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ABSTRACT OF THE THESIS 

 

A Dynamic 3D Culture System for Enucleation of MSCs to Reduce Lung Trapping 

 

by 

 

Willie Mingyuen Pi 

Master of Science in Biology 

 

University of California San Diego, 2021 

Professor Richard Klemke, Chair 
Professor David Traver, Co-Chair 

 

 Many mesenchymal stem cell (MSC) based therapies have the common issue of 

cells becoming trapped in the lung vasculature. Our novel enucleated cell therapy, 

named “Cargocytes,” also encounter this issue, though to a lesser degree due to their 

smaller size. Lung trapping can be especially dangerous in a therapeutic because it can 

cause embolisms in the lung vasculature. We therefore designed and optimized a series 

of protocols to further reduce the cell size of these Cargocytes and obtain minimal lung 

trapping after intravenous injection. By using a spinner flask for 3D culture, we show 
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that the size of the MSCs and Cargocytes can be significantly reduced after 48 hours of 

culturing, as compared to cells cultured in a 2D environment. After optimizing the 

spinner flask culture, we then proceeded to optimize the enucleation process for 3D 

cells such that we could get a sufficient yield at an acceptable efficiency. We next 

compared the cell surface markers of 2D MSCs and 3D MSCs. Markers for MSCs 

remained constant even after culturing in 3D for 48 hours.   

 Because Cargocytes are a novel platform technology, some diagnostic assays 

have yet to be conducted on these new cell carriers. We conducted a series of tests to 

look at markers of apoptosis, such as an Annexin V and multi-caspase assay. We found 

the profiles to be comparable to that of the parental MSCs. Finally, we engineered 

hTERT-MSCs with exogenous CDK4 to potentially allow cells to grow under 3D culture 

conditions. Although the CDK4 engineering did not promote growth of MSCs in 3D 

conditions, the cells were able to survive much longer. A cell cycle analysis also 

revealed that these newly engineered cells have slightly more cells in the G2 phase 

compared to parental hTERT-MSCs. 
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Introduction 

Bio-inspired biomimetic drug delivery carriers are becoming increasingly popular 

due to the need to protect unstable cargo from degradation [1]. In this thesis, we used 

mesenchymal stem cells (MSCs) due to their many therapeutic advantages. MSCs are 

known to have anti-inflammatory effects both in vivo and in vitro and can be used to 

treat inflammatory disease [2]. In the body, MSCs will naturally home to damaged tissue 

and release paracrine factors that promote regeneration and healing [3]. This homing 

mechanism occurs in four major steps: tethering, activation, arrest, and migration [4]. 

First, the cells tether to the endothelial cells via selectins. Chemokines, primarily SDF-1, 

then bind to receptors such as CXCR4 on the cell and in turn activate the cells to 

express VLA-4, which binds to the endothelial cells via VCAM-1 [4]. CXCR4 is not 

highly expressed in MSCs, and overexpression of CXCR4 has been shown to improve 

the homing capacity of the cells [5]. The MSCs then begin migrating toward chemokine 

gradients produced by the inflammatory or damaged tissue [3,4]. Knowing that these 

steps are critical to homing in MSCs, we designed and engineered MSCs to 

overexpress CXCR4, CCR2, and PSGL-1 with fucosyltransferase 7(fut7) to increase the 

homing capacity of our MSCs. However, in many in vivo experiments the homing of 

MSCs is not very efficient and obtaining autologous MSCs from patients can be time 

consuming and expensive [6].  

Other delivery vehicles such as nanoparticles have an increased safety profile 

compared to MSCs [7] but are lacking in homing efficiency [8]. Bacterial and viral based 

carriers both have safety concerns, and synthetic mimetics have the risk of being 

recognized by the immune system and being eliminated before being able to deliver 
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their cargo [9]. Eukaryotic cells such red blood cells, macrophages and MSCs have 

lower immunogenicity, but they are all more difficult to produce compared to other 

synthetic carriers; they also have undefined life spans and may continue to circulate 

throughout the body [9]. MSC-derived exosomes are also an emerging platform due 

their small size and ability to cross the blood-brain barrier, while also preserving many 

of the same beneficial properties of their parental MSC [10]. Exosomes, however, are 

not as stable compared to cells; after recovery from cryopreservation the contents of the 

exosome may sometimes leak, and the exosomes tend to aggregate together [11].  

