyte extravasation in order to exit the vasculature into the tissue 

of interest.155 One important step is the interaction with the endothelium for transmigration, which 

can be mediated by endothelial expression of adhesion molecules (P- and E-selectins) and 

expression of the P-selectin glycoprotein ligand (PSGL-1) on the therapeutic cell.168 While MSCs 

do not express PSGL-1 endogenously,169, 170 some studies found that mRNA transfection or 

glycoengineering of MSCs with PSGL-1 or sialyl-Lewis X (E-selectin ligand) increased homing 

to sites of inflammation.171-173 We again used a lentivirus approach to express PSGL-1 and its 

fucosyltransferase (FUT-7) on the MSC surface (MSCPSGL-1) prior to enucleation (CargocytePSGL-

1).  

In addition to bioengineering MSC lines that expressed each of the chemokine receptors or 

endothelial adhesion molecule, we also created a cell line to simultaneously express all three 

(triple-engineered MSC, MSCTri-E) to determine the feasibility of multiple layers of 

bioengineering.   

2.2 Materials and Methods for pre- and post-enucleation bioengineering 

2.2.1 Protocol for IL-12 and IL-10 mRNA transfection 

As in Section 1.3.5, mRNAs for human IL-10 and mouse IL-12a/IL-12b mRNAs were 

synthesized by TriLink Biotechnologies and transfected as previously described.  

2.2.2 Protocol for cytokine ELISAs 

Cytokines levels were determined by commercial enzyme-linked immunosorbent assay 
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(ELISA) kits for Human IL-10 (Biolegend, #430604) and Mouse IL-12 (p70) (Biolegend, 

#433604) according to manufacturer’s instructions. Conditioned media were diluted in kit assay 

diluent. Absorbance was read on the µQuant plate reader (Biotek) according to kit instructions. 

Standard curves and cytokine concentrations were calculated in Microsoft Excel.  

2.2.3 Protocol for cytokine western blots for in vitro bioactivity 

RAW 264.7 cells (ATCC® TIB-71TM) were purchased from ATCC and cultured in DMEM 

(Gibco, #11960) with 10% FBS. For human IL-10 bioactivity, RAW 264.7 macrophage cells were 

serum-starved overnight, exposed to indicated conditioned media or 1ng/ml recombinant human 

IL-10 protein (Biolegend, #571002) in CCM for 1 hour, and then lysed for western blot (WB) 

analysis. For mouse IL-12 bioactivity, freshly isolated splenocytes were exposed to indicated 

conditioned media or 10ng/ml recombinant mouse IL-12 protein (Biolegend, #577002) in CCM 

for 30 minutes, and then lysed for WB. Cell lysates were generated using standard methods with 

lysis buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 

0.1% SDS, 10% glycerol, cocktail protease inhibitors, PMSF and phosphatase inhibitors). Lysates 

were boiled in LDS sample buffer (ThermoFisher, # NP0008), resolved on Nupage 4%-12% gel 

(Thermofisher, #NP0323BOX), and transferred to nitrocellulose blotting membrane (GE 

Healthcare, #10600020). After blocking with 5% milk, the membrane was incubated with 

indicated primary antibodies. After incubating with corresponding HRP-conjugated secondary 

antibodies, blots were developed on HyBlot Autoradiography film (Denville Scientific, #E3012) 

with chemiluminescent substrate (ThermoFisher, # 34580). All the primary and secondary 

antibodies used for western blots are listed in Table 2. 

2.2.4 Protocol for lentivirus-based cell transduction 

Lentiviruses pLV-Hygro-EF1A hCXCR4, pLV-EF1A mCcr2, and pLV-Puro-EFS mPsgl-
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1 P2A mFut7 were purchased from VectorBuilder (Table 3, vector maps and sequences available 

on the VectorBuilder website). Lentivirus rLV-Ubi-LifeAct RFP was purchased from Ibidi 

(#60141). Briefly, hTERT MSCs were transduced with lentivirus particles at 2 to 5 MOI in Opti-

MEM medium (ThermoFisher, #31985088) with 8 µg/ml SureENTRY transduction reagent 

(Qiagen, #336921). After 4 hours of co-incubation, transduction complex was replaced with CCM. 

If necessary, drug selection was added to the cells 72 hours after virus transduction. To generate 

triple-engineered MSCs (mCcr2, hCXCR4 and mPsgl-1, named MSCTri-E), hT-MSCs were first 

infected with lentivirus pLV-Hygro-EF1A hCXCR4 and cultured under drug selection (50 µg/ml 

hygromycin) for two weeks. Surviving cells (designated MSCCXCR4) were next infected with 

lentivirus pLV-Puro-EFS mPsgl-1 P2A mFut7 and cultured under drug selection (10 µg/ml 

puromycin) for another two weeks. Finally, surviving cells (designated MSCCXCR4/PSGL-1) were 

infected with lentivirus pLV-EF1A mCcr2 to generate MSCTri-E, which were analyzed for surface 

expression of hCXCR4, mCcr2 and mPsgl-1 by flow cytometry.   

2.2.5 Protocol for flow cytometry of surface receptors pre- and post-enucleation 

 As in Section 1.3.3, MSCs and Cargocytes were stained with indicated antibodies for 40 

minutes on ice. After washing with FACS buffer 3 times, samples were analyzed by the flow 

cytometry machine FACS Canto II (BD). Isotype matched IgG was used for negative control. For 

FACS sorting of MSCTri-E, cells were simultaneously stained with FITC anti-human CXCR4, APC 

anti-mouse CCR2 and PE-anti mouse PSGL-1. Single cells with high expression of all 3 markers 

were sorted into 96-well plates with CCM using the BD FACSAria Fusion cell sorter at the UCSD 

Stem Cell Core. Nineteen fast-growing single cells clones were established from two 96-well 

plates, expanded and stocked in liquid nitrogen. Clone 19 was used for most in vivo experiments 

based on its high expression of all 3 markers and fast growth in culture. 
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For mouse P-selectin or E-selectin binding assays, resuspended MSCs or Cargocytes were 

incubated with purified mouse P-selectin- human IgG fusion protein (BD, #555294) or E-selectin-

human IgG fusion protein (R&D systems, # 575-ES-100) in binding buffer (PBS with Calcium 

and Magnesium (ThermoFisher, # 14040133) and 0.5% BSA) on ice for an hour with gentle 

shaking. After washing with binding buffer for 3 times, MSCs or Cargocytes were then incubated 

with R-Phycoerythrin AffiniPure Goat Anti-Human IgG on ice for another hour with gentle 

shaking. After washing with binding buffer for 3 times, MSCs or Cargocytes were analyzed by 

FACS Canto II (BD). Purified Human IgG1 Isotype Control Recombinant Antibody was used for 

Isotype control.  

2.2.6 Protocol for transwell chemotaxis assays 

 As in section 1.3.6, Boyden chambers were used to measure directional 2D migration. For 

cells bioengineered with CXCR4, concentrations of SDF1-α (0, 1, 10, or 100 ng/ml) were placed 

in the bottom chamber. For cells bioengineered with CCR2, 100 ng/ml was in the bottom.  

2.3: Post-enucleation bioengineering of Cargocytes to secrete functional cytokines 

Since Cargocytes translated exogenous mRNAs for GFP and Gluc into detectable and 

functional proteins, I hypothesized that Cargocytes would also have the ability to produce 

bioactive immunomodulatory cytokines like IL-12 and IL-10 in vitro. To bioengineer Cargocytes 

to secrete therapeutic proteins, I performed post-enucleation transfection of Cargocytes with 

synthesized mRNAs.  

After enucleation, Cargocytes transfected with purified mouse IL-12 mRNA (Cargocyte 

IL-12, Fig. 5a) or human IL-10 mRNA (Cargocyte IL-10, Fig. 5b) produced detectable protein in 

conditioned media. However, the production of IL-12 was lower than parental cells (Fig. 5c) while 

levels of IL-10 were similar (Fig. 5d). When conditioned media from cytokine-secreting 
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Cargocytes was applied to target cells, it led to phosphorylation of the appropriate STAT (Fig. 5e, 

f).  

2.4 Conclusions from bioengineering Cargocytes to secrete cytokines 

Cargocytes successfully produced IL-12 and IL-10 following mRNA transfection, 

although the production of IL-12 was lower than parental cells. The most likely explanation for 

this decreased capability is that secretion of IL-12 requires translation of both strands of the 

heterodimeric protein. Since Cargocytes are smaller than cells, it is possible that their decrease 

volume both limited the total number of transfected mRNAs and decreased the odds of having the 

appropriate number of correlating paired mRNA strands to form the heterodimer. Despite this 

potential limitation to the total amount produced, it is still impressive that an enucleated cell was 

able to translate two separate mRNAs into a functional complex protein. The presence of 

phosphorylated STATs in leukocytes following treatment with cytokine-conditioned media 

suggests that the cytokines were appropriately able to signal their downstream activators in target 

cells. These results indicate that Cargocytes can be bioengineered to secrete bioactive proteins like 

complex immunomodulatory cytokines. 

2.5: Pre-enucleation bioengineering of Cargocytes with chemokine receptors and adhesion 

molecules 

Since Cargocytes retained parental cell surface markers after enucleation and can migrate, 

I tested the ability of Cargocytes to retain functional bioengineered chemokine receptors and 

endothelial adhesion molecules. I hypothesized that Cargocytes derived from MSCs bioengineered 

to express CXCR4, CCR2, and/or PSGL-1 would retain expression for at least 24 hours. Because 

Cargocytes retain migrational machinery, I also hypothesized that these functional markers would 

increase Cargocyte chemotaxis towards the cognate chemoattractant and have appropriate binding 
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with the adhesion ligand.  

After lentiviral infection, drug selection, and FACS sorting for the highest expressors of 

each marker, each bioengineered MSC was enucleated to produce the corresponding Cargocyte, 

and then compared for marker expression and either chemotaxis or ligand binding. CargocyteCXCR4 

displayed similar CXCR4 expression as MSCCXCR4 at 2, 24, and 48 hours post-enucleation (Fig. 

6a), and migrated in a dose-responsive fashion towards SDF-1α in Boyden chambers (Fig. 6b). 

