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nanoparticles (MWNPs). Mk membrane vesicles, derived from 

megakaryocytes or Mk-like CHRF-288 cells, can be wrapped around 

polymeric nanoparticles (NPs) loaded with desired cargo to produce 

membrane-wrapped NPs (MWNPs) that can selectively target, bind, 

and enter HSPCs to deliver their cargo. .................................................. 80 

Figure 3.2: Characterization of MkNPs. (A) Representative nanoparticle tracking 

analysis (NTA) plot showing the shift in size distribution peak upon 

membrane wrapping. (B) Intensity distribution of the sizes of bare 

NPs, Mk Membranes (MkMVs), and MkNPs measured by DLS. n = 

3. (C) Zeta potential of bare NPs, MkMVs, and MkNPs. Bare NPs, n 

= 10; Mk membranes and MkNPs, n = 8. (D) Percent of CD41a 

detected on whole cells, MkMVs, and MkNPs by flow cytometry. (E) 

Flow cytometry was used to gate DiD+, PKH26+ MV-wrapped NPs 

(MkNPs) following screening of bare DiD-loaded PLGA NP-only 

(DiD+) and MV-only samples (PKH26+). (F) Schema of determining 

proper MV wrapping of NPs via fluorescently-conjugated antibodies. 

(G) CD41a staining of gated MkNPs and MV-only samples shows 

high surface expression of CD41a, which indicated proper wrapping 

and orientation of the membrane proteins on the exterior of the 

MkNPs. (H) Transmission Electron Micrographs of Bare NPs, 

MkMVs, and MkNPs. Scale bars = 100 nm. Error bars in B-D 

represent standard error of the mean. *p<0.05 calculated by one-way 

ANOVA with post-hoc Tukey ................................................................... 98 
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Figure 3.3: MkNPs are internalized by HSPCs predominantly by dynamin-

dependent endocytosis. (A) Confocal microscopy (Carl Zeiss 

LSM880) images of an HSPC interacting with MkNPs following 24-

hours of incubation. Mk membranes are visible by PKH26 staining 

(red) and NPs were loaded with DiD fluorophores (green). The HSPC 

nucleus is stained with DAPI (blue). Both PKH26 and DiD signals are 

present in the HSPC, and colocalization of signals (yellow) indicates 

the wrapped MkNPs are intact following uptake by HSPCs. Scale 

bars: 10-ɛm. (B) HSPCs cultured with MkNPs were fixed and 

observed by super-resolution microscopy using Zeiss Elyra PS 1 to 

visualize internalized MkNPs. The actin cytoskeleton of HSPCs were 

stained with phalloidin (green) and nuclei were stained with DAPI 

(blue). MkNPs were labeled with PKH26 (red, membrane marker) and 

loaded with DiD fluorophores (cyan). Scale bars: 5-µm. For A and B, 

stills taken from intermediate Z-stack image are presented and yellow 

circles indicate internalized MkNPs. (C) Before exposure to either 

bare DiD-loaded NPs or MkNPs, HSPCs were pre-incubated with 

inhibitors against specific endocytic pathways, including 

Dimethylamiloride (DMA), Methyl-ɓ-cyclodextrin (MɓCD), 

Dynasore, and LY29400, which block macropinocytosis, lipid raft-

mediated uptake, dynamin-dependent endocytosis, and 

macropinocytosis through PI3K, respectively. Uptake of bare NPs and 

MkNPs was analyzed by assessing the fraction of DiD+ cells via flow 

cytometry following 30 minutes of incubation, and NP uptake for each 

inhibitor-treated culture is shown relative to either bare NP or MkNP 

uptake in untreated (none) HSPC cultures. Data represent the average 

of 4 (bare NPs) and 4 (MkNPs) biological replicates ± standard error 

of the mean. *: p<0.05 versus untreated control (Studentôs t-test) ...... 101 

Figure 3.4. MkNPs exhibit uptake selectivity by HSPCs versus MSCs and 

HUVECs. DiD-loaded MkNPs were incubated with CD34+ 

HSPCs, mesenchymal stem cells (MSCs), or human umbilical vein 

endothelial cells (HUVECs) in Transwell inserts. (A) Percent DiD 

positive cells were measured by flow cytometry to reveal MkNP 

uptake by HSPCs, HUVECs, and MSCs at multiple incubation 

timepoints (B) Confocal microscopy (Carl Zeiss LSM880) images of 

HSPCs, HUVECs, and MSCs incubated with DiD-loaded MkNPs for 

24 hours. NPs are visualized by their DiD cargo (green) and MkNPs 

membranes are labeled with PKH26 (red). The cell nuclei are 

indicated by DAPI stain (blue) and the actin cytoskeleton by 

phalloidin (purple). MkNPs are found within HSPC cytoplasm but not 

within non-targeted HUVECs or MSCs. Yellow circles indicate 

colocalization between DiD and PKH26 signals, which indicate 
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uptake of MkNPs into HSPCs, while white circles indicate 

intracellular DiD signals without any associated PKH26 signal, 

indicating possible bare NP or released DiD uptake into HUVECs and 

MSCs. Scale bars: 10-µm for HSPCs, 20-µm for HUVECs and MSCs. 
Error bars are shown as the average ± the standard error of the mean.  

