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Techniques for targeted delivery of nucleic acids are important for biomedical applications of
gene therapy. Here, we leverage platelet to specifically deliver plasmid DNA to the target cells. It
is demonstrated in vitro that the platelets transfected with GFP-encoding plasmids can deliver
plasmids to HepG2 cells. Furthermore, platelets tend to interact more with HepG2 cells during co-
culture compared with HeLa cells. Platelets deliver plasmids to HepG2 cells by actin-dependent
endocytosis, whereas both asialoglycoprotein receptors of HepG2 cells and GPIba of platelets are
not involved in this process. This study provides evidences that platelet can be potentially

engineered for liver targeted plasmid DNA delivery.

il



The thesis of Xuan Xu is approved.

Jun Chen
Song Li
Zhen Gu, Committee Chair
University of California, Los Angeles

2020

il



TABLE OF CONTENTS

T INErOAUCTION ...ttt ettt et e st e et e st e e s e e e sabeeeneeenane 1
2. Materials and methods .............cocccoooiiiiiiiiii e 4
2.1. Chemicals and reagents ..............cccooviuiiiiiiiiieeiriiieeeeiteeeerte e e e see e e e seteeesssereeeesenseeeesnnneeas 4
220 Cell CUILUIE ...ttt sttt e st e st esabe e s sabeesbeeesane 4
2.3. Preparation of PIAtelets .............coooviiiiiiiiiiiiiiecccee e et s 5
2.4. Transfection and purification of platelets .................ccoeoiiiiiiiiiiiinii e 5
2.5. In vitro platelet-mediated plasmid DNA delivery assay ...........cccceeevvevevviiieeinicieeeenenn. 6
2.6. In vitro platelet-cell interactions Study .............cccooooiiiiiiiiiiniiieeee e 6
2.7. In vitro endocytosis and receptors inhibition study ...............cccooooviiiiiiiinnii 6
2.8. Statistical ANALYSES ........cc.ooviiiiiiiieee e e st e e e sreeeeeaes 7
BURESUILS ..ottt sttt e sttt ettt e 7
3.1. Platelets can be transfected with plasmids ...............cccooooiiiiiiiiiiniii e, 7
3.2. Platelets can specifically deliver plasmids to HepG2 cells ..............ccccverrviiiiiiniiinnnnnee. 9
3.3. Platelets deliver plasmids to HepG2 cells through actin-dependent endocytosis ....... 11
G DESCUSSIOM ...ttt ettt e ettt e et e e bt e s bt e e st e e e sabeesbaeesaneeas 11
SeAPPEIAICES ..ottt e e et e e e et e e e e et e e e e naaeeeenntteeeaanraeaeean 15
REFCIEIICES ..ottt ettt st e s e e et e st e sbeeesabee s 16

v



LIST OF FIGURES

Figure. 1. Platelets transfection with plasmids .........ccccceeviiiiiiiiiiiie e 8

Figure. 2. Platelets can specifically deliver plasmids to HepG2 cells in vitro .......................... 10

Figure. 3. Actin-dependent endocytosis is involved in platelet-mediated plasmid delivery ..... 11

Figure. 4. Schematics of workflow to engineer platelet to deliver CRISPR-Cas9 plasmid for
therapeutic genome editing 1N TIVET ......ccceeeeiiiiiiieiiiiecie e 14

Figure. S1. Asialoglycoprotein receptors and GPIba are not involved in platelet-mediated
PlasMid AEIIVETY ...eeiiiiiiiieeciie ettt ettt e e et e e s aee e sareeeaneens 15

Figure. S2. Blood-derived platelets can specifically deliver plasmids to HepG2 cells in vitro .. 15



ACKNOWLEDGEMENTS
I would like to gratefully thank my supervisor Dr. Zhen Gu for his mentorship. I also would like
to thank everyone in the Gu iMedication Lab for being welcoming and supportive during my

study. I also thank Dr. Jun Chen and Dr. Song Li for being my committee members.