This chemotaxis was more dramatic compared to the non-engineered hT-MSCs, especially at the 

higher doses of SDF-1α. CargocyteCCR2 also displayed CCR2 expression, with a slight decrease at 

2 hours, but similar expression to MSCCCR2 at 24 and 48 hours (Fig. 6c). Both CargocyteCCR2 and 

MSCCCR2 showed strong chemotaxis towards a gradient of Ccl2 (Fig. 6d) compared to non-

engineered hT-MSCs. CargocytePSGL-1 displayed surface PSGL-1 similar to MSCPSGL-1 at 2 hours, 

with gradual and slight left shifts at 24 and 48 hours (Fig. 6e left). CargocytePSGL-1 and MSCPSGL-

1 bound P-selectins more strongly than E-selectins (Fig. 6e middle and right), with a gradual 

decrease in P-selectin binding by 48 hours. Cargocytes bioengineered to express all 3 markers 

simultaneously (CargocyteTri-E) had similar expression profiles of individual markers as 

Cargocytes bioengineered with single marker expression. Additionally, CargocyteTri-E were able 

to chemotax towards individual gradients of SDF1-α and Ccl2 (Fig. 6f) and bind P-selectin (Fig. 

6g).  

2.6 Conclusions from bioengineering Cargocytes with functional surface markers 

As seen in previous studies, MSCs are amenable to genetic engineering through techniques 

like lentiviral infection to create stable overexpression of endogenous or exogenous receptors. In 

addition to generating MSC lines expressing chemokine receptors CXCR4, CCR2, and endothelial 

adhesion molecule PSGL-1, I found that Cargocytes generated from these bioengineered MSCs 
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were able to retain stable surface expression for 48 hours, indicating that Cargocytes can undergo 

pre-enucleation bioengineering. Importantly, these surface markers were functional, as evidenced 

by the chemotaxis of Cargocytes towards their cognate ligands, and the binding of P-selectin, and 

to a lesser extent, E-selectin. In fact, bioengineered Cargocytes migrated at similar levels to 

MSCCCR2 and even better than MSCCXCR4, but always dramatically better than the non-engineered 

controls. Therefore, Cargocytes not only retain migrational machinery after enucleation, but also 

have enhanced directed migration when bioengineered with specific receptors, which has 

important implications for their ability to home in vivo. When bioengineered to express all 3 

markers simultaneously, CargocyteTri-E still showed strong chemotaxis to gradients of SDF-1α, 

Ccl2, and binding to P-selectin. This indicates that Cargocytes can undergo multiple layers of 

bioengineering, and that these bioengineered surface molecules do not interfere with each other’s 

functional abilities. In fact, the purpose of multilayered bioengineering is to simultaneously 

enhance multiple functional abilities of the cell in vivo.  

Chapter 2, in part, has been submitted for publication of the material as it may appear in 

Nature Biotechnology, H. Wang, C.N. Alarcón, B. Liu, F. Watson, S. Searles, C. Lee, J. Keys, W. 

Pi, D. Allen, J. Lammerding, J.D. Bui, and R.L. Klemke, 2020.  The dissertation author was the 

co-primary investigator and co-first author of this paper.  
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Figure 5: Bioengineered Cargocytes translate exogenous mRNAs to produce bioactive 

immunomodulatory cytokines. 

(a) Schematic design of the mouse IL-12a and IL-12b mRNAs synthesized in vitro (b) Schematic 

design of the human IL-10 mRNA synthesized in vitro. For (a) and (b), Kozak sequence was added 

in front of the start codon of the IL-10 mRNA coding region (CDS). 5’UTR and 3’UTR of mouse 

alpha globin mRNA were added respectively to the 5’ and 3’ end of CDS. An artificial 5’Cap was 

added to the 5’ end of mRNAs and the pseudouridine modification was engineered to increase 

mRNA stability. (c) Bar graph shows the secreted IL-12 concentration in conditioned media of IL-

12 transfected MSCs (MSC-IL-12), Cargocytes (Cargocyte-IL-12) or non-transfected cells 

(Control MSC). Mean ± SEM; n=6 biological replicates. (d) Graph shows the secreted IL-10 

concentration in conditioned media of IL-10 transfected MSCs (MSC-IL-10), Cargocytes 

(Cargocyte-IL-10), non-transfected cells (Control MSC) or control media. Mean ± SEM; n=6 

biological replicates. (e) Mouse splenocytes were treated with indicated conditioned media or 

recombinant mouse IL-12 (p70) protein (10ng/ml) for 30 mins. The phosphorylation of Stat4 was 

determined by western blot. (f) Mouse RAW macrophage cells were treated with indicated 

conditioned media or recombinant IL-10 protein (1ng/ml) for 30 mins. The phosphorylation of 

Stat3 was determined by western blot. Western blots were run by Felicia Watson. 
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Figure 6: Bioengineered Cargocytes express functional chemokine receptors and adhesion 

molecules that enhance chemotaxis and selectin binding, respectively.  

(a) Graph shows cell surface expression of CXCR4 by flow cytometry. Data analyzed in Flowjo 

and normalized to mode. MSCCXCR4, CXCR4 lentivirus-engineered hT-MSC; 2hr/24hr/48hr 

Cargocytes, MSCCXCR4-derived Cargocytes analyzed at indicated timepoints after enucleation; hT-

MSC, non-engineered; Isotype control, MSCCXCR4 stained with isotype-matching IgG. (b) MSCs 

and Cargocytes bioengineered as in (a) migrated in Boyden chambers towards the indicated 

concentrations of SDF-1α for 2 hours. Bar graph represents the ratio of migrated cells versus 

loading control (MSCs or Cargocytes seeded onto fibronectin-coated plates). Mean ± SEM; n=10 

independent fields from 3 biological replicates. All statistics are two-way ANOVA with 

Bonferroni's correction for multiple testing. (c) Graphs show cell surface expression of CCR2 

analyzed by flow cytometry. Data were analyzed in Flowjo and normalized to mode. MSCCCR2, 

CCR2 lentivirus-engineered MSC; 2hr/24hr/48hr Cargocyte CCR2, MSC CCR2-derived Cargocytes 

analyzed at indicated timepoints after enucleation; Parental hT MSC, non-engineered; Isotype 

control, MSC CCR2 stained with isotype matching IgG. (d) MSCs and Cargocytes bioengineered as 

in (c) migrated in Boyden chambers towards the indicated concentration of Ccl2 for 2 hours. Bar 

graph represents the ratio of migrated MSCs/Cargocytes versus loading control (MSCs or 

Cargocytes seeded onto fibronectin-coated plates). Mean ± SEM; n=10 independent fields from 3 

biological replicates. P values, one-way ANOVA with Tukey's multiple comparisons test. (e) 

Graphs show cell surface expression of PSGL-1 (left), P-selectin binding (middle), and E-selectin 

binding (right) of MSCs or Cargocytes analyzed by flow cytometry. Data were analyzed in Flowjo 

and normalized to mode. MSCPSGL-1, PSGL-1/Fut7 lentivirus-engineered MSC; 2hr/24hr/48hr 

Cargocyte PSGL-1, MSC PSGL-1-derived Cargocytes analyzed at indicated timepoints after 

enucleation; Parental hT MSC, non-engineered; Isotype control, MSC PSGL-1 stained with isotype 

matching IgG. (f) CXCR4/CCR2/PSGL-1 lentivirus-engineered MSCs (MSCTri-E) and 

CargocytesTri-E migrated in Boyden chambers towards the indicated chemokine gradients for 2 

hours. Bar graph represents the ratio of migrated MSCs/Cargocytes versus loading control (MSCs 

or Cargocytes seeded onto fibronectin-coated plates). Mean ± SEM; n=10 independent fields from 

3 biological replicates. P values, one-way ANOVA with Tukey's multiple comparisons test. (g) 

Graphs show cell surface expression of PSGL-1 (left), P-selectin binding (middle), and E-selectin 

binding (right) of MSCs bioengineered as in (e) and Cargocytes bioengineered as in (f) and 

analyzed by flow cytometry. Data were analyzed in Flowjo and normalized to mode. 2hr/24hr/48hr 

CargocytesTri-E C19, Cargocytes derived from MSCTri-E (CXCR4/CCR2/PSGL-1 lentivirus-

engineered MSCs) analyzed at indicated timepoints after enucleation; MSC PSGL-1 , MSCs 

bioengineered as in (e); Isotype control, MSC PSGL-1 stained with isotype matching IgG. MSCs. For 

(a) – (g), lentiviral constructs were designed by Huawei Wang. 

  



47 

 

  



48 

Chapter 3: Cargocyte Antitumor Potential in a Preclinical Mouse Breast Cancer Model 

3.1 Investigating Cargocyte delivery of IL-12 in vivo 

Although bioengineering of Cargocytes validated some impressive in vitro capabilities, 

these cellular enhancements are meaningless as a therapeutic platform if it does not produce an 

effect in vivo. The next step was to administer Cargocytes in preclinical mouse models to 

determine if they could produce bioactive proteins in vivo. To investigate the ability of Cargocytes 

to secrete therapeutic factors in vivo, I used a mouse model of breast cancer and injected tumors 

with Cargocytes secreting IL-12. At various timepoints on various dosing schedules, I analyzed 

the amount of IL-12 produced within the tumor, as well as any functional response to the IL-12 

secretion against the tumor. Based on Cargocyte ability to secrete bioactive IL-12 in vitro, I 

hypothesized that Cargocytes would produce IL-12 in vivo, even in a harsh tumor 

microenvironment. Because of its immunomodulatory effects, successful secretion of IL-12 should 

affect the endogenous leukocyte response to effect an antitumor response.  

3.2 The E0771 Triple Negative Breast Cancer (TNBC) syngeneic C57Bl/6 mouse model 

Triple negative breast cancer (TNBC) in humans often carries a poor prognosis because of 

early metastasis and unresponsiveness to hormone-targeting drugs.174 The E0771 murine breast 

cancer cell line was originally isolated from a spontaneous medullary mammary adenocarcinoma 

in a C57Bl/6 mouse. 175, 176 Since its characterization in the 1940s, it has received renewed interest 

as a useful syngeneic mouse model of breast cancer that closely recapitulates the human disease. 

First, similar to invasive human breast cancers, E0771 tumors grow rapidly (tumors develop in 10-

14 days) and subcutaneous/orthotopic transplants can both locally invade and/or metastasize to the 

lungs.177 Second, E0771 cells are immunohistochemically similar to human TNBC due to the lack 

of estrogen, progesterone, and HER2/neu receptor expression. 178 Third, the mutational rate of 
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E0771s is within the upper range of mutational loads in human TNBCs, suggesting that tumor 

neoantigens are common. 179 Finally, E0771 tumors have immune profiles similar to human 

TNBCs, including intratumoral neutrophils and lymphocytes (predominantly FoxP3+ T regulatory 

cells (Tregs)), increased expression of programmed death ligand 1 (PD-L1) but only moderate 

response rates to single immune checkpoint inhibitors, 179 large induction of immunodysfunctional 

myeloid derived suppressor cells associated with poor prognosis, 180 low expression and 

production of pro-inflammatory IL-6, 181 and are poorly immunogenic and nonspecifically 

immunosuppressive (i.e. not tumor-antigen dependent). 177 Therefore, because E0771 tumors 

resemble human TNBC behavior and immunoprofiling, immunotherapies that effectively treat 

E0771 syngeneic preclinical models are predicted to have better clinical translation to human 

disease. Additionally, since the C57Bl/6 mouse strain is immunocompetent and has over 700 

commercially available genetically engineered variants, this syngeneic model allows for testing 

multiple pathways and conditions involved in the immune response to breast cancer. 180 

In our studies, E0771 cells were subcutaneously (SQ) injected on the C57BL/6 mouse 

dorsolateral flank and allowed to grow for 14 days, then treated with intratumoral injection of 

Cargocytes transfected with IL-12 mRNA (Cargocyte-IL-12, Fig. 7a). In these experiments, 

tumors were harvested at different timepoints to assess effective Cargocytes delivery of IL-12 in 

the tumor. 