*: p<0.10, **: p<0.05, ***: p<0.01 (Studentôs t-test) ......................... 105 

Figure 3.5: MkMVs and Mk -like CHRF MVs contain surface proteins that 

facilitate uptake by HSPCs and can wrap NPs loaded with 

functional siRNA cargo for targeted delivery to HSPCs. (A) Flow 

cytometric analysis showing higher expression of CD54 (ICAM-1) 

and CD11b (Mac-1), which are membrane proteins known to help 

facilitate uptake in HSPCs, and similar expression of CD41a 

(ITGA2b), a membrane protein characteristic of mature 

megakaryocytes, in CHRF-288 (Mk-like) cells (bottom panel) in 

comparison to Day 12 cultured megakaryocytes (top panel). (B) 

Confocal microscopy (Carl Zeiss LSM880) images of a Day 3 HSPC 

interacting with CHRF NPs following 24-hours of incubation. 

AlexaFluor 488-stained actin, DiD-loaded PLGA NPs, PKH26+ 

CHRF membranes, and nucleus are shown as green, cyan, red, and 

blue, respectively. Yellow circles indicate colocalized PKH26 and 

DiD signals within the HSPC, showing successful uptake by HSPCs. 

Scale bar: 5-ɛm.(C) Mean diameter of a batch of bare siRNA-loaded 

NPs, MVs collected from CHRF cells (CHMVs), and siRNA-loaded 

CHRF-wrapped NPs (CHNPs) measured by nanoparticle tracking 

analysis showing size increase upon wrapping. (D) Zeta potential of a 

batch of bare siRNA-loaded NPs, CHMVs, and siRNA-loaded 

CHNPs indicating the surface charge of the particle shifts upon 

membrane wrapping. (E) CD34+ HSPCs were incubated with CHNPs 

loaded with siCD34 or non-targeting siRNA (siNeg) for extended 

periods of time, then CD34 expression was analyzed by flow 

cytometry. Data is shown as the deviation in CD34 expression from 

untreated HSPCs. Solid black squares indicate HSPCs treated with 

siCD34-loaded CHNPs, and empty circles correspond to b siNeg-

loaded CHNPs. Data is shown as the deviation in CD34 expression 

from untreated HSPCs. Error bars are shown as the average of 4 

replicates ± the standard error of the mean. *: p<0.05 (Studentôs t-test)110 

Figure 3.6: Intravenously administered CHPPNPs largely localize to HSPC-

rich bone marrow in vivo. (A) Mice were injected with CHPPNPs, 

PEG-NPs, or saline and humanely sacrificed after 16-18 hours. 

Tissues (liver, heart, lungs, brain, spleen, kidneys, and femurs) were 
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collected and IVIS imaged. Bone marrow was collected from one 

femur and used for flow cytometry and confocal microscopy analysis 

while all other tissues were homogenized in PBS and the signal 

measured by fluorescent plate reader analysis. (B) Representative 

IVIS image of various tissues: (i) brain, (ii) spleen, (iii) lungs, (iv) 

kidneys, (v) heart, (vi) femurs, and (vii) liver, of mice treated with 

saline, DiD-loaded PEG-PLGA NPs, and DiD-loaded CHPPNPs. (C) 

Representative IVIS image of femurs from each group comparing DiD 

signal between groups. (D) Averaged fluorescence signal per gram of 

homogenized tissue as measured by plate reader. (E) Ratio of signal in 

one femur to liver, spleen, or the combination of the two. **: p<0.01 , 

calculated by one-way ANOVA. PEG NPs: n=6; Wrapped NPs: n=5. 

Errors bars show standard error of the mean. ........................................ 114 

Figure 3.7: DiD presence in CD41a+ and CD117+ bone marrow cells of mice 

treated with PEG-PLGA NPs and CHPPNPs. (A) Bone marrow 

cells were flushed from the femurs of mice treated with a saline 

control (not shown), DiD-loaded PEG-PLGA NPs, or DiD-loaded 

CHPPNPs and stained for CD41a (platelet-associated cells) and 

CD117 (murine HSPCs). Flow cytometry indicates a significant 

difference between PEG-PLGA NPs and CHNPs in the fraction of 

CD117+ cells that contain DiD signal, while a non-significant 

decrease in the fraction of DiD-containing CD41a+ cells was seen, 

possibly demonstrating a level of HSPC affinity afforded by the 

membrane in contrast to other cell types. Each black diamond 

corresponds to one mouse. (B) Flushed bone marrow cells were 

stained for CD117 (green) and DAPI (cell nuclei; blue) and imaged by 

confocal microscopy to visualize the presence of NPs, indicated by 

DiD (red). Scale bars: 20-µm and 10-µm in magnified image. Error 

bars are shown as the average of 7 (bare NPs) or 5 (CHPPNPs) 

biological replicates ± the standard error of the mean. **: p<0. 01 

(Studentôs t-test) .................................................................................... 118 