To make up for the deficiencies in traditional cell therapies and nanoparticle 

technologies, we designed a new cell-based delivery platform designated “Cargocyte,” 

where we engineer immortalized human telomerase reverse transcriptase (hTERT) 

MSCs with desired traits and then remove the nucleus via density gradient 

centrifugation. Base on unpublished data, we find that Cargocytes behave similarly to 

their parental MSCs and can sometimes home even better to inflamed tissue, partially 

due to the decreased lung trapping. In addition, they have a defined life span of 

approximately 72 hours and will not have unwanted long-term engraftment. Another 

added benefit is that due to the lack of a nucleus, the Cargocyte will not synthesize new 

RNA while circulating in-vivo. As a result, we have created a cell-like carrier with a 

higher safety profile as well as improved homing.  

Despite extensive engineering, many MSCs do not home to diseased tissue in 

vivo because they become trapped in the lung after intravenous (i.v.) injection. This is 

partially due to the large size of the injected cells, which become obstructed by the 

smaller capillaries in the lungs [12]. In previous studies microspheres were injected into 
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mice intravenously, and many spheres the approximate size of MSCs (around 15 μm) 

were trapped in the lung vasculature, while smaller microspheres were found to bypass 

trapping as their size decreased [13]. When MSCs are cultured on 2D plates, a 

collection of integrins such as β1, α5, and αVβ3 are upregulated, and which may also 

contribute to an increase in lung trapping [14]. Lung trapping significantly decreased 

when these integrins were blocked using functional antibodies, thus suggesting that 

excessive integrins could also be one mechanism for MSC lung trapping [15]. 

Oftentimes, up to 80% of the MSCs are found trapped in the lung after intravenous 

infusion [16], causing embolisms that can be fatal for the mice. Culturing the MSCs in 

spheroids can decrease the cell size and integrin expression and may help in reducing 

lung trapping [17]. 

Aside from culturing mammalian cells on flat culture dishes, there are various 

ways to culture cells in 3D systems. Microcarriers are commonly used to culture 

adherent cell lines where each small sphere provides a surface for the cell to adhere 

and attach onto [21]. This method can be costly due to the need for microcarriers, as 

well as having to process out the microcarriers from the culturing solution. For smaller 

scale experiments, a hanging drop approach can be used where droplets of cells are 

inverted on a tissue culture plate [17]. The benefit of the static hanging drop system is 

that it is relatively inexpensive, and the equipment required is readily available, while 

microfluidic 3D culture systems are useful for high-throughput screening and testing 

purposes [18]. For industrial level scale ups, stirred flasks are commonly used and can 

culture up to billions of cells [19]. 
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In this thesis, we focus on the issue of MSCs becoming trapped in the lung after 

i.v. injection. To solve this problem, we combined enucleation and an optimized 3D 

culture system to build up a new delivery platform that has minimum lung trapping.  
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Results 

Selecting for Small Size via FACS does not Result in Consistent Reduced Cell 

Size 

We first investigated to see if there was a simple, straightforward way to sort out a 

population of smaller cells via FACS. In flow cytometry, forward scatter (FSC) measures 

the cell size; we selected for the top 1% of smallest cells using FSC and cultured them 

for 2 weeks. The FSC mean for the unsorted cells was 193,886 (Figure 1D) and after a 

week of growth the FSC mean for the sorted cells was 178,376 (Figure 1A). After 2 weeks 

we measured the sorted cells again and found that the FSC had increased to 190,076 

(Figure 1B). We sorted the cells for a second time, and the FSC mean was higher than 

the cells that were sorted one time only (Figure 1C). The cells did not maintain their small 

size and continue to expand regardless of how many times we sorted them. This is likely 

due to the cells naturally growing larger in vitro as they were passaged closer to 

senescence [20]. We then decided to move on to using a 3D culturing method to decrease 

the cell size. 