vi



1. Introduction

Gene therapies, including RNA interfering and genome editing, hold great promise for treating
inherited diseases. However, several inherent features of the nucleic acid, the mediator of gene
therapy, hinders its clinical translation. Specifically, nucleic acids have limited ability to penetrate
the cell membrane, and they could not reach target tissues efficiently to exert effective treatment -2,
Therefore, techniques for in vivo delivery of therapeutic nucleic acids, such as small interfering
RNA (siRNA) and DNA is important for the clinical translation of gene therapies®>. Up to now,
various types of materials, including cationic lipids®’, polymers®® and inorganic nanoparticles'?,
have been developed and used for nucleic acids delivery. These materials can physically interact
with nucleic acids by electrostatic interactions or chemically conjugate to nucleic acids via
covalent bonds'!"'2. With the aid of delivery tools, nucleic acids can be selectively delivered to
target tissues and organs via tuning the size and composition of the delivery systems or via
introducing targeting ligands'>!'%. In the meantime, various biological delivery systems based on
viruses, cells and cell-derived components have also been developed, leveraging their inherent
abilities of cargo delivery and tissue targeting®!>~!7. For example, adeno-associated virus (AAV)
vectors have been most commonly used for delivering nucleic acids in vivo due to their high
transduction efficiency®. However, challenges associated with immunogenicity and low DNA
package capacity remain to be solved!®!. In addition, cells and cell-derived particles, including
autologous hematopoietic stem cell (HSC) therapy?’, chimeric antigen receptors (CARs) T-Cell
therapy?!, exosomes??, red blood cells** and platelets**?*, have also been developed to deliver ex
vivo gene. These biological delivery tools have inherent abilities to interact with specific cells and
tissues, including participating in biological activities and transporting to target tissues and

organs'> 1720,



Platelets hold unique characteristics that have been leveraged to design drug delivery systems!'’.
First, they play important roles in hemostasis and thrombosis; they are first responders being
recruited to the site of vasculature damage for triggering hemostasis while they are the culprit in
thrombosis?®2’. Therefore, they have been engineered to deliver therapeutic drugs in the vascular
system by leveraging their roles in hemostasis and thrombosis?® !, Second, platelets have been
reported to interact with various cell types, including cancer cells, T cells, dendritic cells and
hepatocytes®? . The ability of platelets to interact with different cell types offers advantages for
developing platelet-based drug delivery systems to target cells or tissues. For example, the platelet
membrane has been utilized to coat nanoparticles to generate platelet mimetics for targeted drug

delivery’’-8,

Recently, efforts have been made to utilize platelets for delivering synthetic nucleic acids. RNA
was introduced into platelets by liposomes, making platelets a bioreactor for translating exogenous
mRNA. Besides, plasmid DNA was introduced into megakaryocytes by electroporation, and
vesicles shed by megakaryocytes were detected to contain plasmids. Moreover, nanoparticles
coated with platelet membrane could deliver siRNA to treat breast cancer by RNA

interference?4%>3%40,

Platelets, anucleate cells with a diameter of 2-4 um, are mainly derived from megakaryocytes
residing in bone marrow and lung*'. There are three major steps in platelet biogenesis. First,
megakaryocytes need to undergo maturation before platelet biogenesis. Cells grow to a diameter

of 100 um after multiple rounds of DNA amplification, resulting in polyploid nucleus with 4N to



128N DNA. Meanwhile, interconnected membrane network structures are formed and platelet-
associated proteins are synthesized in the cells. Second, the tubular pseudopodia structures branch
out from megakaryocytes membrane with swelling tips in the end. And these swelling tips later
become the major sites for platelet generation and release. Through these tubular structures,
platelet-associated proteins and organelles are transported from megakaryocytes to distant tips for
platelets generation. Third, the tips extend into bone marrow vascular sinusoids and nascent
platelets are released from tips into the bloodstream*. Chemical and physical stimuli are required
during this process. For example, Thrombopoietin (TPO) is one of the cytokines regulating platelet
biogenesis from megakaryocytes, while blood shear forces help release platelets into the blood

stream® .

After entering the blood stream, the platelets can circulate for 3-5 days in mice and 7-10 days in
human before being cleared*’. Desialylation is one of the mechanisms regulating platelet clearance
in liver*’. Platelet surface proteins are heavily modified by polysaccharides, including N-linked
and O-linked glycans and sialic acids are usually linked to the terminal of glycans*®°
Desialylation of N-linked glycans is triggered in some scenarios such as sepsis, senescence, and
thrombocytopenia, which causes platelet accumulation and clearance in liver*®°!>2, Studies
reported that asialoglycoprotein receptor in the hepatic cells, including hepatocytes and kupfter

cells, mediate accumulation and clearance of platelets in liver by recognizing desialylated terminal

GalNAc or Gal of glycans®**7.