3.3 Interleukin 12 and anti-PD-1 in cancer immunotherapy 

Interleukin 12 (IL-12) is an immunomodulatory cytokine whose functions bridge both the 

innate and adaptive immune response. It was first described in 1989 as a natural killer (NK) cell 

stimulating factor182 and in 1990 as a cytotoxic lymphocyte maturation factor,183 alluding to its 

ability to promote the cell-mediated immune response, which is now known to include induction 
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of T helper 1 (Th1) differentiation and survival, and proliferation and enhancement of the effector 

functions of T cell, NK, and NK-T cells.160 Additionally, IL-12 has anti-angiogenic activities, and 

induces secretion of IFN-γ, whose downstream pathways converge to decrease tumor 

progression.160 Other downstream activators of IL-12 and IFN-γ include PD-L1 and CXCL9,184, 

185 which we used to indirectly identify bioactivity of IL-12.  

Based on numerous preclinical studies showed significant IL-12 antitumor activity,186 IL-

12 was investigated as an anticancer agent. However, patients in early clinical trial had adverse 

reactions based on overstimulated immune responses, linked to dosing and IL-12 levels in the 

blood.158 To reduce IL-12 toxicity187 following systemic administration, further studies addressed 

ways to contain or deliver IL-12 locally, such as through PEGlyation, cell carriers like MSCs,129, 

158 or local administration, such as intratumoral (IT) injection. 188-191 After addressing some of the 

dosing and delivery problems, clinical trials with IL-12 alone still produced only modest effects,160, 

192 whereas combination of IL-12 with other therapies like immune checkpoint inhibitors had better 

results.  

Tumors use activation of immune checkpoints to evade antitumor immune responses, 

whereas checkpoint inhibitors like antibodies to programmed cell death protein 1 (PD-1), PD 

ligand 1 (PD-L1) or cytotoxic T-lymphocyte-associated protein 4 (CTLA4, CD152) reverse this 

immunosuppression by interrupting these co-inhibitory signals expressed on the leukocyte or the 

cancer cell.193 While PD-1 is widely expressed on T, B, and NK cells, there is conflicting evidence 

that breast cancer PD-L1 expression predicts survival,194 and administration of anti-PD-1 (aPD-1) 

alone in TNBC clinical trials yielded overall response rates of less than 20%.195 In particular, it 

seems that aPD-1 therapy success depends on crosstalk between T cells and dendritic cells, 

mediated by IL-12. 196  Since IL-12 and aPD-1 as single-agent therapies appear to be insufficient, 
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combination therapies (cytokine, radiation, vaccine, multiple checkpoint inhibitors, adjuvants, etc) 

are an area of active area of breast cancer and TNBC research.197  Therefore, our immunotherapy 

strategy was to induce antitumor immune stimulation via IL-12 secretion coupled with reduced 

tumor-induced immunosuppression via aPD-1.  

3.4 Antitumor leukocyte profiles 

For many cancers, the presence of tumor-infiltrating leukocytes (TILs) is associated with 

a better prognosis because many leukocytes have endogenous antitumor activity. In TNBC, the 

presence of CD8+ T lymphocytes (cytotoxic T cells) or a high ratio of CD8+ T cells to FoxP3+ 

Tregs of favors a good prognosis and predicts a response to immunotherapies.198 Although TNBC 

is the most immunogenic breast cancer subtype, its immunogenicity is still relatively low 

compared to other types of cancer (i.e. lower numbers of TILs), so immunotherapy is an attractive 

therapeutic modality to manipulate the immune system towards a more antitumor profile.199  Aside 

from increasing CD8+T cells or decreasing FoxP3+Tregs, other important leukocyte populations 

include NK cells200 and macrophages, where M1 polarized macrophages tend to have more 

antitumor effects than M2 polarized macrophages.201  Additionally, the presence of CD4+T helper 

2 cells is important for forming lasting antitumor immunity.202 I hypothesized that the combination 

of IL-12 and aPD-1 would be able to increase recruitment of antitumor leukocytes into the E0771 

tumors. 

3.5: Materials and Methods for Cargocyte in vivo cytokine production 

3.5.1 General protocol for establishing E0771 tumors in mice 

E0771 murine breast cancer cells were purchased from CH3 Biosystems and cultured and 

tumors established as previously described203. Briefly, 1E6 E0771 cells were subcutaneously 

injected in the right flank of C57BL/6J male or female mice (8-12 weeks old) on Day 0 and allowed 
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to grow for 14 days to a tumor size of about 100 mm3. Following IL-12 mRNAs transfection, 1E6 

MSC IL-12, 3E6 Cargocyte IL-12, or vehicle only (PBS) were intratumorally (IT)-injected directly 

into the tumor centers in a total volume of 50 µl PBS.  

3.5.2: Protocol for determining intratumoral IL-12 levels by ELISA 

After establishment of tumors, animals with similarly-size tumors were IT-injected with 

MSC-IL-12, Cargocyte-IL-12, or PBS, respectively. Mice were euthanized at 4, 24, 48, and 72 

hours post-injection and IL-12 cytokine levels in plasma and tumor were measured by ELISA for 

Mouse IL-12 (p70) (Biolegend, #433604). Mouse tissues were prepared for ELISA as follows: 

tumors were homogenized in cold lysis buffer (PBS with cocktail protease inhibitors (Roche, # 

11697498001) and PMSF (Thermo Scientific, #36978)) using the Beadbug homogenizer system 

(Benchmark Scientific, #D1030); mouse ears were homogenized in cold lysis buffer using the AG 

Polytron PT1200 handheld homogenizer with 5mm probe (Kinematica). Tissue lysates were 

centrifuged at 13,000 rpm at 4 °C and supernatant was diluted in kit assay diluent and loaded onto 

ELISA plates. Mouse plasma and conditioned media were diluted in kit assay diluent. Absorbance 

was read on the µQuant plate reader (Biotek) according to kit instructions. Standard curves and 

cytokine concentrations were calculated in Microsoft Excel. Tumor and ear tissue protein 

concentrations were determined by standard BCA assay (ThermoFisher, #23225).  

3.5.3 Protocol for bioactive markers of IL-12 delivery 

After establishment of tumors, animals with similarly-size tumors were IT-injected with 

MSC-IL-12, Cargocyte-IL-12, or PBS, respectively, and harvested at 48 hours after IT injection 

to measure the mRNA expression of mouse IFN-γ, CXCL9 and PD-L1 by Real-time RT-PCR. 

Total RNA was extracted from cultured cells or tissues with TRIzol (ThermoFisher, # 15596026) 

and purified with the RNeasy RNA purification kit (Qiagen, # 74104) according to manufacturer’s 
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instructions. Purified RNA concentration was measured via Nanodrop (ThermoFisher) and cDNA 

was synthesized with an iScript cDNA synthesis kit (Bio-Rad, # 1708891). Quantitative RT-PCR 

was performed with PowerUp SYBR Green Master Mix kit (Applied Biosystems, A25742) on 

QuantStudio3 Real-Time PCR system (Applied Biosystems). Human or mouse hypoxanthine 

phosphoribosyltransferase 1 (HPRT1) gene was used as internal reference, respectively. Ratios of 

different mRNA levels compared to the reference mRNA were then calculated in Microsoft Excel. 

Primers used in this study are listed in Table 4. 

3.5.4 Protocol for detection of tumor infiltrating leukocytes 

After establishment of tumors, mice were IT-injected with MSC-IL-12, Cargocyte-IL-12, 

or PBS on Day 14, 17, and 19 (total of three injections). Tumors were harvested on Day 21 (48 

hours after last IT injection) and dissociated with collagenase I solution (0.5 mg/ml collagenase 

(Sigma Aldrich, #C9891-100MG), 20 µg/ml DNase, 5% FBS in PBS) and analyzed by flow 

cytometry as previously described.204 Briefly, 1M to 3M cells were stained for 30 minutes at  4°C 

in FACS tubes (Falcon, #352058) containing Fc block (anti-CD16/32), 100 µl staining buffer (PBS 

with 1% FBS), and the indicated antibody combinations (Table 5).  Immediately prior to flow 

cytometry analysis, 7-AAD (Sigma, # SML1633) was added at 1 µg/ml. M1 macrophages were 

identified as CD45+/Ly6c-/ F4/80+ /MHC IIhigh, while M2 macrophages were identified as CD45+/ 

Ly6c- / F4/80+ / MHC IIlo.  CD8+ T cells were identified as CD45.2+/CD8+/CD3+/CD4-, while 

CD4+ T cells were identified as CD45.2+/CD8-/ CD3+/CD4+. NK cells were identified as CD45+/ 

CD3-/ NK1.1+. For intracellular staining cells were permeabilized using the Intracellular Fixation 

& Permeabilization Buffer Set (ThermoFisher, #88-8824-00) according to the manufacturer’s 

protocol. Regulatory T cells (Tregs) were identified as CD45.2+/CD4+/CD25+/Foxp3+.  

In another experiment, similarly-treated tumors were fixed in 4% PFA and submitted to 
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the histology core at the Moores Cancer Center for immunohistochemical staining for anti-CD8a, 

anti-CD4 and anti-FoxP3 antibodies (Table 3). Images were taken on a Keyence BZ X810 

microscope. Blood from these mice was submitted to the ACP Veterinary Diagnostic Laboratory 

at UCSD for complete blood count (Table 6) and blood chemistry screen analyses (Table 7).  

3.6 Characterization of Cargocyte IL-12 production in vivo following intratumoral injection 

Based on Cargocyte successful production of IL-12 in vitro, I hypothesized that Cargocytes 

would be able to produce detectable amounts of IL-12 in vivo, even in a harsh tumor 

microenvironment. Assuming successful production of IL-12, I predicted that tumors would have 

an increased number of infiltrating leukocytes, which would lead to decreased tumor burden.   