Dynamic Spinner Flask Culture Reduces Cell Size 

Our previous experiments show that 3D culture using hanging drop results in a 

smaller MSC that can be readily enucleated. However, this process can be highly 

laborious and is not easily scalable. As a result, we decided to focus on spinner flask 

dynamic culture. We first cultured cells in the spinner flask and found that many cells 

began to stick and adhere to the sides of the glass vessel, forming large clumps that 

were unable to be dissociated using Accutase. We found that adding Sigmacote to the 

glass before autoclaving solved this problem. Based on previous studies [21] we found 
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that a speed of 30 rotations per minute (rpm) resulted in large clumps of cells that were 

unable to be easily dissociated with Accutase (Figure 3A), while higher speeds around 

100 rpm resulted in many cells dying due to sheer stress. We eventually settled on 60 

rpm for this specific spinner flask for a balance between ease of dissociation and cell 

viability. A culture time of 48 hours was also found to be an appropriate time to 

maximize cell viability and minimize cell size. Initially, after inputting approximately 

4.0×107 cells into the spinner flask, less than 50% of the cells were recovered from the 

flask after processing and filtering (Figure 2B). After incubating the cells on ice for 1 

hour prior to placing them in the spinner flask, we greatly increased the yield of cells 

from the spinner flask. This critical incubation step was preserved in later versions of 

our protocol. For the rest of the experiments involving the spinner flask, we consistently 

got above 60% yield for 3D cells that were incubated on ice (Figure 2B, n=6). 

Throughout the various runs, the cell size was also reduced significantly (Figure 2C) 

after undergoing 3D culture for 48 hours.    

3D Cells can be Enucleated 

 To optimize for enucleation efficiency, we started by using our previously 

established protocol for enucleation 2D cells. Through our initial runs, we found the 2D 

enucleation protocol to be insufficient and often resulted in a low yield and efficiency 

(Figure 3B). In our original protocol for enucleating 2D cells, 20 million cells was the 

upper limit we would input into the tube for centrifugation. We experimented with a 

longer centrifugation time by extending the spin time to 75 minutes (Figure 3D). This 

resulted in a lower efficiency compared to the control protocol (Figure 3C). Next we 

decided to load 40 million cells into the tube and also add 2 times the amount of 
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Cytochalasin B to the solution (this weakens the cytoskeleton which allows to nucleus to 

more easily break free). This resulted in a greatly improved yield and we were able to 

consistently get greater than 40% yield from each run, as well as approximately 70-80% 

efficiency of enucleation (Figure 3E). Another critical step was also to input the cells into 

the spinner flask when the plates were at a density of around 3.5 million per 15 cm 

plate. Each run loaded with 40 million cells yielded at least 15 million Cargocytes, which 

were then processed for further animal experiments.  

3D Culturing Reduces Lung Trapping in Vivo 

After optimizing the spinner flask and enucleation process, we then proceeded to 

test our hypothesis in-vivo by injecting mice with Vybrant-DiD (DiD) labelled Cargocytes 

and MSCs intravenously. As seen in previous experiments, the lung trapping was 

reduced from 2D cells to Cargocytes due to their reduced size (Figure 2E). We see that 

the lung trapping is greatly decreased when comparing Cargocytes to MSCs, most likely 

due to the removal of the nucleus and the increased deformability of the cell. In addition, 

3D culturing further decreases lung trapping when comparing the 3D MSCs and 

Cargocytes to their 2D counterparts.  

3D cells Share Similar Markers Compared to 2D Cells 

Our previous profiling work done on 2D MSCs and Cargocytes showed that MSC 

markers were unchanged after enucleation. We then decided to assess whether the 3D 

culturing of MSCs were changing the MSCs to some other cell type. To assess the cell 

surface markers of 3D cultured cells, we used flow cytometry to look for the presence of 

CD44, CD90, CD105, and CD166, as well a lack of CD45. Cells are categorized as 

MSCs when they are positive for CD44, CD90, CD105, and CD166 while lacking 
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hematopoietic markers such as CD45 [23]. We found that the 3D cultured cells shared a 

cell surface marker profile comparable to 2D cells, with the exception of CD45, where 

there was a weak signal (Figure 4C).  