Figure 4.0 (Graphical Abstract): Native and engineered human 

megakaryocytic extracellular vesicles (huMkEVs) for targeted 

non-viral cargo delivery to blood stem cells. In order to establish 

huMkEVs as a transformational cargo-delivery system to blood stem 

cells (hematopoietic stem and progenitor cells, HSPCs) for therapeutic 

applications, we used NOD-scid IL2Rɔnull (NSGÊ) mice in order to 

enable prolonged circulation of huMkEVs. Intravenous delivery of 

native huMkEVs enhanced de novo platelet biogenesis by inducing 

megakaryocytic differentiation of murine HSPCs, thus demonstrating 
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the desirable strong tropism of huMkEVs for murine HSPCs. Based 

on this tropism, we demonstrated that engineered huMkEVs can 

deliver functional plasmid-DNA cargo specifically to HSPCs. ............ 125 

Figure 4.1: Experiment schema for assessing the in vivo impact of huMkEVs 

on NSGÊ mice. The NOD-scid IL2Rɔnull (NSGÊ) mouse model was 

used to determine if the prior observations regarding huMkMP 

treatment elicit stronger responses in the NSG mice. This particular 

strain of mice was chosen due to its immunocompromised state 

devoid of functional macrophages, which could allow for prolonged 

exposure to huMkMPs due to extended circulation times. ................... 148 

Figure 4.2: Coculture of NSGTM murine HSPCs with huMkEVs in vitro 

induces more effective megakaryopoiesis than treatment with 

thrombopoietin (TPO) alone. Murine HSPCs were extracted and 

pooled from a set of 3 female NSGTM mice, and were cultured in 

media containing IMDM, BIT, and 100 ng/mL stem cell factor (SCF) 

under the following conditions: 1) no treatment (control) 2) treatment 

with 50 ng/mL of rhTPO, and 3) treatment with a 30:1 ratio of 

PKH26-stained huMkEVs per cell. A) After 5 days, each culture was 

stained for murine CD41a, CD45, and CD117 and measured via flow 

cytometry to assess megakaryopoietic differentiation of murine 

HSPCs in each condition. B) Cells from each condition were 

permeabilized and stained with CD41a and DAPI and measured with 

flow cytometry to determine megakaryocytic ploidy. C) Total count-

normalized histograms depicting DNA (propidium iodide) intensity of 

CD41a+ murine Mks from control (blue-shaded; left), rhTPO-treated 

(green-shaded; middle), and huMkEV-treated (red-shaded; right) 

conditions. D) Platelets, pre- and proplatelets, and microparticles were 

counted using calibrated fluorescent beads (1×106 beads/ mL) and 

forward scatter (FSC), side scatter (SSC) gates set from previous wild 

type murine blood counts. Lighter colors correspond to a higher 

density of particles, while darker colors correspond to lower densities. 

E) The untreated (top row), TPO-treated (middle row) and huMkEV-

treated (bottom row) cultures were immunostained for ɓ1 tubulin 

(green; second column) and von Willebrand factor (violet; third 

column) to determine the degree of differentiation of the murine 

HSPCs to the megakaryocytic phenotype. Scale bars: 10-µm. *: 

p<0.1, **:  p<0.05, ***:  p<0.01, ****:  p<0.001, Studentôs T-test ....... 151 
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Figure 4.3: Peripheral blood platelet, pre/proplatelet, and microparticle counts 

and bone marrow phenotype of NSG mice treated with huMkEVs. 

A) Experiment schema for assessing the in vivo impact of huMkEVs 

on megakaryopoiesis in NSGÊ mice. B) Platelets and C) 

pre/proplatelets from RBC-depleted peripheral blood were counted 

using calibrated fluorescent beads (1×106 beads/ mL), murine CD41a 

staining, and forward scatter (FSC), side scatter (SSC) gates set from 

previous wild type murine blood counts. All values are shown as 

count, in thousands, per µL blood. Dashed (PBS) and solid (huMkEV) 

lines show average counts and trends across each timepoint. n: 3, 4, 4, 

4 for PBS-treated mice and n: 6, 9, 5, 6 for huMkEV-treated mice at 

4-, 24-, 48-, and 96-hours, respectively. D) Murine CD117+ HSPCs 

and E) CD41a+ megakaryocyte -cell fractions of flushed, RBC-

depleted femoral bone marrow as determined via flow cytometry.  *: 

p<0.10, **: p<0.05, N.S.: not significant, Studentôs T-test. .................. 155 

Figure  4.4: huMkEV biodistribution (MFI: AU/g) in various excised tissues 

and immunofluorescence assessment of bone marrow following 

huMkEV intravenous administration to NSG mice. A) Normalized 

mean fluorescence intensity (MFI) from each homogenized tissue 

reveals that huMkEVs localize to kidney, RBC+ bone marrow 4- and 

24-hours following administration. Overall, with increasing time post 

administration of huMkEVs, PKH26 MFI decreases in most tissues 

except for peripheral blood, which shows increased MFI with 

increasing time. 24-hours post treatments, murine tissues from B) 

femurs, C) lungs, D) livers, E) spleens, and F) kidneys were fixed 

(10% neutral-buffered formalin), sectioned, immunostained and 

assessed for structure (gray- DIC) and presence of CD41+ cells 

(green), Sca-1+ cells (blue), and PKH26 fluorescence arising from 

administered huMkEVs. Colocalization of PKH26 fluorescence with 

either CD41+ or Sca-1+ cells is shown in white-orange in the merged 

image and circles in teal in their respective channels. Scale bars: 50-

µm. *: p<0.1, **: p<0.05, ***:  p<0.01, Studentôs T-test ..................... 157 