When mice bearing SQ E0771 tumors were intratumorally (IT) injected with Cargocytes 

secreting IL-12, IL-12 was detectable in tumor tissues for 72 hours at levels parallel to MSCs 

secreting IL-12 (Fig. 7b). The animals did not show overt clinical signs of adverse events, and the 

level of IL-12 measured in plasma was consistent between MSC IL-12 and Cargocyte IL-12 (Fig. 

7c). At 48 hours post-injection, these same tumors had increased levels of IFN-γ, PD-L1, and 

CXCL9, which are downstream activators from IL-12 (Fig 7d). Mice IT-injected with 3 doses of 

Cargocyte IL-12 showed a shift in leukocyte populations, with a relative increase in 

immunoreactive CD8+ (cytotoxic) T cells and decreased FoxP3+ (immunosuppressive) T 

regulatory (Treg) cells compared to PBS-treated control animals (Fig. 7e). Similarly, there was 

quantifiable increase in CD8+ and CD4+ T cells, increased M1/M2 macrophage ratio, decreased 

NK cells, and decreased FoxP3+/CD25+ Tregs (Fig. 7f).  

3.7 Conclusions from short-term Cargocyte IL-12 intratumoral injections 

Based on these results, Cargocytes effectively secreted immunomodulatory proteins in a 

diseased tissue to activate immune response pathways for the intended immune effector cells. The 
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ability to produce a complex cytokine like IL-12 in the harsh tumor microenvironment suggests 

that Cargocytes can deliver therapeutic products in vivo as an extension of their ability to produce 

IL-12 in vitro. By the induction of expression of downstream activators, it appears that the IL-12 

produced by the Cargocytes was bioactive, similar to the IL-12 produced by the MSCs. This was 

further evidenced by the characterization of the immune cells present within the tumor. The 

relative increase in CD8+ T cells and decrease in FoxP3+Tregs compared to the PBS-treated 

tumors indicates that the leukocyte population shifted towards a more antitumor profile. 

Interestingly, Cargocytes secreting IL-12 had a significant increase in the number of CD8+ cells 

compared to MSCs secreting IL-12. While this does not provide conclusive evidence that 

Cargocytes performed better than MSCs as delivery vehicles, it does raise the interesting question 

as to why Cargocytes elicited more CD8+ cells. Contrary to my prediction, FACS analysis showed 

that this leukocyte shift was not due to an absolute increase in the total number of CD45+ 

leukocytes; rather, it was due to a redistribution of the numbers of different leukocyte types. This 

suggests that the IL-12 secretion did not recruit more leukocytes into the tumor, but instead led to 

selective recruitment and expansion of antitumor leukocytes. In this set of data, the decrease in 

NK cells in both MSC and Cargocyte-treated tumors was unexpected, as IL-12 is supposed to 

support NK cell activation and proliferation and aPD-1 can decrease NK cell exhaustion.205 Further 

investigation into this finding is warranted.  

Following production of IL-12 in vivo and documenting the immune response to Cargocyte 

IL-12 injections, the next step was to determine if Cargocytes in combination with a checkpoint 

inhibitor could affect overall tumor progression. This would indicate if the IL-12/aPD-1 was 

successful at not only stimulating the immune response, but reaching a threshold to overcome 

tumor burden and potentially lead to lasting antitumor immunity.   



56 

3.8 Materials and Methods for Cargocyte IL-12 survival and rechallenge experiments 

For survival studies, animals with E0771 tumors received IT injections with MSC-IL-12, 

Cargocyte-IL-12, or PBS on Day 14, 17, 19 and 26 after tumor inoculation, followed by 

intraperitoneal injection of anti-mouse PD-1 or IgG control at 100 µl of 2.0 mg/ml in PBS on Day 

20 and 27 (Fig. 8a). Animals were monitored frequently, and tumor size was measured with digital 

calipers and calculated using the formula Volume = (Width × Width × Length)/2. Tumor growth 

curves and mouse weight curves were generated in Excel. Animals were euthanized when tumors 

reached a 2 cm diameter in any dimension or had untreatable ulcers/skin irritation at the tumor site 

as per IUCAC guidelines. Kaplan-Meier survival curves were generated in GraphPad Prism8 and 

analyzed by the Mantel-Cox log-rank test.  

Animals that survived at least 175 days post-tumor initiation and had no palpable tumor 

were re-challenged with 1E6 E0771 cells by subcutaneous injection in the contralateral flank (left) 

on Day 180. Age-matched, naïve control animals were injected at the same time. Tumor growth 

was monitored and measured as described above.  

3.9 Antitumor effects of Cargocyte IL-12 combined with aPD-1   

Since Cargocyte IL-12 were able to induce a shift if antitumor leukocyte profiles after 3 

injections, I hypothesized that combining IL-12 and aPD-1 would lead to significant antitumor 

effects in the long term.  I expected that combination therapy would entail an overall decrease in 

tumor growth and ultimately a better prognosis as measured by animal survival. For animals that 

survived, I predicted that they would have lasting tumor immunity characterized by rejection of 

future exposure to E0771 cells. 

Animals that received a total of 4 Cargocyte IL-12 injections and 2 aPD-1 injections within 

a 2 week period had slowed tumor growth compared to animals receiving Cargocyte IL-12 alone 
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or aPD-1 alone (Fig. 8b,c). These animals did not appear to have adverse clinical effects, based on 

the change in weight for the duration of the experiment (Fig. 8d). Decreased tumor progression 

translated into a longer lifespan for the mouse, as seen in survival curves where animals receiving 

MSC IL-12 or Cargocyte IL-12 had better survival only when combined with aPD-1 (Fig. 8e). In 

fact, 40% of mice treated with combination Cargocyte IL-12 and aPD-1 had complete regression 

(no palpable tumors) for the remainder of the experiment (total >175d). These surviving animals 

were rechallenged with SQ E0771 cells in the contralateral flank to determine if lasting antitumor 

immunity was present. All rechallenged animals either had no tumor initiation or minimal tumor 

growth followed by rapid complete regression (Fig. 8e).  

3.10 Conclusions from Cargocyte combination therapy  

Animals receiving multiple doses of Cargocyte IL-12 not only experienced decreased 

tumor growth, but also had a 40% cure rate. While mouse studies do not always translate into 

similar human responses, this cure rate is remarkable because TNBC traditionally have relatively 

low overall response rates to standard of care treatment and current immunotherapies. Animals 

treated with MSC or Cargocytes and aPD-1 showed similar survival curves, which is interesting 

because in the short-term assay, Cargocyte IL-12 induced a stronger CD8+ response than MSC 

IL-12 treated animals. Regardless of the immunoprofile, MSCs and Cargocytes performed 

comparably in this dosing schedule for combination therapy.  

Cargocyte IL-12 + aPD-1 animals that completely regressed also were able to reject E0771 

cells when rechallenged in the contralateral flank. Although evaluation of tissues for leukocyte 

profiles was not part of the study design, it is assumed that the presence of CD4+ cells contributed 

to lasting tumor antitumor immunity. In future studies, it would be worthwhile to determine if 

altering the dosing schedule, such as providing aPD-1 concurrently with the IT Cargocyte IL-12 
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(instead of after it) would further increase the animal survival. If so, examining the immunoprofile 

of the tumor as it regresses or the site of rechallenge could provide valuable information about the 

mechanism by which Cargocytes are able to induce lasting antitumor immunity.  

Chapter 3, in part, has been submitted for publication of the material as it may appear in 

Nature Biotechnology, H. Wang, C.N. Alarcón, B. Liu, F. Watson, S. Searles, C. Lee, J. Keys, W. 

Pi, D. Allen, J. Lammerding, J.D. Bui, and R.L. Klemke, 2020.  The dissertation author was the 

co-primary investigator and co-first author of this paper.  
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Figure 7: Bioengineered Cargocytes producing bioactive IL-12 in a mouse TNBC model shifts 

the leukocyte populations towards an antitumor phenotype.  

(a) Schematic of the workflow for bioengineering Cargocytes to express IL-12 cytokine and treat 

triple-negative breast cancer (TNBC) in immunocompetent mice. (b) Mice bearing E0771 tumors 

as in (a) were intratumorally (IT) injected with MSCs or Cargocytes transfected with mouse IL-12 

mRNAs. Bar graph shows the level of IL-12 cytokine detected in the tumors by ELISA at indicated 

timeponts after IT injection. PBS, vehicle control; MSC-IL-12/Cargocyte-IL-12, hT-MSC or 

Cargocyte transfected with mIL-12 mRNA; Mean ± SEM; n=6 mice. (c) For mice treated as in 

(b), bar graph shows the concentration of secreted IL-12 cytokine in mouse plasma as determined 

by ELISA. Mean ± SEM; n=6. P value, two-way ANOVA with Dunnett's multiple comparisons 

test. (d) For mice treated as in (b), tumors were harvested and analyzed by real-time RT-PCR at 

48hr post-IT injection. Graphs show the fold change (Log2) of the indicated mRNA markers 

compared to PBS group. Mean ± SEM; n=6 mice. (e) Established E0771 tumors were IT-injected 

on Day 14, 17 and 19. Tumors were harvested on Day 21. Light microscopy images of tumor 

sections stained with indicated immunohistochemical antibodies. Scale bar, 100µm. (f) For mice 

treated as in (e), tumors were harvested and analyzed by flow cytometry. %CD8+ T cells, 

100×CD8+CD4-CD3+CD45+/CD45+; %CD4+ T cells, 100×CD8-CD4+CD3+CD45+/CD45+; 

M1Φ/M2Φ, CD45+Ly6c-F4/80+MHCIIhigh/CD45+Ly6c-F4/80+MHC IIlow; %Foxp3+ Treg cells,  

100×CD45.2+CD4+CD25+Foxp3+/CD45+; %NK cells, 100×CD45+CD3- NK1.1+/CD45+;  

%CD45+ cells, 100×CD45+/total cells. Mean ± SEM; n=6 mice. 
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Figure 8: Intratumoral injection of bioengineered Cargocytes secreting IL-12 combined with 

administration of anti-PD-1 therapy caused TNBC tumor regression and antitumor immunity 

(a) Graph shows the timeline of dosing scheme for combination therapy of IT-injected Cargocyte-

IL-12 to pre-established E0771 tumors and intraperitoneal (IP) injection of anti-PD-1 antibody 

(aPD-1). (b) Graph shows tumor growth curve for animals treated as in (a). (c) Graph shows the 

Kaplan-Meier survival curve for mice treated as in (a). n=10 mice per group. P value, Mantel-Cox 

Log-rank test. (d) Graph shows tumor growth curve for mice treated as in (a) that survived >175d 

and had complete tumor regression, followed by re-challenge with E0771 cells in the contralateral 

flank. n=4 mice. 
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Table 3. List of lentiviruses and vectors 

 

  

Name Company 
Vector 

ID/Catalog 
Promoter Encoded gene Drug Selection 

pLV-Hygro-

EF1A 

hCXCR4 

VectorBuilder 
VB170808-

1064dhz 
EF1A human CXCR4 

50g/ml 

hygromycin 

pLV-EF1A 

mCcr2 
VectorBuilder 

VB171215-

1221ybt 
EF1A mouse Ccr2 N/A 

pLV-Puro-EFS 

mPsgl-1 P2A 

mFut7 

VectorBuilder 
VB170727-

1187nrs 
EFS 

mouse PSGL-1 

and Fut7 
10g/ml 

puromycin 

rLV-Ubi-

LifeAct RFP 
Ibidi  #60141  

Ubi 

(Ubiquiti

n) 

LifeAct RFP 

fusion protein 
10g/ml 

puromycin 

LentiBrite™ 

Histone H2B-

GFP 

MilliporeSig

ma 
#17-10229 EF1 Histone H2B-GFP N/A 
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Table 4. List of primers. 