In addition, 3D-cultured MSCs that are enucleated are also able to be transfected 

with exogenous mRNA and translate protein in-vivo. Mice were injected with LPS in the 

right ear intradermally (i.d) and then injected with human IL-10 transfected MSCs or 

Cargocytes (Figure 4F). ELISA results show that not only can 3D cells be enucleated, 

but they can also be transfected with mRNA, produce the desired protein, and deliver it 

to the site of injury. 3D Cargocytes are also able to spread and attach to tissue culture 

plates that have been coated with fibronectin (Figure 4E).   

Cargocytes Die in a Similar Manner Compared to MSCs 

 Because Cargocytes do not have nuclei, they have a defined lifespan and will 

undergo cell death. We hypothesize that some Cargocytes may die via apoptosis and 

conducted a series of tests to look for phosphatidylserine and caspase activity. Using 

Actinomycin D as the positive control for the multi-caspase assay, we found that an 

increase in caspase activity is seen 24 hours after Cargocytes are plated onto tissue 

culture dishes (Figure 4A). For Annexin V staining, we heat shocked the cells at 45ºC as 

the positive control for apoptosis. Similarly, we saw a steady decrease in the apoptotic 

population with each increasing time point, with the biggest change occurring from the 

48 to 72-hour time point. These two assays suggest that a portion of the Cargocytes 

may be undergoing apoptotic cell death mechanisms. However, more assays need to 

be done to check for other forms of cell death, such as immunogenic cell death. We 

also conducted a sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-



9 
 

PAGE) on 2D Cargocytes at different time points (Figure 4D). The protein bands are 

consistent at each time point. The faint band at the bottom of the MSC control lane can 

most likely be attributed to histones.  

hTERT MSCs can be Engineered to Express Exogenous CDK4 

 Although the hTERT-MSCs are cultured in 3D spinner flask vessels, the cells do 

not proliferate, and instead decrease over time. CDK4 has been shown to help cells 

overcome cellular senescence [24]. As a result, we decided to engineer hTERT MSCs 

with exogenous CDK4 expression using a lentiviral vector. The vector contains an 

EGFP reporter (Figure 5A), and we confirmed the expression of the CDK4 via 

immunostaining using an PE conjugated anti-CDK4 antibody. We then decided to look 

at the cell cycle profile of the newly engineered hTERT-CDK4 cells. We saw a slight 

increase in the G2 population for the hTERT-CDK4 cells: the 2D hTERT MSCs had 

8.49% of the population in the G2 phase and the 2D hTERT-CDK4 MSCs had 10.3% of 

the population (Figure 5B). Additionally, we also analyzed hTERT-CDK4 cells that were 

in 3D culture conditions and found only 3.91% of the population were in G2 phase. This 

suggests that the cells are not growing under 3D conditions. Curiously, the CDK4 cells 

were placed under the same 3D culture conditions as described in our protocol, and 

many cells were viable even up until 10 days and 19 days (Figure 5D). Although we did 

not see any cell growth in these cultures, we observed a mixture of spheroid structures 

as well as single cells. With un-engineered hTERT-MSCs most of the cells were dead or 

clumped by the later days and could not be accurately counted. This data could 

potentially be useful for the development of an MSC cell culture that can be cultured in a 
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single cell suspension, which would be valuable for scaling up Cargocytes for industrial 

manufacturing. 