Based on the properties of platelets, we propose that the platelet could act as a vector to deliver

therapeutic plasmid DNA to hepatocytes in the liver after we transfected platelets with plasmids,



treated them with sialidase ex vitro and transfused them back into the body. Here, platelets were
transfected with plasmid DNA by chemical reagents. In particular, transfected platelets could
specifically deliver plasmid DNA to HepG2 cells through actin-dependent endocytosis. Therefore,
the results provided preliminary evidences that platelets could potentially be engineered for

delivering therapeutic plasmid DNA to the liver.

2. Materials and methods
2.1. Chemicals and reagents

Lipofectamine™ 3000 transfection reagent and CellTracker™ Green CMFDA Dye were
purchased from Thermo Scientific. Neuraminidase from Clostridium perfringens (C. welchii),
prostaglandin E; (PGEL1), asialofetuin and 12-O-Tetradecanoylphorbol-13-acetate (PMA) were
purchased from Sigma-Aldrich. Label IT® Nucleic Acid Labeling Reagent, Cy®5 for plasmid DNA
labeling was purchased from Mirus Bio. Murine CD41, CD42d, CD62p (P-selectin) for
fluorescence-activated cell sorting (FACS) analysis and human CD42b (GPIba) for receptor
inhibition were purchased from BioLegend. Buffer A (5 mM HEPES, 0.137 M NacCl, 2.7 mM KClI,
11.9 mM NaHCO3, 0.42 mM NaH>PO4, I mM MgCl,, 5.5 mM glucose, pH 7.4) and buffer B (140
mM NaCl, 5 mM KCl, 12 mM trisodium citrate, 10 mM glucose, and 12.5 mM sucrose pH 6.0)

were prepared and stored in 4 °C and warmed to room temperature before use.

2.2. Cell culture

The human hepatocellular carcinoma cell line, HepG2 cells, and HeLa cells were purchased from
ATCC® and cultured in RPMI 1640 with 10% Fetal Bovine Serum (FBS). Murine megakaryocyte
cell line L8057 was kindly provided by professor Alan Cantor (Boston Children’s Hospital, Dana-
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Farber Cancer Institute) and cultured in RPMI 1640 with 20% FBS with or without PMA.
2.3. Preparation of platelets

The platelets were extracted from megakaryocyte cell line L8057 cells. The cells were stimulated
by 0.4 uM PMA for three days before the extraction. To isolate platelets from megakaryocytes, the
cells culture medium was centrifuged at 200 g for 10 minutes (brake off). Then, the supernatant
was carefully pipetted without disturbing the cell pellet and went through a 5 pm cell strainer
(pluriStrainer, USA). Next, the filtered medium was centrifuged again at 200 g for 5 minutes (brake
off), and then the supernatant was isolated to be centrifuged at 10,000 g for 20 minutes (brake off).
After centrifugation, the supernatant was carefully removed. The white pellet was gently
resuspended by buffer A with 1 uM PGEI added, and the suspension was centrifuged at 100 g for
5 minutes (brake off) to remove the cell debris. The purified platelets in the supernatant was

collected for downstream studies.

2.4. Transfection and purification of platelets

The plasmid pCAG-GFP (Addgene plasmid # 11150; http://n2t.net/addgene:11150;
RRID:Addgene 11150) was a gift from Connie Cepko and Lipofectamine™ 3000 that was used
for the plasmid transfection (amount of plasmid DNA : P3000™ reagent : Lipofectamine™ 3000
reagent = 1:2:2). After adding the transfection mixture to platelet suspension, it was incubated at
37 °C for 1 hour. Next, the suspension was centrifuged at 1200 g for 10 minutes and the white
sediment is resuspended by buffer A with PGE1 added (note that in this step resuspended platelets
must be pipetted to a new Eppendorf tube to avoid contamination of residue transfection reagent).

The platelets were then washed twice by buffer A with PGE1 added.