Figure 4.5: huMkEVs and CHRF EVs (CHEVs) can be electroporated with 

plasmid DNA for HSPC-specific nucleic acid delivery. A) 

Experimental schema for preparing pMax-GFP-loaded huMkEVs via 

electroporation for targeted pDNA delivery to murine HSPCs in vitro 

and in vivo. B) HSPCs from NSG mice were cultured with either 

ófreeô pDNA (pMax-GFP), directly electroporated with pDNA, or 

cocultured with huMkEVs loaded via electroporation with pDNA, and 

assessed for GFP expression. C) 6×106 pDNA-loaded huMkEVs via 
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electroporation or an equivalent amount of ófreeô pDNA were 

intravenously administered to NSG mice (n=2, each condition), and 

tissues were excised, homogenized, and assessed for GFP (top) and 

PKH26 fluorescence (bottom; huMkEV-treated only) after 24-hours 

of treatment. D) Flushed marrow cells from mice treated either with 

ófreeô pDNA, pDNA-loaded huMkEVs, or pDNA-loaded CHEVs 

were assessed for GFP and PKH26 fluorescence using flow 

cytometry; background fluorescence was accounted for from data of 

untreated (PBS) mice. E) Flushed RBC-depleted marrow cells from 

the two pDNA conditions and a PBS-treated control were 

immunostained for CD117+ HSPCs (red) and screened for GFP 

(green), Cy5-stained pDNA (purple), and huMkMPs (yellow). 

Colocalization of murine HSPCs and GFP indicated with cyan circles 

and nuclei are shown in blue. Scale bars: 50-µm. Magnified inset 

shows distinct PKH26 and GFP puncta within flushed marrow cells 

from pDNA-loaded huMkEV-treated mice. Scale bars: 10-µm. 

*:p<0.1,**:  p<0.05, ***:  p<0.01, ****:  p<0.001, Studentôs T-test .... 161 

Figure 4.6: CHRF EVs (CHEVs) can be loaded with plasmid DNA via 

hybridization with  pDNA ï loaded liposomes and can be used for 

efficient in vitro nucleic acid delivery to murine HSPC. A) 

Experimental schema for preparing pLifeAct-miRFP703-loaded 

liposomes or CHEV-liposome hybrids for targeted pDNA delivery to 

murine HSPCs in vitro. B) Nanoparticle tracking analysis (NTA) of 

isolated CHEVs and CHEV-liposome hybrids showing an increase in 

diameter following hybridization. C) TEM images of loaded 

liposomes, CHEV-liposome hybrids (CHEV hybrids), and CHEVs. 

Scale bars: 0.2-µm/ 200-nm. D) Zeta potential of liposomes, CHEV 

hybrids, and CHEVs. E) Fraction of pDNA retained within the 

liposome or hybrid particles. F) Isolated NSG HSPCs were incubated 

with either ófreeô (unloaded) pDNA expressing far-red miRFP703, 

pDNA-loaded liposomes, or pDNA-loaded CHEV hybrids and 

assessed for miRFP703 expression. G) Fraction of miRFP703+ HSPCs 

also exhibiting PKH26 fluorescence, indicating pDNA delivery via 

CHEV hybrids. F) Actin-stained (green) HSPCs from 96-hour cultures 

were screened for miRFP703 (red) and PKH26 fluorescence from pre-

stained CHEVs to assess the presence of CHEV hybrids (yellow).  *: 

p<0.1, **: p<0.05, ***:  p<0.01, ****:  p<0.001, N.S.: not significant, 

Studentôs T-test ...................................................................................... 164 
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Figure 4.7: pDNA-loaded CHEV-liposome hybrids can be used for efficient 

HSPC-specific nucleic acid delivery in vivo. A) Experimental 

schema for preparing pLifeAct-miRFP703-loaded liposomes or 

CHEV-liposome hybrids for targeted pDNA delivery to murine 

HSPCs in vivo. B) NSG mice were intravenously administered either 

10 µg of miRFP703-expressing pDNA complexed with liposomes 

(n=3) or pDNA-loaded liposomes further hybridized with ~50×106 

PKH26-labeled CHEVs (CHEV hybrids; n=5), and various tissues 

were excised, homogenized, and assessed for PKH26 (gold) and 

miRFP703 (red; top) fluorescence and PKH26 biodistribution 

(CHEVs-only; bottom) 72-hours post particle intravenous delivery. C) 

Flushed RBC-depleted marrow cells from mice treated with either 

pDNA-loaded liposomes (pLifeAct-miRFP703) or CHEV hybrids and 

a media (IMDM)-treated control were immunostained for CD117+ 

murine HSPCs and CD41a+ murine Mk cells and screened for 

miRFP703 expression and CHEV hybrid localization (PKH26-

fluorescent) via flow cytometry. High miRFP703-expressing mouse 

indicated in green. D) Femurs from 72-hour-treated mice were fixed 

(10% neutral-buffered formalin), sectioned, immunostained and 

assessed for structure (gray- DIC) and presence of Sca-1+ cells (blue), 

miRFP703 expression (red) and PKH26 arising from administered 

CHEV-liposome hybrids. Colocalization of murine HSPCs and 

miRFP703 indicated with light green circles. Scale bars: 200-µm. 