Primer Name for RT-

PCR Sequence 5’ to 3’ 
Target mRNA 

mCCL2  F ATTGGGATCATCTTGCTGGT 
mouse Ccl2 

mCCL2 R CCTGCTGTTCACAGTTGCC 

mIL6 F ACCAGAGGAAATTTTCAATAGGC 
mouse IL-6 

mIL6 R TGATGCACTTGCAGAAAACA 

mCxcl12 (SDF-1α) F TTTCAGATGCTTGACGTTGG 
mouse Cxcl12 

mCxcl12 (SDF-1α) R GCGCTCTGCATCAGTGA 

mCXCL9 F GGAGTTCGAGGAACCCTAGTG 
mouse Cxcl9 

mCXCL9 R GGGATTTGTAGTGGATCGTGC 

mSelP F CCGGAGTGTGATCCTGGGA 
mouse P-Selectin 

mSelP R TGTGCTGTAGTTATAGGTCCACG 

mSelE F ATGAAGCCAGTGCATACTGTC 
mouse E-Selectin 

mSelE R CGGTGAATGTTTCAGATTGGAGT 

hIDO1 F GCCAGCTTCGAGAAAGAGTTG 
human IDO1 

hIDO1 R ATCCCAGAACTAGACGTGCAA 

hPD-L1 F TGTCAGTGCTACACCAAGGC 
Human PD-L1 

hPD-L1 R ACAGCTGAATTGGTCATCCC 

mIFN-γ F GCCACGGCACAGTCATTGA 
mouse IFN γ 

mIFN-γ R TGCTGATGGCCTGATTGTCTT 

mTNF-α F GCACCACCATCAAGGACTCA 
mouse TNF-α 

mTNF-α R GAGGCAACCTGACCACTCTC 

mIL-1β F GAAATGCCACCTTTTGACAGTG 
mouse IL-1β 

mIL-1β R TGGATGCTCTCATCAGGACAG 

hHPRT1F ACCCTTTCCAAATCCTCAGC 
human HPRT1 

hHPRT1R GTTATGGCGACCCGCAG 

mHprt1 F GAGGAGTCCTGTTGATGTTGCCAG 
mouse Hprt1 

mHprt1 R GGCTGGCCTATAGGCTCATAGTGC 
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Table 5: Antibody combinations.  

Channe

l 

Mix1 for 

Macrophage 
Mix2 for T cells 

Mix3 for NK 

cells 
Mix4 for Treg cells 

FITC 

Ly6C Clone 

HK1.4 

1:50 

   

PE 
F4/80 Clone BM8 

1:100 

CD45.2 Clone 

104 

1:50 

  

Percp- 

Cy5.5 
7-AAD 7-AAD 7-AAD 

CD4 Clone :Clone GK1.5 

1:100 

PE/Cy7  
CD3 Clone: 

17A2 

1:50 

CD3 Clone: 

17A2 

1:50 

CD25 Clone: PC61 

1:100 

APC 

MHCII Clone 

M5/114.15.2 

1:100 

CD8 Clone: 53-

6.7 

1:50 

NK1.1 Clone: 

PK136 1:50 

FoxP3 Clone: FJK-16s 

1:20 

APC/C

y7 

CD45 Clone: 30-

F11 

1:100 

CD4 Clone: 

RM4-5 

1:50 

CD45 

Clone: 30-F11 

1:100 

CD45 

Clone: 30-F11 

1:100 
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Table 6: Complete blood count analyses of mice for tumors harvested 48 hours after the last 

injection. Mean ± SEM, n=6 mice in each group. *, P<0.05, One-way ANOVA with Tukey's 

multiple comparisons test. 

Cell Types 

Reference 

range 

Cargocyte  

IL-12 MSC IL-12 PBS 

Red Blood Cell (1E9/mL) 6.36 - 9.42 8.434(±0.377) 7.21(±0.467) 8.675(±0.223) 

White Blood Cell (1E6/mL) 1.8 - 10.7 9.216(±0.855) 7.56(±0.16) 9.21(±0.716) 

Neutrophil (1E6/mL) 0.1  - 2.4 4.473(±0.372) 3.867(±0.19) 4.472(±0.387) 

Lymphocyte (1E6/mL) 0.9 - 9.3 3.734(±0.857) 2.719(±0.234) 3.024(±0.382) 

Monocyte (1E6/mL) 0.0  - 0.4 0.794(±0.067)* 0.684(±0.047) 0.585(±0.034) 

Eosinophil (1E6/mL) 0.0 - 0.2 0.174(±0.046) 0.235(±0.058) 0.12(±0.029) 

Basophil (1E6/mL) 0.0 - 0.2 0.045(±0.016) 0.059(±0.017) 0.034(±0.009) 
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Table 7: Serum chemistry analysis of mice for tumors harvested 48 hours after the last injection. 

Mean ± SEM, n=6 mice in each group. No significant differences between groups by one-way 

ANOVA with Tukey's multiple comparisons test. 

Analyte Unit 
Referenc

e Range 

Cargocyte IL-

12 MSC IL-12 PBS 

Albumin g/dL 2.5 - 4.8 4.084(±0.108) 4.017(±0.084) 4.317(±0.136) 

Alkaline 

Phosphatase 

U/L 62 - 209 78.667(±9.549) 66.834(±6.711

) 

82.5(±10.204) 

Alanine 

Transaminase 

U/L 28 - 132 44(±4.443) 88.667(±34.88

2) 

38.167(±2.949) 

Amylase U/L 1691 - 

3615 

703.5(±29.178) 966.5(±103.78

7) 

804.334(±86.64

1) 
Bilirubin, total mg/dL 0.1 - 0.9 0.3(±0) 0.367(±0.05) 0.317(±0.017) 

Blood Urea 

Nitrogen 

mg/dL 18 - 29 23.667(±0.844) 24.167(±0.946

) 

21.5(±0.958) 

Calcium mg/dL 5.9 - 9.4 11.35(±0.313) 11.584(±0.312

) 

11.934(±0.171) 

Phosphorus mg/dL 6.1 - 10.1 10.517(±0.515) 11.317(±0.498

) 

11.167(±0.365) 

Creatinine mg/dL 0.2 - 0.8 0.334(±0.062) 0.284(±0.048) 0.234(±0.022) 

Glucose mg/dL 90 - 192 239.667(±13.36

6) 

225.167(±11.8

2) 

252.5(±5.807) 

Sodium mmol/

L 

126 - 182 158.5(±3.274) 164.334(±3.50

9) 

165.667(±1.564

) 
Potassium mmol/

L 

4.7 - 6.4 8.567(±0.136) 8.434(±0.067) >8.5(±0) 

Total Protein g/dL 3.6 - 6.6 5.267(±0.089) 5.45(±0.139) 5.3(±0.078) 

Globulin, 

calculated 

g/dL N/A 1.017(±0.204) 1.4(±0.058) 1(±0.119) 
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Chapter 4: Cargocyte Anti-Inflammatory Therapeutic Potential in a Mouse Inflammation Model 

There is no single gold standard for administration of cell-based therapies because each 

has strengths and limitations based on the type and location of the disease, timing of 

administration, and risks to either the cell or the patient.206 Aside from local delivery of 

immunomodulatory cytokines, there can be both therapeutic benefits and practical advantages to 

administering cell based therapies systemically through intravenous (IV) infusion, which is 

minimally invasive and does not typically require specialized equipment, especially for repeated 

doses.207, 208  As long as there are no major differences in the effects produced between local and 

systemically infused MSCs,209-211 IV injections tend to be more convenient and also avoid the 

problem of cells locating and migrating to the intended target site. As discussed previously, cell 

bioengineering is one method to improve cell homing capabilities, for which I demonstrated in 

vitro feasibility of bioengineering Cargocytes with chemokine receptors that contributed to 

increased chemotaxis. Based on the in vitro results of this bioengineering and the demonstration 

that Cargocytes were able to have therapeutic effects in vivo in a tumor model, I hypothesized that 

the Cargocyte ability to perform in vitro chemotaxis would translate into improved in vivo 

migration. 

4.1 Overcoming the problem of pulmonary passage in systemically-administered MSCs 

Following IV injection, the majority of MSCs become entrapped in pulmonary capillaries 

for the first 24 hours, 212, 213 predominantly due to their relatively large size214 and expression of 

integrins.215 This first barrier to biodistribution is also a danger, as it can cause embolization.  

Methods of reducing in capillary trapping include reducing cell size, bioengineering to change or 

mask integrin expression, or repeat boluses.213 One technique to reduce cell size is to culture cells 

in 3D,216 such as in suspension rather than on 2D plastic plates where cell spreading can occur. 
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We selected the 3D hanging drop method217 because of its straightforward workflow and 

reproducibility, although we found the yield of cultured MSCs would benefit from further 

optimization after dissociating spheroids into single-cell suspension. Although Cargocytes are 

already smaller than parental cells grown in traditional 2D culture (Fig. 2b), we predicted that 

Cargocytes generated from 3D-cultured cells would be even smaller and potentially pass through 

the lungs better than non-engineered cells.  

4.2 The mouse acute, dermal ear inflammation model 

The mouse ear swelling assay is a model for contact hypersensitivity or local anaphylaxis, 

which leads to acute (within 48 hours) and quantifiable erythema and edema of the mouse pinna 

(skin of the ear).218 The test has low incidence of false positives, inflammation is both visible and 

measurable as an increase in ear thickness, and the contralateral ear serves as an internal control. 