2.5. In vitro platelet-mediated plasmid DNA delivery assay

HepG2 cells and HeLa cells were seeded in a 24-well plate (5 x 10* cells/well) one day before
the experiment. During the experiment, the purified platelets were resuspended by buffer B with 5
mU pL! neuraminidase added and incubated for 30 minutes at 37°C. After centrifuged at 1200 g
for 5 minutes, enzymatically treated platelets were resuspended with RPMI 1640 with 10% FBS

and pipetted into each well. The platelets were incubated with cells for 30 minutes at 37°C and

then washed by Phosphate-Buffered Saline (PBS, pH 7.4). Next, cells were incubated in RPMI
1640 with 10% FBS for 48 hours. The GFP expression of cells was detected by a confocal
microscope (Zeiss LSM 880, 10 x). The number of GFP-positive cells was analyzed by a BD
FACSCalibur flow cytometer and flow cytometric data were processed by FlowJo (version 10.0.7;

TreeStar, USA).

2.6. In vitro platelet-cell interactions study

The plasmid was labeled by Cy5 following the protocol provided by the manufacturer. And the
platelets were transfected with labeled plasmid DNA using Lipofectamine™ 3000 transfection
reagent. Next, the transfected platelets were labeled with 5 puM CMFDA for 30 minutes at 37 °C.
After treated with 5 mU pl'! neuraminidase, the labeled platelets were incubated with cells for 30
minutes at 37 °C and washed by PBS (pH 7.4). The cells were then fixed in 4% paraformaldehyde
for 15 minutes at room temperature. The interactions between cells and platelets were observed by

a confocal microscope (Zeiss LSM 880, 20 x).

2.7. In vitro endocytosis and receptors inhibition study
To study the mechanism of the interactions between platelets and cells, cells or platelets were
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treated with inhibitors and the effect of inhibition on the GFP expression was observed in the cells.
we treated HepG2 cells with 10 uM cytochalasin D, an inhibitor of actin polymerization, to
investigate whether or not the actin-dependent endocytosis was involved in the interactions of
platelets with cells. Furthermore, we either treated HepG2 cells with 100 pg mL™! asialofetuin, an
inhibitor of asialoglycoprotein receptor, or blocked GPIba on platelet surface with 10 ug mL"!
CD42b antibody to investigate whether these two potential receptors could mediate the interaction
between platelets and cells. GFP expression in the cells was observed after 48 hours by confocal

microscope (Zeiss LSM 880, 10 x) or fluorescence microscope (Nikon, 10 x).

2.8. Statistical analysis

All results are expressed as the mean + SD. Biological replicates were used in all experiments

unless otherwise stated. Two-tailed Student’s t-test was used to analyze 2 experimental groups. All
statistical analysis was performed by using the Prism (version 6.01; GraphPad software, USA).

The threshold for statistical significance was p < 0.05.

3. Results
3.1. Platelets can be transfected with plasmids

The megakaryocyte cell line L8057 was used to extract platelets, and extracted platelets were
confirmed by three platelet markers, CD41, CD42d, and CD62p (Fig. 1A). Platelets were
transfected with 1 pg plasmids by Lipofectamine™ 3000 transfection reagent, resulting in ~28%
platelets associated with plasmids (Fig. 1B-C). The results have show that megakaryocytes could

be used to generate platelets in vitro and platelets could be transfected with plasmids.
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Fig. 1. Platelets transfection with plasmids. (A) Flow-cytometric analysis of platelets extracted
from L8057 cells. The histogram graphs are representatives of three experiments. Group of

extraction without staining was set as control. Data of the bar graphs are represented as mean +

SD (n=3). **p <0.01, ***p <0.001, ****p < 0.0001. (B) Representative confocal image of platelets
(CMFDA, green) after transfected with plasmids (Cy5, red). Scale bar, 10 um. (C) Flow-
cytometric analysis of platelets (CMFDA, green) after transfected with 1 pg plasmids (Cy5, red).
The platelets associated with plasmids were identified as CMFDA and Cy5 double positive. The

dot plot is representative of three experiments.