E)Magnified image of sectioned femurs from liposome- and CHEV-

liposome hybrid-treated mice showing extensive miRFP expression 

and colocalization of expression with Sca-1+ HSPCs. Colocalization 

of Sca-1+ and miRFP703 shown as lavender in the merged image. 

Scale bars: 50-µm.  *:p<0.1:**: p<0.05, ***:  p<0.01, ****:  p<0.001, 

Studentôs T-test ...................................................................................... 168 

Figure 4.8: Infused huHSPCs can develop human platelets in unconditioned 

NSG mice, and co-infused huMkEVs effectively localize to both 

murine and human HSPCs in vivo. A) Total (murine and human), 

B) murine, and C) human platelets were counted from human CD41a-

immunostained and murine CD41a-immunostained peripheral blood 

of Day 0 (initial; murine platelets only) and Day 5-treated NSG mice 

treated with either 3×106 Day 5 huHSPCs only or 3×106 huHSPCs 

and 15×106 huMkEVs. D) RBC-depleted bone marrow from NSG 

mice treated with huHSPCs and 15×106 huMkEVs was 

immunostained for i) murine CD41a (Mks), ii) murine CD117 

(HSPCs), iii) human CD41a (human Mks), or iv) human CD34 

(human HSPCs) and screened for PKH26 fluorescence via flow 

cytometry. E) Based on estimated fraction of infused huMkEVs from 
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relative PKH26 MFI, huMkEVs are more likely to localize and 

interaction with murine HSPCs (CD117+) and megakaryocytes 

(CD41a+) despite comparatively low CD117+ and CD41a+ cell 

fractions in the bone marrow. F) Select bone marrow flushes from 

NSG mice treated with either 3×106 Day 5 huHSPCs only (top row) or 

3×106 huHSPCs and 15×106 huMkEVs (bottom row) for 5 days. Cells 

were immunostained for human CD41a (green; circled) and huMkEV 

localization was determined from PKH26 fluorescence (yellow). *: 

p<0.1, **: p<0.05, ***:  p<0.01, Studentôs T-test ................................ 172 

Figure 4.9. Platelet, pre/proplatelet, and microparticle counts in NBSGW 

mice. A) Count of 7-8-week female NBSGW mice for assessing in 

vivo huMkEV-induced megakaryopoiesis at 24- and 48-hours 

following intravenous administration. B) Platelet counts from RBC-

depleted peripheral blood were counted using calibrated fluorescent 

beads (1×106 beads/ mL), murine CD41a staining, and forward scatter 

(FSC), side scatter (SSC) gates set from previous wild type murine 

blood counts. All values are shown as count, in thousands, per µL 

blood. n: 2, 2 for PBS-treated mice and n: 4, 4 for huMkEV-treated 

mice at 24- and 48-hours, respectively. C) CD41a+ platelets, 

microparticles, and megakaryocytes from peripheral blood were 

screened for PKH26 fluorescence to determine interaction with 

huMkEVs. D) Flushed bone marrow cells were stained with anti-

murine CD41a or CD117, and the fraction of CD41a and CD117+ 

cells were determined from 10,000 cells gated via flow cytometry. 

Values are shown as percentage of CD41a and CD117+ cell counts 

from PBS-treated mice. E) RBC-depleted bone marrow cells from 24-

hours (top set) and 48-hours (bottom set) were immunostained for 

murine CD117 (green) to determine the degree of colocalization with 

huMkEVs (red). Colocalization indicated by yellow circles and nuclei 

are shown in blue (DAPI). Scale bars: 50-µm. F) Weight-normalized 

PKH26 mean fluorescence intensity (MFI) from each homogenized 

tissue were used to assess huMkEVs biodistribution. ........................... 175 

Figure 5.1: Graphical overview: Megakaryocytic and megakaryocyte-like 

membrane vesicles can encapsulate CRISPR Cas9-associated 

cargo for cell-specific delivery and gene therapy of hematopoietic 

stem and progenitor cells (HSPCs). Gene-target specific CRISPR 

Cas9 nucleoprotein, discrete Cas9 and sgRNA, or Cas9 plasmids can 

be effectively encapsulated within megakaryocytic and/or other cell 

membranes for in vivo delivery to HSPCs and other target cells. 

Membrane-wrapped Cas9 and the associated sgRNA(s) improves gene 
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editing efficiency over traditional, solely plasmid-based Cas9 

treatments, and membrane wrapping imparts cell specificity and 

bioavailability of the Cas9 therapeutic through targeted delivery to the 

specified cells. ....................................................................................... 182 