While more commonly used for testing dermal drugs, solutions, antigens, photosensitivity, and 

epidermal immunobiology,219 it has also been used with intradermal injection of irritants, 

endotoxins, and infectious parasites. The more invasive (non-topical) forms of this assay have 

reported technical variability in reproducibility,220 but have included induction of infection through 

inoculation with bacterial agents.221 In particular, bacterial lipopolysaccharide (LPS) has been used 

to acutely inflame the ear dermis as a model for MSC homing and intravital imaging.222-225 In these 

models, vascular permeability was not a prerequisite for MSC extravasation, which was interpreted 

as a more active process.222 We chose this model because it produced a localized, acute site of 

inflammation to which homing of bioengineered Cargocytes could be evaluated by multiple 

methods (reduction of inflammation, whole mount imaging, FACS analysis, intravital imaging, 

etc).  

4.3 Effects of Interleukin 10 to treat inflammation 
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To reduce inflammation, some clinical trials have examined antagonists for pro-

inflammatory cytokines,226 and increased production or exogenous introduction of anti-

inflammatory cytokines. IL-10 is a prototypical anti-inflammatory cytokine with pleiotropic roles 

in immunomodulation. It was originally described in 1989 as a cytokine synthesis inhibitory factor 

produced by CD4+Th2 cells that suppressed CD4+ Th1 cells,227 but it is now known that almost 

every cell in both the innate and adaptive immune system is capable of expressing IL-10. 

Production of IL-10 primarily dampens the secretion of pro-inflammatory cytokines such as IL-1, 

IL-6, IL-12, TNF-α; GM-CSF and IFN-γ, but it can also decrease expression of co-stimulatory 

molecules, stimulate tissue repair, and induce B cell proliferation, differentiation, activation, and 

antibody production.228 In the context of cancer, increased intratumoral expression of IL-10 in 

mouse models resulted in decreased tumorigenicity, whereas elevated levels of serum IL-10 in 

human cancer patients were either correlated with poor or good survival, entirely dependent on the 

type of tumor.229 Overall, preclinical and clinical research of IL-10 therapies for inflammatory 

diseases or cancer has yielded either contradictory or only modest results,159 likely due to its 

disease-specific or context-dependent action. Although IL-10 is an indisputably powerful 

immunomodulatory cytokine, the bioavailability, timing of administration during disease 

progression, and duration of local concentration all likely influence its ultimate efficacy,159 and as 

of yet, no FDA-approved therapies exist.  

While there are several methods to increase IL-10 stability for therapeutic delivery, such as 

through PEGylation, binding to fusion proteins, or secretion of IL-10 by bioengineered commensal 

bacteria,162 specific delivery of IL-10 to the target site may improve its clinical efficacy. When IL-

10 successfully binds its receptor, IL-10R, it signals through the JAK/STAT pathway to activate 

predominantly STAT3, although in some contexts it can also activate STAT1 and STAT5.230 Both 
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humans and mice secrete IL-10 as noncovalently-linked homodimers and share ~73% sequence 

homology, although mIL-10 cannot activate human cells while hIL-10 can activate human and 

mouse cells.231 In our experiments, Cargocytes bioengineered with homing receptors to sites of 

inflammation were transfected with synthesized human IL-10 mRNA (Fig. 9a) and tested in the 

mouse ear inflammation model. I hypothesized that bioengineered Cargocytes would pass through 

pulmonary vasculature to reach inflamed ears and deliver IL-10, ultimately resulting in reduced 

inflammation.  

4.4 In vivo homing capability of bioengineered Cargocytes 

Because Cargocytes have decreased size, ability to migrate in 3D, and potentially less lung 

trapping in the first 24 hours after IV injection, I hypothesized that Cargocytes bioengineered with 

homing receptors would be able to reach an in vivo site of inflammation in higher numbers 

compared to uninflamed sites and compared to non-engineered Cargocytes. In other words, 

Cargocyte in vitro chemotaxis would translate into improved in vivo homing. If these same 

Cargocytes are loaded with a therapeutic agent, such as an anti-inflammatory cytokine, they should 

be able to secrete IL-10 once they arrive at the target site. Since Cargocytes secrete functional IL-

10 in vitro and 3D CargocyteTri-E home in vivo, I hypothesize that bioengineered Cargocytes will 

home and deliver IL-10, resulting in reduced inflammation. 

4.5 Methods for Cargocyte homing and delivery of IL-10 in the ear inflammation model  

4.5.1 Protocol for murine LPS-induced acute, dermal ear inflammation model 

The LPS-induced model of dermal inflammation in the mouse pinna was established 

similar to previously described.171, 225 Briefly, female BALB/cJ mice (8-12 weeks old) were 

anesthetized with isoflurane (VetOne, MWI 502017) and injected with 30 µg lipopolysaccharides 

(LPS, Sigma Aldrich, #L3024, in 30 µl saline) in the posterior/dorsal dermis of the right ear and 
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0.9% saline (Hospira NDC 0409-4888) in the control, contralateral ear. After 6 hours, mice were 

anesthetized for IV injection (tailvein or retro-orbital) of 1E6 MSCs or Cargocytes, or PBS (vehicle 

control) in 100 µl solution.  

4.5.2 Protocol for 3D culturing of MSCs 

Generation of 3D MSC spheroids in hanging drops was modified from previously 

published protocols.217, 232 Briefly, MSCs were plated as drops on an inverted plastic dish lid 

(Olympus Plastics, #32-106) in 35 µl of CCM at 30,000 cells/drop. The lid was then replaced to 

cover the plate bottom containing 15 ml Dulbecco's phosphate-buffered saline (PBS, 

ThermoFisher, # 14190250) to prevent evaporation. Hanging drop cultures were grown at 37 °C 

for approximately 40 hours with 5% CO2. To obtain single cell suspension, spheroids were 

collected into tubes and incubated with Accutase (Innovative Cell Technologies, # AT104-500) at 

RT for 20 minutes with gentle pipetting every 5 minutes. The cell-Accutase suspension was diluted 

with CCM, and dissociated spheroids were further treated with 100 µg/ml DNase I (Sigma Aldrich, 

#10104159001) for 10 minutes at 37 °C. Cells were passed through a 70 µm cell strainer 

(BioPioneer, # DGN258368) to obtain single cell suspensions used in the following described 

assays.  

4.5.3 Protocol for FACS detection of IV-injected Cargocytes 

For flow cytometry analyses, MSCs or Cargocytes were stained with 10 µM Vybrant DiD 

(Invitrogen, #V22887) following manufacturer’s instructions prior to injection. Animals were 

euthanized 24 hours after MSC or Cargocyte injection. Ears were removed at the level of the base 

and the dorsal and ventral skin was peeled from the cartilage, then placed in 2 ml digestion buffer 

containing 0.1 mg/ml DNase I and 0.2 mg/ml Liberase TL (Sigma Aldrich, #5401020001) diluted 

in 1% FBS in RPMI media. After incubation at 37°C for 1 hour, ear skin was ground with a pestle 
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in a 70 µm cell strainer (Biopioneer, #DGN258368). When no large tissue pieces remained intact, 

strainers were washed with 2 ml of 1% FBS, 2 mM EDTA in PBS. Cells were then treated with 

1X RBC lysis buffer (Biolegend, # 420301) for 2 minutes, washed with PBS, and stained with PE 

anti-mouse F4/80 Antibody and 7-AAD. Cells were analyzed by flow cytometry machine FACS 

Canto II (BD).  

4.5.4 Protocol for whole mount immunostaining of mouse ears 

For whole mount immunostaining of mouse ears, inflammation was initiated and treated in 

groups as described above. Mice were euthanized 24 hours after IV injection of CargocyteTri-E, and 

ears were shaved, removed at the level of the base, and carefully dissected by peeling the dorsal 

skin surface from the underlying cartilage. Skin was fixed in 2% PFA on ice for 10 minutes, 

permeabilized in cold 100% methanol for 10 minutes and blocked in PBS with 20% FBS, 20% 

NGS (Normal goat serum, Jackson Immuno Research, # 005-000-121) and 0.2% Triton X-100 for 

2 hours. The ears were then incubated with dye-conjugated primary antibodies in PBS with 10% 

FBS, 10% NGS and 0.2% Triton X-100 overnight. After washing in PBS with 0.2% Trion X-100 

for at least 2 hours, the ears were post-fixed with 4% PFA and mounted in VECTASHIELD® 

Vibrance™ Antifade Mounting Medium (Vector Laboratories, # H-1700). Confocal images were 

taken in an Olympus FV-1000 microscope and maximum projection of Z stacks of fluorescent 

images were generated in ImageJ Fiji.  

4.5.5 Protocols for assessing cytokine delivery in mouse ears 

To test human IL-10 cytokine delivery efficiency, MSCs and Cargocytes were transfected 

with human IL-10 mRNA and IV-injected into the mice treated with LPS as described above. 

Animals were euthanized after 24 hours, and ears were minced and snap frozen in liquid nitrogen 

for ELISA analysis (Human IL-10 (Biolegend, #430604)). A separate batch of animals treated in 
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the same manner were euthanized at 48 hours after LPS injection. Mouse ears were fixed in 4% 

PFA and submitted to the histology core of Moores Cancer Center for tissue sections and H&E 

(Haemotoxylin and Eosin) staining, and additional mouse ears were harvested and snap frozen in 

liquid nitrogen for Real time RT-PCR analysis. The ear thickness was also measured in triplicate 

with a digital micrometer (Mitutoyo, # 293-831-30) prior to LPS injection and at the time of 

euthanasia (48 hours post LPS injection), and the change of ear thickness was used to monitor the 

inflammation status. 

4.6 Cargocyte in vivo homing and delivery of an anti-inflammatory cytokine 

Mouse ears inflamed with LPS were confirmed to have elevated expression of the 

chemokines and adhesion ligands (SDF-1α, Ccl2 and P-Selectin, Fig.9b) that correspond to the 

bioengineered MSC lines I created with chemokine receptors and endothelial adhesion molecules 

(CXCR4, CCR2, PSGL-1, or all 3 markers). When cells were grown in 3D, their size in suspension 

was decreased compared to cells grown in 2D, and Cargocytes generated from these 3D-cultured 

cells were the smallest of all cells and Cargocytes (Fig. 9c). Following 3D culture and IV injection 

into mice, MSCs expressing at least 1 bioengineered marker each had increased presence in the 

inflamed ear compared to non-engineered hT-MSCs, while MSCTri-E simultaneously expressing 

all 3 markers were the highest (Fig. 9d). MSCTri-E were then used to generate CargocyteTri-E, which 

displayed both superior homing to the inflamed ear (Fig. 9e) and the least amount of trapping in 

the lungs (Fig. 9f). Importantly, 3D CargocyteTri-E were detected outside of vessel lumina and 

within ear connective tissue by immunostaining with specific antibodies against human 

mitochondria and nuclei (Fig. 9g). Animals treated with 3D CargocyteTri-E had the highest amount 

of IL-10 measured in the inflamed ear compared to the uninflamed ear (Fig. 10a), and the lowest 

amount produced in the blood (Fig. 10b). This production of IL-10 was correlated with a decrease 
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in inflammation as seen by less edema and leukocyte infiltrations of the ear (Fig. 10c), and 

decreased ear thickness and decreased production of the inflammatory cytokines IL-6, IL-1β and 

TNF-α (Fig. 10d).  