3.2. Platelets can specifically deliver plasmids to HepG2 cells

To investigate whether platelets can specifically deliver plasmids to hepatocytes, HepG2 cells
were used as an in vitro cell model for hepatocytes, and HeLa cells were used as a negative control.
Platelets were transfected with 1 pg plasmids encoding the green fluorescent protein (GFP) and
then treated with 5 mU pL™! neuraminidase for 30 minutes. Then, the treated platelets were
incubated with HepG2 cells or HeLa cells for 30 minutes followed by washing with PBS (pH 7.4).
After 48 hours, the GFP expression rate is higher in HepG2 cells than that of HeLa cells (Fig. 2A-
B). To further observe the platelet interactions with HepG2 cells during co-culture, CMFDA (green)
and Cy5 dye (red) were used to label platelets and plasmids, respectively. After a 30-minute co-
culture, more platelets transfected with plasmids were found to be colocalized with HepG2 cells
than with HeLa cells (Fig. 2C). These results suggested that GFP expression in HepG2 cells was
attributed to platelets rather than non-specific transfection such as remaining Lipofectamine

reagent.
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Fig. 2. Platelets can specifically deliver plasmids to HepG2 cells in vitro. (A) Representative

confocal images of GFP-expressing HepG2 cells and Hela cells after 48 hours. HepG2 cells and
HeLa cells were cocultured with platelets which were transfected with 1 pg plasmids and treated
with 5 mU pL! neuraminidase. Both cells were stained by Hoechst 33342 (blue). Scale bar, 100
um. (B) Quantification of GFP-positive HepG2 cells and HeLa cells after 48 hours. Data are

***

represented as mean + SD (n=3). < 0.001. (C) Representative confocal images of platelet

interaction with HepG2 cells and HeLa cells after a 30-minute co-culture. Platelets (CMFDA,

green) were transfected with 1ug plasmids (Cy5, red). Scale bar, 50 pm.
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3.3. Platelets deliver plasmids to HepG2 cells through actin-dependent endocytosis

To study the interaction mechanisms between HepG2 cells and platelets, HepG2 cells were
treated with 10 uM cytochalasin D to inhibit actin polymerization and coculture with platelets.
GFP expression of treated cells could not be detected by confocal microscope (Fig. 3). To
investigate whether receptor-ligand interactions were involved in cell-platelet interactions, HepG2
cells were treated with asialofetuin and platelets were treated with CD42b antibody, respectively.
However, both treatments did not inhibit GFP expression in HepG2 (Fig. S1). The results
suggested that the plasmids were specifically delivered into HepG2 cells by actin-dependent
endocytosis while neither asialoglycoprotein receptors of HepG2 cells or GPIba of platelets were

involved in this process.

Control 10 uM cytochalasin D

Fig. 3. Actin-dependent endocytosis is involved in platelet-mediated plasmid delivery.
Representative images of GFP-expressing HepG2 cells with or without cytochalasin D treatment

after 48 hours. Scale bar, 100 um.

4. Discussion

The potential usage of plasmid DNA delivery is genome editing for gene therapy. Since
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desialylated platelets can accumulate in the liver, platelets could potentially serve as a drug
delivery vehicle targeting the liver tissues®. There are several metabolism diseases associated with
hepatic genes®>>*. For example, knocking down proprotein convertase subtilisin/kexin type 9
(Pcsk9) in the liver can decrease the risk of cardiovascular diseases>. Here, we shown that platelet
could specifically deliver plasmids into HepG2 cells, which indicates that platelets can be
potentially engineered to deliver therapeutic plasmid DNA to liver. For example, CRISPR-Cas9
system can be packed in plasmids and delivered to the liver by platelet for therapeutic genome

editing (Fig. 4).

Furthermore, in addition to gene knockdown, CRISPR-Cas systems have been engineered for
different functions, including gene expression regulation, DNA base editing, RNA editing and
detection’®*>¥. Plasmid DNA can potentially bring these functions to in vivo application and expand
versatility of systems. The large size of plasmid constructs of CRISPR-Cas systems remain
challenge to biological delivery tools. For example, ~8 kb Cas9 can not packed into AAVs which
have maximum capacity of ~4.5 kb. Given the size of plasmid used for studies is ~4.8 kb, our
studies suggest that platelet can become biological delivery tool for delivering plasmid DNA which

might not be packed into AAVs.