Figure 5.2: Co-delivery of gRNA plasmids with Cas9 nuclease improves gene 

knockout over plasmid-only based systems. (A) Percentage of 

CD41+ in i) untreated CHRF cells and cells after electroporation with: 

ii) plasmid for expression of Cas9-GFP and CD41 sgRNA, iii) Cas9-

GFP nuclease and plasmid expressing CD41 sgRNA (locus 1) and a 

mTq2 (turquoise) fluorescent tag and iv) Cas9-GFP nuclease and 

plasmid expressing CD41 sgRNA (locus 2) and a BFP (blue) 

fluorescent tag. (B) Viability of CHRF cells after each Cas9, sgRNA 

delivery method as determined via TO-PRO-3 (far red) viability 

staining. No significant differences in viability were found between 

any of the Cas9-sgRNA methods. (C) Presence of Cas9-GFP from 

each Cas9-GFP delivery method. Direct electroporation of Cas9-GFP 

nuclease led to significant increase in the proportion of cells 

containing Cas9-GFP, including a sustained presence in å40% of cells 

72 hours after electroporation. (D) Percentage of CD41+ in i) 

untreated CHRF cells and cells after electroporation with: ii) plasmid 

for expression of Cas9-GFP and CD41 sgRNA, iii) Cas9-GFP 

nuclease and plasmid expressing CD41 sgRNA and a mTq2 

(turquoise) fluorescent tag for one locus and 4) Cas9-GFP nuclease 

with two mTq2-tagged plasmids expressing CD41 sgRNA for 

different loci each. (E) Viability of CHRF cells after each Cas9, 

sgRNA delivery method as determined via TO-PRO-3 (far red) 

viability staining. No significant differences in viability were found 

between any of the Cas9-sgRNA methods.*: p<0.05, **: p<0.01; 

studentôs T-test ...................................................................................... 196 

Figure 5.3. Cas9-CHRFPMA-MVa prepared with PEI 2-kDa, 25-kDa can be 

tailored to minimize PEI-induced cytotoxicity while retaining 

effective Cas9 uptake. After preparation of PEI 2-kDa and 25-kDa-

encapsulated Cas9-loaded CHRF MVs via extrusion, these Cas9-PEI 

MVs were subsequently purified via ultrafiltration with 100-kDa 

centrifugal filters. (A) Fraction of original PEI-2K and PEI-25K 

removed from washed Cas9-PEI CHMVs following ultrafiltration. (B) 

Viability and (C) Cas9-GFP uptake in CHRF cells incubated with 

either unwashed or washed (ultrafiltered) Cas9-PEI MVs prepared 

with 0.1% PEI-2K as determined via flow cytometry (3 biological 

replicates). (D) Viability and (E) Cas9-GFP uptake in CHRF cells 
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incubated with washed Cas9-PEI CHMVs prepared with 0.01% to 

1.0% PEI-2K. (F) Viability and (G) Cas9-GFP uptake in in CHRF 

cells incubated with washed Cas9-PEI CHMVs prepared with 0.01% 

to 0.1% PEI-2K in comparison to Cas9-PEI CHMVs prepared with 

0.01% to 0.1% PEI-25K. *: p<0.05, **: p<0.01; Studentôs T-test ....... 200 

Figure 5.4: Characterization of Cas9-PEI-2K-CHRFPMA MV.  (A) Schema for 

producing membrane-wrapped Cas9-PEI-2K CHRF MVs (CHMVs). 

(B) Zeta potential of unloaded CHMVs, PEI-2kDa, and the final 

washed Cas9-PEI-2K CHMVs. (C) Nanoparticle tracking analysis 

(NTA) showing the size distribution of unloaded CHMVs and the 

final washed Cas9-PEI-2K CHMVs. (D) Transmission electron 

microscopy (TEM) of the different components and final Cas9-PEI-

2K CHMVs. Scale bars: 200-nm. .......................................................... 203 

Figure  5.5: Comparison of Cas9 uptake and viability with different methods 

for Cas9 delivery to CHRF cells. CHRF cells were either i) directly 

incubated with purified Cas9-GFP, ii) incubated with purified Cas9-

GFP and an equivalent amount of 0.1% PEI-2K used for extrusion or 

iii) washed Cas9-PEI CHMVs prepared 0.1% PEI 2-kDa 

concentrations and tested for (A) viability and (B) Cas9-GFP uptake 

via flow cytometry. (C) 6-, 24-, 48-, and 72-hours following 

incubation Cas9-PEI CHMVs, CHRF cells were seeded and 

subsequently stained with phalloidin (red) and DAPI (blue) to 

visualize the actin cytoskeleton and nucleus. Uptake of the CHMVs 

(PKH26; yellow) and Cas9-GFP (green) into the cell is shown by 

extensive Cas9-GFP and MV fluorescence within the periphery of 
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There is a large spectrum of highly pervasive hematological disorders affecting 

red blood cells (erythrocytes), white blood cells (granulocytes), platelets 

(thrombocytes) and lymphocytes. Hematopoietic stem and progenitor cells (HSPCs) 

can differentiate into any of these blood cell types, and directed gene editing of HSPCs 

can provide therapeutic benefits to patients suffering from a variety of genetic 

hematological disorders, ranging from immunodeficiencies to thrombocytopenia. For 

more transient gene therapy, gene expression can be modulated epigenetically using 

RNA interference through administration small RNAs into the target HSPCs. Thus, by 

directly administering gene therapeutics into HSPCs, a significant proportion of 

hematological diseases can potentially be ameliorated.  