4.7 Conclusions from Cargocyte in vivo homing and cytokine delivery 

Consistent with previous literature, 3D-culturing of cells resulted in reduced cell size, and 

further decreased Cargocyte size as a strategy to improve passage through pulmonary vasculature. 

The MSCs bioengineered with individual chemokine receptors not only had improved chemotaxis 

in vitro, but each of the single-engineered MSCs had better homing in vivo compared to the non-

engineered hT-MSCs. However, MSCTri-E demonstrated superior homing, suggesting that the 

combined expression of all 3 markers allowed for cooperative advantages in homing to the target 

site for which they were bioengineered. In these experiments, the mouse D1 cell line (ATCC® 

CRL-12424™), which are BM MSCs originally isolated from BALB/c mice, were used as a 

syngeneic control for the human hT-MSCs and Cargocytes. Although mouse MSCs are smaller 

than human, bioengineered Cargocytes still had better homing, suggesting that the combination of 

size and bioengineering improved the ability of the cells to home to the ear.    

Cargocytes did actually reach the inflamed ears more selectively than uninflamed ears, and 

were able to produce IL-10 at the designated site with a clear biologic effect. This indicates that 

Cargocytes can be bioengineered to home to diseased tissues in vivo, and deliver therapeutic 

payloads. This payload delivery was specific, as there was relatively low amounts present in the 

blood, and higher amounts present in the inflamed ear, likely because these Cargocytes were able 

to quickly reach the inflamed ear and then deliver the cargo. It is important to note that IL-10 did 

not completely ablate the inflammation, but rather reduced the total peak of inflammation, which 

can be expected in complex immunomodulatory diseases in which addition of one cytokine may 
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not be enough to fully reverse a disease state.  

One important finding is that Cargocytes were detected outside of vessel walls, suggesting 

that they are neither passively trapped in nor leaking from inflamed vessels. While we cannot 

definitely prove that Cargocytes extravasated from the vasculature, these results are an intriguing 

indicator that Cargocytes are capable of active migration in 3D. Together, this data shows for the 

first time that enucleated cells can be extensively bioengineered to specifically home to designated 

diseased tissue and deliver treatment in vivo following systemic administration.  

Chapter 4, in part, has been submitted for publication of the material as it may appear in 

Nature Biotechnology, H. Wang, C.N. Alarcón, B. Liu, F. Watson, S. Searles, C. Lee, J. Keys, 

W. Pi, D. Allen, J. Lammerding, J.D. Bui, and R.L. Klemke, 2020.  The dissertation author was 

the co-primary investigator and co-first author of this paper.  
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Figure 9: Cargocytes bioengineered with chemokine receptors and adhesion molecules have 

improved homing to sites of inflammation in vivo.  

(a) Schematic of the workflow for using bioengineered Cargocytes to treat LPS-induced acute ear 

inflammation in a mouse model. (b) Mouse ears were harvested and analyzed by real-time RT-

PCR at 6 hours or 24 hours after LPS injection. Graphs show the fold change (Log2) of the 

indicated mRNA markers in LPS-treated ears at indicated time points and normalized to saline-

treated ear (Control). Mean ± SEM, n=3 mice. P values, one-way ANOVA with Tukey's multiple 

comparisons test. (c) Bar graph shows the average diameter of indicated MSCs or Cargocytes in 

suspension. hT-MSC, MSC cultured on traditional 2D plastic dishes prior to enucleation; D1 

MSCs, mouse BM-derived cell line grown on traditional 2D plastic dishes prior to enucleation; 

3D hT-MSC, MSCs cultured in 3D as hanging drops prior to enucleation. Mean ± SEM; n=80 

individual cells/Cargocytes. P value, two-tailed unpaired t-test. (d) Mice were injected with LPS 

in the right ear and saline in the left, followed 6 hours later by IV injection of DiD-labeled, 3D-

cultured MSCs. Bar graphs show the number of DiD+F4/80- cells out of 1E5 total cells harvested 

from mouse ears 24h post-injection and detected by flow cytometry. All MSCs were cultured as 

3D hanging drops prior to injection. MSC, hT-MSC, non-engineered; 3D-MSCTri-E C19, Triple 

(CXCR4/CCR2/PSGL-1) engineered MSC Clone 19. Mean ± SEM, n=6 mice; each point 

represents one mouse. P values, one-way ANOVA with Tukey's multiple comparisons test. (e) 

Mice treated as in (d) were IV-injected with indicated MSCs or Cargocytes labeled with DiD. Bar 

graphs show the average numbers of DiD+F4/80- MSCs or Cargocytes out of 1E5 total cell 

harvested from mouse ears at 24h post injection and detected by flow cytometry. D1 

MSC/Cargocyte, mouse D1 2D-cultured MSC/Cargocyte; 3D-MSC/Cargocyte, 3D-cultured hT-

MSC/Cargocyte; 3D-MSCTri-E C19, Triple (CXCR4/CCR2/PSGL-1) engineered MSC Clone 19; 

3D-CargocyteTri-E C19, 3D-MSCTri-E C19 derived Cargocyte. Mean ± SEM, n=6 mice; each point 

represents one mouse. P values, one-way ANOVA with Tukey's multiple comparisons test. (f) 

Mice treated as in (d) were IV-injected with 3D-CargocyteTri-E C19. After 24hr, mouse ears were 

harvested and whole-mount stained with anti-mouse CD31 (green), anti-human Mitochondrial 

(red), and anti-human nucleus antigen (blue). Confocal images from Olympus FV1000 were 

analyzed with Fiji ImageJ. Maximum projection of Z-stacks of images of ears from the same 

mouse were shown. Arrows point to human Cargocyte, and arrowheads point to human nuclei. 

Scale bar, 20m. 
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Figure 10: Bioengineered Cargocytes home to inflamed ears and deliver IL-10 to reduce ear 

inflammation.  

(a) Mice treated as in (9d) were IV-injected with indicated cells or Cargocytes transfected with 

human IL-10 mRNA. Bar graph shows the level of human IL-10 protein detected by ELISA from 

indicated mouse ears at 24hr post-injection. Mean ± SEM, n=6 mice; each point represents 1 

mouse. All statistics are one-way two-way ANOVA with Tukey's multiple comparisons test. 

Adjusted P values shown above the bars. (b) Mice were treated as in (a). Bar graph shows the 

concentration of secreted human IL-10 cytokine in the mouse plasma as detected by ELISA. Mean 

± SEM; n=6 mice. (c) Mice treated as in (a) were harvested at 48hr post-injection and processed 

for hematoxylin and eosin staining. Light microscopy images of representative ears from at least 

2 independent experiments shown. (d) Mice treated as in (a) had ears harvested and analyzed by 

real-time RT-PCR 48hr after LPS injection. Graphs show the fold change (Log2) of the indicated 

mRNA markers between LPS-treated (right) and saline-treated (left) ears. All the data are 

representative for at least 2 independent experiments. Mean ± SEM, n=6 mice; each point 

represents 1 mouse. All statistics are one-way ANOVA with Tukey's multiple comparisons test. 

Adjusted P values shown above the bars.   
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Chapter 5 Discussion of Cargocyte findings 

5.1 Importance of addressing problems in the cell based therapy field 

With the ever-growing promise and potential of cell-based therapies to treat previously 

untreatable or inaccessible diseases, it is understandably an area of intense clinical research. Great 

strides have been made in coming to terms with the limitations of the field; namely, that cells are 

not drugs and therefore do not inherently behave in the same dose-response, controlled manner. 

Of particular importance is the realization that the protocols for manipulating and handling the 

cells can have just as much influence on clinical outcome as intrinsic factors of the cell itself. 

Additionally, as more information becomes available about the behavior of cells in different 

disease contexts, it becomes more likely to identify patients who would most benefit from cell-

based therapies. Despite the awesome opportunities and occasional high-profile successes 

represented in cell-based therapies, there are still substantial barriers to mainstream clinical 

applications for a majority of disease. Addressing these barriers is crucial to making progress in 

the utility of these therapies. Several key obstacles include cell heterogeneity, controllability over 

in vivo homing and behavior, overall therapeutic efficacy, and patient safety. Bioengineering, and 

in particular, genetic editing, is positioned to have a high impact in overcoming some of these 

problems, while concurrently introducing new problems on its own. Ideally, the power of 

bioengineering could be safely incorporated into enhancing the therapeutic potential of cell-based 

therapies, although primary cell senescence during ex vivo expansion somewhat limits this 

possibility. It was this course of thinking that led us to consider the use of bioengineered, 

enucleated Cargocytes as an alternative approach to traditional cell-based therapies.  

5.2 Key features of MSC-derived Cargocytes  

In the present study, I enucleated a variety of cell types but focused on development of 
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enucleated MSCs based on their endogenous therapeutic properties and extensive use in clinical 

trials. By adapting and optimizing an enucleation protocol for cells in suspension, high numbers 

of high purity Cargocytes were available for experimental use. Consistent with previous literature 

documenting enucleated cells’ ability to survive for several days, maintain receptors, translate 

proteins, and migrate, I found that Cargocytes survived for up to 72 hours without a nucleus, 

produced exogenous proteins from synthesized mRNAs, retained cell surface receptor expression 

for 48 hours, and migrated in 2D and 3D in vitro.  

Based on these properties, I investigated the ability to bioengineer Cargocytes both pre- 

and post-enucleation with therapeutic functions, such as secretion of cytokines, expression of 

chemokine receptors, and expression of endothelial adhesion molecules. By validating the in vitro 

capabilities of the bioengineering to enhance Cargocyte protein production and chemotaxis, I next 

examined if these functions extrapolated to in vivo performance.  