 

 
Figure 1. Selecting for size via flow cytometry does not educe cell size. (A) hTERT MSCs sorted and 
measured of 1 week of growth. (B) sorted hTERT MSCs measured after 2 weeks of growth. (C) Cells 
from (B) were sorted again and measured after another week of growth. (D) and (E) are control cells at 1 
week and 2 weeks without any sorting.  
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Figure 2. MSCs cultured in spinner flasks show significantly reduced size and reduced lung 
trapping. (A) Schematic of workflow for optimal 3D culture and enucleation. (B) Cells that were incubated 
in ice prior to seeding into spinner flask had a significantly increased survival rate. (C) MSC cell size 
changed significantly after culturing for 48 hours in a spinner flask. (D) Brightfield image of typical 
clumped cells found in spinner flask that are unable to be dissociated via Accutase. (E) Size comparison 
between cells and Cargocytes in each culture method. (F) MSCs labeled with Vybrant DiD injected into 
lungs were counted using a FACSCanto II cytometer. Trapping significantly decreased between the 2D 
and 3D MSCs.  
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Figure 3. 3D MSCs can be enucleated. (A) Early enucleation runs showing low efficiency for 3D 
enucleation. Vybrant Green dye was used to label the nuclei. (B) Efficient 3D enucleation showing low 
number of nuclei present. (C) Results of experimenting with a longer enucleation time. Cells were spun in 
the centrifuge for an additional 15 minutes, which resulted in a lower enucleation efficiency. (D) 
Enucleation yield optimized to yield around 40% of the input in later runs. All runs after run 6 used twice 
the amount of Cytochalasin and 40 million cells as the minimum load amount. 
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Figure 4. Cargocytes and MSCs undergo similar death mechanisms; 3D Cargocytes are 
functionally comparable to 2D Cargocytes. (A) A multi-caspase assay analysis of 2D Cargocytes after 
24 hours of plating onto culture dishes. Actinomycin D was used as the positive control for caspase 
activity. (B) Annexin V analysis of 2D Cargocytes at different time points via flow cytometer. Heat shock 
was used for positive Annexin V control. (C) MSC marker panel comparing 2D cells and 3D cells cultured 
in spinner flasks for 48 hours. (D) Commassie blue stained SDS-PAGE showing bands for Cargocytes at 
different time points after plating. Red arrow points to potential histone location in the MSC control. (E) 
Brightfield image of 3D Cargocytes plated onto Fibronectin coated plates and spreading. Image was 
taken 24 hours after 3D cells were enucleated and plated. (F) ELISA analysis showing ability of 3D 
Cargocytes to translate human IL-10 mRNA and deliver it to an inflamed ear.  
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Figure 5. hTERT-MSCs can be engineered to express exogenous CDK4. (A) hTERT-CDK4 MSCs 
stained with PE anti-CDK4 antibody. The lentiviral vector contains a GFP reporter gene. (B) Cell cycle 
analysis was done using Vybrant Green dye for 2D CDK4 MSCs, 2D hTERT MSCs, and 3D CDK4 MSCs. 
Indicated percentages represent population of cells in the G2 phase. (C) CDK4 MSCs under spinner 
culture conditions at indicated time points. 
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Discussion 

In this thesis, we describe how the combination of enucleation and 3D spheroid 

culture greatly decreases the number of MSCs trapped in the lung vasculature. Our 

initial effort to select for a population of smaller cells via flow cytometry sorting was 

unsuccessful: the cells would expand in size over time despite sorting and selecting for 

the top 1% smallest cells. MSCs and stem cells in general tend to undergo senescence 

and expand in size as the passage number increases [20]. It is likely that the small 

selected cells did not have any significant genetic differences from larger cells that 

contributed to the size difference. We then decided to use spheroid formation via 

spinner flasks as the primary form of shrinking down cell volume. Spheroid formation 

occurs in three steps: aggregation, delay, and compaction [25]. Initially, the cadherins 

and integrins interact with each other and loosely associate together. During the delay 

period the cells reorganize and begin to start the compaction process [25]. In other 

published protocols, we find that that the compaction process has extended too far [26] 

and thus dissociation became difficult. The parameters we set along with the 48-hour 

time point seemed to be optimal for our needs, especially considering that the cells 

were required to undergo a stressful enucleation process afterwards. Through 

optimizing the culture time, spinner flask impeller speed, and density, we have achieved 

a consistent yield of greater than 60% 3D cells. Spheroid MSCs also have increased 

anti-inflammatory properties compared to 2D cultured MSCs [17], and when co-cultured 

with macrophages spheroid MSCs also decrease secretion of TNF-α. Previously 

published protocols often use stronger dissociation reagents such as trypsin [22], but 
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we found that the trypsin was too harsh on the cell surface receptors we engineered 

onto the MSC’s surface.  