The blood donation is the major source for platelet production. However, the platelet production
at scale and the risk of contamination remain to be challenging to this approach®”. In the meantime,
techniques to produce platelets by megakaryocytes in vitro have been reported®®®!. In our studies,
the murine megakaryoctyes cell line has been used to produce platelets, and platelet associated

markers were identified on the surface of them. Furthermore, either platelets extracted from blood
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or they produced from cells can specifically deliver plasmids to HepG2 cells (Fig. S2), which
might indicate two types of platelets have similar characteristics that can be recognized by HepG2
cells during the interactions such as receptors, secretory proteins and cytokines. Our studies serves
as proof of concept for cell-based platelet production techniques. However, whether they have
native physiological characteristics need to be further examined because platelets formation needs

chemical and physical stimuli which were absent in in vitro cell culture* 62,

Cellular hitchhiking is the method by which cells deliver cargo adsorbing onto the membrane
and it is observed in nature. For example, Listeria monocytogenes can attach to platelet surface,
and be shuttled and presented to the splenic dendritic cells*®>. This natural process has been
leveraged as the drug delivery strategy. For example, circulation time for liposomes is prolonged
by adsorbing to the red blood cell surface®*~%°. In the studies, there was the colocalization between
plasmids and aggregation of platelets after transfection (Fig. 1B), indicating that platelet surface
was charged by plasmid DNA-lipid complex adsorbing on the surface. Thus, it is possible that
plasmid DNA was delivered to HepG2 cells by cellular hitchhiking, whererin plasmid DNA was
first adsorbed onto the surface of platelets facilitated by the cationic lipids in the chemical reagents

and then enters the cells after the platelet was ingested.

Although plasmid DNA can be specifically delivered to HepG2 cells by platelets, the efficiency
is low, given that only ~2 % of cells measured express GFP after 48 hours incubation. The
transfection reagent might be one of the major factors determining delivery efficiency by affecting
the transfection efficiency of platelets>>. To increase the efficiency of platelet transfection,

optimization of the transfection reagents could be performed based on previous studies. Of note,
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two factors have been reported to affect the uptake efficiency of synthetic lipids by platelets. First,
cationic lipids can be more efficiently internalized by platelets than neutral ones. Second, platelets
can take up particles with small size (< 200 nm in diameter) more efficiently?>-*%8, In addition,
surface modification of the nanoparticles can also facilitate platelet uptake. For example,
fibrinogen can enhance platelet uptake of liposomes by being conjugated onto the liposome

surface®®.

Asialoglycoprotein receptors of HepG2 cells and GPIba of platelets have been reported to be
involved in platelet clearance in liver by interacting with each other?®. In addition, there are other
receptors have been reported to be involved in recruiting platelets to liver. For example,
hyaluronan-CD44 binding regulates platelets to be recruited to the liver to accelerate non-alcoholic
steatohepatitis®. Our results shown that blocking either asialoglycoprotein receptors or GPIba did
not cause significant decrease of GFP expression in the cells, which might indicate that platelet
interactions with liver are synergistically regulated by other receptors in addition to

asialoglycoprotein receptors and GPIba.

Megakaryocyte CRISPR-Cas9 plasmid 0

© O

Sialidase

Sialylation  Desialylation

Platelet extraction from Platelet transfection with  Transfusion of engineered Execution of therapeutic genome
megakaryocyte plasmids and treatment platelets editing in liver
with sialidase

Fig. 4. Schematics of the workflow to engineer platelet to deliver CRISPR-Cas9 plasmid for

therapeutic genome editing in liver.
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5. Appendices

Control 100 pg mL™" asialofetuin 10 pg mL' CD42b

Fig. S1. Asialoglycoprotein receptors and GPIba are not involved in platelet-mediated
plasmid delivery. Representative images of GFP-expressing HepG2 cells after treated with
asialofetuin or CD42b treatment for 48 hours. HepG2 cells without treatment were used as a

control. Scale bar, 100 pm.

Bright field GFP Merge

HepG2

Hela

Fig. S2. Blood-derived platelets can specifically deliver plasmids to HepG2 cells in vitro.
Representative images of GFP-expressing HepG2 cells and HeLa cells after 48 hours. HepG2 cells
and HeLa cells were cocultured with blood-derived platelets that were transfected with 1 g

plasmids and treated with 5 mU uL! neuraminidase. Scale bar, 200 um.
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