In a mouse TNBC model, intratumoral injection of Cargocytes secreting IL-12 produced 

detectable IL-12 within the tumor that shifted the leukocyte profile to characteristic antitumor 

populations, particularly in increased CD8+ T cells and decreased FoxP3+ Tregs. When combined 

with the PD-1 checkpoint inhibitor, 40% of mice had complete tumor regression and lasting 

antitumor immunity upon tumor rechallenge. This indicates that Cargocytes effectively produce 

and deliver bioactive cytokines in a local disease microenvironment. In a mouse ear inflammation 

model, IV injection of Cargocytes secreting IL-10 were able to home to the site of inflammation 

and deliver IL-10 that reduced the overall inflammation present. These experiments demonstrated 

that Cargocytes can be bioengineered to more specifically home to target tissues to produce a 

therapeutic effect.  

Taken together, these studies provide convincing proof-of-concept frameworks for developing 
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additional bioengineered functions of Cargocytes in other disease models. In particular, the relative 

ease with which pre-and post-enucleation bioengineering is possible affords the opportunity to 

reverse-engineer Cargocytes to the tissue of interest, such as the CargocytesTri-E presented here.  

5.3 Limitations of the present study 

The largest limitation to the current experiments is that Cargocyte purity was ~95% instead of 

closer to 100%, which raises the possibility that small numbers of bioengineered cells 

contaminated the population. Since we see the absence of the nucleus as one of the main safety 

advantages of the Cargocyte platform, 95% is not clinical grade. To improve the absolute purity 

of Cargocytes, we performed proof-of-concept FACS sorting to remove contaminant nucleated 

cells and karyoplasts, first with staining by vital dye (Vybrant Dyecycle Green), and also by 

bioengineering an MSC line with lentiviral induction of GFP production tagged to the histone 2B 

(H2B MilliporeSigma (#17-10229)), in which production of GFP is only possible in the cell when 

the nucleus is present. By this method, we were able to generate Cargocytes of 99.999% purity 

(Fig. 11a) whose viability kinetics (Fig. 11b) were almost identical to the non-sorted Cargocytes 

used in the majority of the present experiments. Additionally, these sorted Cargocytes had strong 

migration towards FBS (Fig. 11c), similar to the capabilities of unsorted Cargocytes. Based on 

these results, I concluded that the observed performance of unsorted Cargocyte at levels either 

equal to or surpassing nucleated cells cannot be attributed solely to the presence of <5% nucleated 

cells in the population. It is important that Cargocytes can be reliably sorted to a very high purity 

for future clinical prototypes.  

Another limitation is that the immunogenicity of Cargocytes in vivo was not fully explored. 

In these experiments, tumor-bearing animals received multiple injections of bioengineered 

Cargocytes, which always brings up the concern about developing antibodies against a cell 
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therapy. While this is a valid concern, a full toxicologic investigation into the dosing and 

immunogenicity of Cargocytes was outside of the scope of this project and the lab’s capabilities, 

and was therefore not performed in the present study. However, animals receiving multiple IT 

injections of Cargocyte-IL-12 did not show overt clinical signs of adverse events and did not have 

significant weight changes (Fig. 8d). and preliminary data shows that Cargocytes do not induce 

significant changes in complete blood count (Table 6) or serum chemistry values (Table 7) 

between MSC, Cargocyte, and PBS injected animals in the short term. Additionally, mice IV-

injected with Cargocytes did not have increased inflammatory markers in plasma at 4 and 24 hours 

post-injection (Table 8). Finally, in over 300 animals injected IT or IV, no evidence of animal 

morbidity or mortality was noted by clinical observation or gross examination of tissues. However, 

further studies are warranted to understand the full immunogenic profile of Cargocytes.  

5.4 Unique advantages that Cargocytes provide in cell-based therapies:  

The Cargocyte platform is a novel approach to cell-based therapies because it unifies a pre-

existing technology (enucleation) with an emerging technology (bioengineering) to circumvent 

several problems in the field. While descriptions of the biology of enucleated cells have been 

around for over 40 years, to my knowledge, the potential of artificially enucleated cells that are 

bioengineered and transplanted for in vivo therapeutic use has not yet been explored. 

One of the advantages of the Cargocyte platform is the relative ease in executing various 

bioengineering strategies at multiple points in the workflow, which allows for Cargocytes to be 

reverse-engineered and even bioengineered on multiple levels to produce a customized Cargocyte 

with specifically enhanced functions. One significant advantage is that the lack of a nucleus 

provides a defined lifespan during which therapies can be delivered in vivo. This means that the 

timeframe of the therapy can be controlled and better predicted, suggesting that delivery of product 
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might be more reproducible. Additionally, without the ability to undergo de novo synthesis, 

Cargocytes should not be reprogrammed in disease microenvironments, compared to the 

conversion of MSCs to cancer-promoting entities in some studies. I produced Cargocytes from a 

variety of species and cell origins, and any one of these could be further developed for specific 

therapeutic use. Although full toxicologic studies have not been performed, theoretically, the 

absence of DNA both avoids concerns about oncogenesis and reduces the risk of immune 

responses to modified DNA. Finally, because Cargocytes retain a cell membrane and functional 

organelles, they have more active cell-like functions compared to other membrane-derived 

particles like exosomes, extracellular vesicles, nanoghosts, or nanoparticles. In fact, we found that 

Cargocytes produce membrane particles of a size and morphology consistent with extracellular 

vesicles (data not shown), which makes them potentially even more useful than exosomes and 

nanoparticles.   

5.5 Potential uses of Cargocytes 

As a stand-alone therapy, Cargocytes are most suitable as cell vehicles to home to target 

tissues for the transient delivery of therapeutic products, such as drugs or biologics. The dosing of 

the treatment could be modified by pulsed administration or variable administration of different 

types of Cargocytes. We have begun investigating their ability to propagate and deliver viruses for 

gene delivery or oncolytic virus therapy (data not shown). While we used lentiviral transduction 

to create different lines of MSCs, other more current gene-editing technologies like CRISPR-Cas9 

and transposons are obviously of interest for specific cellular modifications. Cargocytes may be 

developed as fusion partners to transfer cellular material to host tissues.  

As an adjuvant therapy, I envision that Cargocytes would be most beneficial as a means to 

prime tissue microenvironments prior to standard-of-care therapies. Modulation and specifically 
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immunomodulation of the disease microenvironment has huge potential to affect the overall 

success of the therapy. As seen with the Cargocyte IL-12 + aPD-1 experiments, combination 

therapies that target a disease from multiple angles are becoming the future of cancer therapies 

because of cancer’s propensity to adapt to or escape immune regulation. In this vein, it must be 

stated that I do not anticipate that Cargocytes will replace current cell-based therapies, since no 

one therapy is perfect or can perfectly address the needs and concerns of any given patient or 

disease. 

5.6 Limitations of Cargocytes 

Because Cargocytes are not able to truly regenerate or proliferate on their own, they will 

not be a primary vehicle for cell engraftment in regenerative medicine therapies. Since they survive 

for 72 hours, they are also not suitable for as therapies which require sustained, continuous release 

of a product depot. However, I estimate that their transient effects can be prolonged by repeat 

pulsing with Cargocytes of similar or multiple types of therapeutic products, or by delivery of a 

product with a long half-life. If a therapy relies on a cell’s ability to respond to microenvironmental 

input, Cargocytes will not be able to perform de novo gene synthesis and will not respond in the 

immediate context.  

5.7 Future Directions  

In these proof-of-concept works, Cargocytes were shown to have impressive in vitro and 

in vivo capabilities, given that they are enucleated cells. However, there are many remaining 

questions about their basic immunobiology, pharmacodynamics, and applications. For example, 

the mechanism by which Cargocytes die is unknown, but it likely involves non-nuclear mediated 

caspase pathways. It is therefore unknown if Cargocyte death produces its own set of antigenic or 

immunogenic mediators that could influence immunoregulation. We have performed basic 
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biodistribution studies looking at entrapment of Cargocytes in the lungs; additional biodistribution 

studies are in progress to further characterize where else in the body they accumulate outside of 

the target tissue. As mentioned previously, the immunogenicity of Cargocytes may be an important 

clinical barrier, although the ability to bioengineer Cargocytes may provide a way to work around 

the specific antigenicity. Examining additional cell types, additional bioengineering strategies, 

additional disease models, and additional therapeutic agents is also of interest.  

Overall, the Cargocyte platform introduces a host of new possibilities to explore in the 

development of more effective, reliable, and safe cell-based therapies.  

 

Chapter 5, in part, has been submitted for publication of the material as it may appear in 

Nature Biotechnology, H. Wang, C.N. Alarcón, B. Liu, F. Watson, S. Searles, C. Lee, J. Keys, W. 

Pi, D. Allen, J. Lammerding, J.D. Bui, and R.L. Klemke, 2020.  The dissertation author was the 

co-primary investigator and co-first author of this paper.  
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Figure 11: Cargocytes can be sorted to very high purity  

(a) Graphs show flow cytometry analyses of MSCH2B-GFP (H2B-GFP lentivirus-engineered MSC), 

Non-sorted CargocyteH2B-GFP (CargocyteH2B-GFP before FACS sorting) and Sorted CargocyteH2B-GFP 

(CargocyteH2B-GFP after FACS sorting) (b) Graphs show the percentage of viable MSCs or 

Cargocytes versus initial population over time. Sorted MSC Control, FACS sorted MSCH2B-GFP; 

Cargocytes and Karyoplast/MSC were separated from enucleated MSCH2B-GFP based on GFP 

expression. Mean ± SEM; n=6 biological replicates. (c)  MSCs H2B-GFP or sorted Cargocytes H2B-

GFP migrated in Boyden chambers towards FBS gradients. Bar graph represents the ratio of 

migrated MSCs or Cargocytes versus loading control. Mean ± SEM; n=15 independent fields from 

5 biological replicates. P value, two-way ANOVA with Tukey's multiple comparisons test. All 

data were representative for 2 independent experiments. 
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Table 8. Plasma cytokine concentrations (pg/ml) in mice after IV injection of MSCs or Cargocytes. 

Cytokine concentrations in mouse (BalB/c) plasma were measured at 4 hours or 24 hours after IV 

injection of MSCs or Cargocytes (1E6 cells per mouse). Mean ± SEM, n=3 mice in each group. 

***, P<0.001, One-way ANOVA with Tukey's multiple comparisons test. Zero value = 

undetectable level.   

Time 

point 

Cytokine 

(Pg/ml) 
Cargocyte MSC PBS Un-injected 

4 

hours 

IL-1β 2.083 (±2.083) 5.208 (±2.756) 0 0 

TNFα 0 0 0 0 

IL-6 10.949 (±5.380) 48.565 (±6.101)*** 0 0 

IFNγ 0 0 0 0 

24 

hours 

IL-1β 0 0 0 0 

TNFα 0 0 0 0 

IL-6 0 33.02 (±21.55) 0 0 

IFNγ 0 0 0 0 
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