After enucleation, we found that fewer 3D Cargocytes are trapped in the lungs 

compared to the parental 3D MSCs. We believe that this is due to the combination of 

3D culturing and enucleation: enucleation removes the rigid nuclei and makes the cell 

more deformable, while 3D culturing further reduces the size and potentially changes 

the integrin profile. Certain integrins become downregulated in 3D culture and are 

thought to be significant in reducing lung trapping [14]. In previous studies, we found 

that Cargocytes maintain most of their cell membrane proteins and receptors. 

Therefore, we can infer that if the integrin profile of the 3D Cargocytes and 3D MSCs 

are similar, size also plays a significant role in reducing lung trapping. A more thorough 

study of the integrins being upregulated and downregulated for 2D and 3D culture would 

give us more insight for reducing lung trapping, such as re-engineering the MSCs with 

different integrins.  

In addition to optimizing 3D enucleation of Cargocytes, we also looked at 

potential ways in which Cargocytes die. Due to the lack of a nucleus, Cargocytes 

undergo cell death within 96 hours. After conducting Annexin V and multi-caspase 

assays, we found that the profile of Cargocytes and the parental MSCs are mostly 

similar. Apoptosis biomarkers include detection of series of caspases activating a signal 

cascade to amplify death signals, as well as the exposure of phosphatidylserine to the 

outer plasma membrane [27], which is detected by Annexin V staining. One major 

concern for cell-like delivery platforms is the potential of immunogenic cell death, where 

the cells are attacked before successfully delivering the cargo. The current gold 



17 
 

standard for detecting immunogenic cell death is detection of calreticulin on the surface 

and extracellular ATP and high mobility group box protein 1 (HMGB1) [28]. Eliminating 

immunogenic cell death as the death pathway for Cargocytes would require these 

assays to be conducted. 

Finally, we generated a hTERT-CDK4 MSC (CDK4 MSC) for the purpose of 

studying single cell suspension cell growth. Given that we observed no growth in 

hTERT-MSCs being cultured in 3D culture flasks, we hypothesized that engineering in 

CDK4 could potentially help the cells overcome senescence [25]. As observed in our 

cell cycle analysis, there is a slight increase in cells in the G2/M phase in CDK4 MSCs 

compared to parental hTERT MSCs. However, cells in the G2/M phase are still greatly 

decreased in 3D cultured CDK4 cells, suggesting that CDK4 is not sufficient for initiating 

growth for traditionally adherent cells in suspension culture. In the past, the simian 

vacuolating virus 40 (SV40) antigen has been used to transform adherent cells into 

anchorage independent cells [29]. The disadvantage of these more drastic engineering 

solutions is that it could transform the MSC into a different cell that is no longer useful 

for therapeutic purposes.  

Here, we provide the basis for an improved MSC delivery vehicle that has greatly 

reduced lung trapping and potential for industrial scale up. Enucleation or 3D culturing 

alone will both reduce the number of cells trapped in the lung vasculature (Figure 2F) 

but combining the two together produces a synergistic effect which drastically 

decreases lung trapping when compared to 2D MSCs. These 3D Cargocytes are more 

deformable, smaller, and able to home better than traditional MSCs cultured on flat 

tissue culture dishes while still maintaining many of the critical characteristics and 
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markers that are essential for a successful cargo delivering therapeutic. However, more 

research and optimization need to be conducted to elevate enucleation efficiencies to 

higher percentages. Developing a method to grow MSCs in anchorage-independent 

suspension cultures could be incredibly powerful for large scale manufacturing 

purposes. A finalized Cargocyte product would be able to carry many different types of 

cargo, easy to manufacture to scale, as well as having highly effective homing potential 

with reduced lung trapping.  
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Materials/Methods 

Cell Culture 

Immortalized human telomerase reverse transcriptase adipose-derived MSCs (hTERT-

MSCs) were purchased from ATCC (#SCRC-4000). MSCs were cultured in 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). 293T cells were cultured in DMEM (Gibco #11960) with 10% FBS.  