Previously, our lab has demonstrated that extracellular vesicles (EVs) derived 

from megakaryocytes (Mks), which are platelet-producing blood cells, can readily 

interact with and deliver cargo to HSPCs in vitro. In our studies, we demonstrated that 

these MkEVs also have the propensity to localize to the HSPC-rich murine bone 

marrow roughly 24-hours after administration in vivo in both wild-type (WT; Balb/c) 

and immunocompromised (NSGTM) mice. Upon delivery to the bone marrow, we 

observed robust MkEV-induced megakaryopoiesis (i.e., development of 

megakaryocytes), which subsequently promoted de novo biosynthesis of platelets. 
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Furthermore, through histology, we confirmed that these MkEVs specifically interact 

with murine HSPCs and other blood cells in the bone marrow and lungs in vivo, thus 

enabling EVs to serve as efficacious drug delivery vehicles. Thus, we hypothesized 

that CRISPR Cas9, siRNA, and other therapeutics can be delivered specifically to 

HSPCs through receptor-mediated endocytic pathways to HSPCs using both natural 

(MkEVs) and semi-synthetic membrane vesicles (MkMVs).  

Accordingly, we have successfully loaded membrane-wrapped PLGA 

nanoparticles (NPs) with siRNA for homotypic delivery to HSPCs in vitro and 

observed effective downregulation of a characteristic HSPC-specific gene following 

uptake. Next, we observed that the native HSPC tropism of Mk and CHRF-288 (a 

megakaryoblastic cell line) MV-wrapped NPs is conserved in vivo in WT mice, as the 

MV-wrapped NPs preferentially localized to HSPCs within the marrow. We extended 

this concept by loading fluorescent protein-expressing plasmid DNA into MkEVs and 

CHRF EVs, which facilitated successful targeted delivery and subsequent expression 

of the DNA in the HSPCs of treated NSG mice. 

 Likewise, CRISPR Cas9, a tunable sequence-specific endonuclease capable of 

performing precise cuts to DNA, was successfully delivered to HSPCs via another 

membrane-wrapped polymeric system in vitro which exhibited more efficient gene 

knockout and reduced cytotoxicity in comparison to traditional plasmid-based Cas9 

systems. With this system, we also disrupted a key regulatory gene (c-myc) in 

uncommitted HSPCs, which ultimately induced HSPC differentiation to 

megakaryocytes. Finally, to showcase the versatility of EVs and MVs, we explored the 
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potential for using SARS-CoV-2 spike (S) protein-expressing megakaryoblastic cells 

to produce S protein-decorated EVs and MVs, which could function as viral decoys 

that could prophylactically prime the immune system prior to a COVID-19 infection. 

As blood-derived membrane vesicles exhibit comparably less immunogenic risk than 

some other drug delivery vehicles, both unmodified and cargo-loaded megakaryocytic 

membrane vesicles could potentially serve as safe and effective methods for 

facilitating HSPC-specific gene editing and modulation in vivo.  
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BACKGROUND AND INTRODUCTION  

EXTRACELLULAR VESICLES, or EVs, have gained considerable traction as 

a potential drug delivery vehicle over the past several years. Many have begun to 

utilize their innate ability to target specific cells to deliver both endogenous and 

exogenous cargo. Initially, these vesicles were deduced to be rather insignificant 

artifacts with one of the earliest accounts of platelet microparticles being described by 

Wolf et. al. as óplatelet dustô[1]. Gradually, these vesicles were elevated from their 

status as cellular debris to integral facilitators of intercellular communication and 

cargo delivery. EVs have also been demonstrated as viable clinical diagnostic tools 

and influencers of determining cellular fate, further supplanting their importance in 

biological circuit[2, 3].  

EVs can be largely divided into either exosomes or microparticles, with each 

subclass defined by different intracellular origins and characteristic sizes (Figure 1.1). 

Microparticles are naturally produced membrane vesicles formed through blebbing 

and shedding of the cellôs outer membrane and are typically found to be 100-1000 nm 

in diameter[3, 4]. As they arise from the cellôs surface, they also contain complementary 

receptors to specific cell types and could be designated for cell-specific delivery of 

cargo through receptor-mediated endocytosis and membrane fusion [3, 4]. Jiang and 

Kao et. al., demonstrated that microparticles from megakaryocytes are not only among 
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the most abundant microparticles in circulation but can also specifically interface and 

deliver cargo to hematopoietic stem and progenitor cells (HSPCs) [3]. In addition, 

megakaryocytic microparticles (MkMPs) have been able to spur differentiation of 

immature hematopoietic stem and progenitor cells (HSPCs) into megakaryocytes in 

vitro, implying that endogenous cargo within the MkMP can play a stimulatory role 

for determining stem cell maturation[3]. 

Exosomes are generally smaller than microparticles ranging between 30 nm 

and 150 nm and arise from multivesicular bodies (MVB) from the interior of the cell 

rather than the cell surface. Analogous to microparticle formation, exosomes are 

generated through invagination of intracellular membranes (i.e. óinward buddingô) into 

the early endosome which evolves into a MVB[4]. Due this difference in intracellular 

origin, exosomes may be decorated with a different assortment of surface markers 

and/or be enriched in different proteins or nucleic acids than their microparticle 

counterparts[4, 5]. While relatively limited in volume in comparison, Ouyang et. al. 

found significant levels of miRNA in trophoblastic exosomes and even demonstrated 

significant antiviral activity against vesicular stomatitis virus (VSV)[6].  