Flow Cytometry 

MSCs or Cargocytes were stained with 10 μM Vybrant DiD (Invitrogen, #V22887) 

following manufacturer’s instructions prior to injection. MSCs or Cargocytes were 

washed in FACS buffer (pH 7.4 PBS, 1% FBS) and stained with antibodies for 30 

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

FACS Canto II (BD). For Annexin V staining, cells were stained according to 

manufacturer’s instructions using the cell death assay kit (Biolegend, #640922). The 

Vybrant FAM Poly Caspases assay kit (Thermo Fisher, #V35117) was used for the 

caspase assay. Cell sorting was done at the UCSD Stem Cell Core using an FACSAria 

Fusion sorter (BD). 

Animal Experiments 

All animal experiments were executed according to ACP guidelines listed in our animal 

protocol #S12500. Briefly, mice were injected with a lipopolysaccharide (LPS) 

intradermally in the right ear and with saline in the left ear. MSCs or Cargocytes were 

injected 6 hours post LPS injection, and lungs and ears were harvested at the 

appropriate time points. For tissue processing, lungs were digested using collagenase 
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and filtered through 70 μm strainers, lysed with red blood cell lysis buffer (Biolegend, 

#420301) and stained with PE anti-mouse F4/80 antibody and 7-AAD. Cells were 

analyzed using a FACS Canto II. 

ELISA 

Ears were homogenized in lysis buffer using the AG Polytron PT1200. Lysis buffer 

contains PMSF (Thermo Scientific, #36978) and a cocktail of protease inhibitors 

(Roche, #11697498001). Lysates were diluted and loaded onto ELISA kits (Biolegend, 

#430604) according to manufacturer instructions. Absorbance was read using the 

μQuant plate reader (Biotek). 

Hanging Drop Culture 

Briefly, cells were resuspended in 35 μl of medium at 30,000 cells per drop. Drops were 

plated on the lid of a tissue culture plate and inverted. 5 mls of PBS was added in the 

plate to prevent evaporation of droplets. After approximately 40 hours, cells were 

harvested and dissociated using Accutase (Innovative Cell Technologies, #AT104-500) 

and 100 μg/ml DNAse I (Sigma Aldrich, #10104159001). Cells were finally passed 

through a 70 μm strainer (BioPioneer, #DGN258368).  

Spinner Flask culture 

Briefly, spinner flasks (Corning, #4500-500) were coated with 2-3 mls of Sigmacote 

(Sigma, SL2-100ML) to prevent excess cell adhesion. Flasks were recoated with 

Sigmacote every 2 runs to prevent cells from further adhering. MSCs were grown to 3-4 

million cells per 15 cm tissue culture plate (Olympus Plastics, #25-203) and seeded at a 

density of 4.8×105 cells per ml in the spinner flask (Corning, #4500-500). On the day of 

collection, 50 million cells were collected using Accutase and incubated on ice for 1 
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hour before adding into the spinner flask. Cells were cultured at 37 °C for 2 days with 

5% CO2 at 60 rpm. At 24 hours, medium was added to the flask to get a final 

concentration of 4.0×105 cells per ml. To obtain a single cell suspension, cells were 

collected from the spinner flask after 2 days and incubated with Accutase for 15 minutes 

in a 37°C water bath. Cells were pipetted every 5 minutes to promote dissociation, then 

passed through a 70 μm cell strainer to obtain a single cell suspension.  

Enucleation 

For enucleation, Ficoll PM400 (GE Healthcare, #17-0300-500) was dissolved into a 

50% wt/wt solution with ultrapure water (Invitrogen, #10977-015), autoclaved, aliquoted, 

and stored at -20°C. Ficoll gradients were made with 50% Ficoll and 2X MEM (Gibco, 

#11430) to create 25%, 17%, 16%, 15%, and 12.5% solutions. Cytochalasin B (Sigma 

Aldrich, #C6762) was added while making the 2X MEM to a final concentration of 20 

μg/ml. Ficoll solutions were layered into 13.2 ml centrifuge tubes (Beckman Coulter, 

#344059) at decreasing density using a syringe and equilibrated overnight at 37ºC in a 

tissue culture incubator. The following day, cells were harvested from the spinner flasks 

and resuspended in 3.2 ml of 12.5% Ficoll. 1 ml of 1X MEM was added to the top layer. 

An SW41 rotor was used and tubes were run in a Beckman Coulter L8-60M centrifuge 

for 60 minutes at 31°C. Cells were washed using serum-free medium and then a 

sample was stained with Vybrant DyeCycle Green (Invitrogen, #V35004). To observe 

efficiency a Nikon Eclipse TI epifluorescence microscope was used with the NIS-

Elements AR 3.0 software (Nikon). 
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MSC Marker Panel 

An antibody kit was used for all staining (R&D Systems, #SC017). Around 1.0x10^6 

MSCs were collected and washed with PBS once. Cells were resuspended in 90 ul 

FACS buffer (1% FBS in PBS) and 10 ul of each primary antibody was added (CD44, 

CD90, CD105, CD166, CD45). After a 30-minute incubation period at room 

temperature, cells were washed twice with 2 ml FACS buffer and resuspended in 200 ul 

buffer and 1 ul secondary antibody. After a 30-minute room temperature incubation, 

cells were washed twice as in previous steps and analyzed using the flow cytometer. 

CDK4 Transduction 

pHAGE-CDK4 was a gift from Gordon Mills and Kenneth Scott (Addgene plasmid 

#116724; http://n2t.net/addgene:116724; RRID: Addgene_116724) [30]. Briefly, 

lentivirus was generated using a second-generation packaging system and 293T cells. 

hTERT MSCs were transduced with lentivirus particles in Opti-MEM medium 

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

#336921). To check for successful transduction, cells were viewed under an 

epifluorescence microscope for EGFP. 

Immunofluorescence Staining 

CDK4 MSCs were plated at around 1M per 6 well plate. Cells were fixed using 4% PFA 

for 15 min at room temperature, then permeabilized with 0.2% Triton X-100 in PBS with 

5% normal goat serum for 10 minutes at room temperature. Anti-cdk4 antibody (Santa 

Cruz Biotechnology, sc-23896) was diluted 1:500 and 200 ul of the antibody solution 

was added to each well. Cells were incubated overnight and washed gently with PBS 

the next day 3 times. Cells were observed using the Nikon epifluorescence microscope. 
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SDS-PAGE 

hTERT Cargocytes were plated on Fibronectin coated plates and collected at 24, 48, 

and 72 hours post enucleation. Cells and Cargocytes were flash frozen in liquid nitrogen 

and stored in -80C before use. Samples were processed using RIPA buffer. After 

obtaining the concentration of the samples using a BCA assay (ThermoFisher, #23225), 

each lane on the nuPAGE gel (Thermo Fisher, NP0323BOX) was loaded with 10 ug of 

protein. The gel was run at 135V for 90 min, washed in de-ionized (DI) water briefly, and 

stained using G250 for 5 min. After staining the gel was washed briefly using 10% 

acetic acid, 40% methanol solution in DI water until faint bands were seen. The gel was 

then soaked in DI water overnight to visualize clear bands.  

Cell Cycle Analysis 

Cells were harvested using Accutase and resuspended in 1 ml full serum medium. 2 µl 

of Vybrant® DyeCycle™ Green Stain (5 mM) was added and cells were incubated at 

37°C for 30 min protected from light and analyzed using the flow cytometer. 

Statistical Analysis 

All statistical analysis was conducted on GraphPad Prism 9 using unpaired Student’s t-

test and one-way ANOVA. 
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