EVs are shed from a vast majority of cell types and play a vital role in cell-to-

cell communication, which can ultimately affect the phenotype and fate of the target 

cell following uptake[5-9]. Therefore, unmodified EVs, which contain endogenously 

expressed proteins, RNA, and DNA, may be used as a therapeutic in itself. The 

biogenesis and endogenous cargo sequestered within the EVs themselves are functions 

of the extracellular environment of the parent cell, as both Belliveau et. al. and 
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Thompson et. al. have identified distinct micro RNAs (miRNA) and per cell EV yield 

from CHO (Chinese hamster ovary) and Mk cells exposed to different levels of stress, 

including shear, osmotic, and ammonia stress[7, 10-12]. As EVs can natively and 

specifically target different cell types, such as HSPCs, through receptor-mediated 

endocytic pathways, they are attractive candidates as cell-specific drug delivery 

vehicles. Thus, cargo-laden EVs can facilitate targeted cellular therapies without the 

need to engineer cell-targeting moieties on the vesicle surface. 

The following sections will explore the various methods EVs have been 

engineered and repurposed as therapeutics.  

Figure 1.1: De novo biogenesis of extracellular vesicles from the parent cell. 
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1.1 Using native EVs as therapeutics 

Unmodified EVs can be used to elicit a specific immune response and may play 

a role in cell stimulation. Specific EV presence can often be attributed to various 

illnesses, from infections to tumors [13]. ñLiquid biopsiesò sample bodily fluids and can 

be screened for the disease and the disease state of the individual [14]. As reviewed by 

Campos et. al., these illness-associated EVs also play a role in the bodyôs immune 

response, as EVs associated with various tumor models activate dendritic cells (DCs) 

in the host, providing some degree of antitumor immunity [15]. For another in vivo 

application, exosomes enriched with Rab27a, a RAS oncogene, are capable of 

sparking a cascade leading to the proliferation of CD4+ T-cells and retain tumor 

growth [15]. Coupled with the tropism of EVs towards their analogous tumors, these 

EVs can direct targeted therapies and thus permit a localized immune response [14]. 

For bacterial infections, Choi et. al. shows that Staphylococcus aureus EVs 

(SEVs) can spur antigen presentation on DCs and lead to increased production of pro-

inflammatory cytokines in vitro [16]. These results also held in vivo, as mice subjected 

to increased doses of SEVs improved their ability to fight off an induced sub-lethal S. 

aureus infection, which ultimately led to improved survivability for the mice[16]. More 

importantly, SEV vaccination yielded no increase in lethality for the mice, thus 

showing the potential to stimulate an antigen-specific immune response without 

requiring an active infection. Similarly, EVs from Mycobacterium tuberculosis, 

alternatively termed outer membrane vesicles (OMVs) for Gram-negative bacteria, 

were also shown to harbor antigens and impart protective immunity to the host.  
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On the other end, óhealthyô EVs associated with various immune and soma 

cells can also be used as a therapeutic. As reviewed by Devhare et. al., B-cell EVs 

carry MHC class-II, co-stimulatory and adhesion molecules which could possibly 

stimulate CD4 T-cells [17]. As a possible antiviral, exosomes harvested from the sera of 

viremic pigs infected with the porcine respiratory and reproductive syndrome virus 

(PRRSV) were shown to react with the exosomes in the sera of non-viremic pigs, 

spurring antigenic activity in the pigs [17]. Campos et. al. review an antitumor 

application of non-tumor derived EVs, such as dendritic cell EVs, that can be induced 

to express a variety of different surface markers (CD40, CD80, CD86 etc.) by priming 

dendritic cells with IFN-ɔ, and these EVs provide antitumor immunity through 

activation of CD8+ T-cells [15]. EVs can also be used for localized tissue regeneration, 

as EVs from mesenchymal stem and endothelial progenitor cells contain endogenous 

miRNA and growth factors affiliated with regeneration [13]. 

1.2 Existing methods for cargo delivery 

While some EVs can be used in their native state as a therapeutic, they can also 

be engineered to contain non-native cargo and facilitate targeted delivery to specific 

cells. Before exploring the role of modified EVs as drug delivery vehicles, we will 

first discuss some of the existing methods for cargo delivery. 

1.2.1 Viral Vectors 

Viruses have been able to efficiently infect cells since their genesis. Viral vectors 

employ viral capsids for cargo delivery, allowing for direct transfection into the cell[4, 
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18, 19]. However, earlier viral vectors carried immense immunological and pathological 

risk, as remnants of the virus could pose issues with insertional mutagenesis[4, 19]. 

Recently, viral vectors have had significant improvements in immunogenicity and 

pathogenicity, particularly through the application of adenovirus-associated viral 

vectors, or AAVs[18]. AAVs are only capable of integrating at the AAVS1 locus on 

chromosome 19, which prevents stochastic mutations arising from the virus itself[18].  

Despite the efficiency of viral vectors, there are a host of challenges with this 

system. More associated with AAVs, these vectors are only capable of inserting a 

small gene within the specified locus, capping the size at 4.7-kb[18, 19]. For example, 

Cas9, which is a large protein and therefore requires a large gene, thus limiting 

incorporation of both Cas9, guide RNA, and gene templates with a single AAV. 

Additionally, this system is episomal in nature as Cas9 must be transcribed and 

translated within each edited cell. These systems are highly efficient for transduction 

of smaller nucleic acid cargos, but a larger and more target-specific delivery 

mechanism is required for Cas9. This limitation is not limited to large plasmids, as the 

capsid is between 18 and 120 nm in diameter, thus preventing encapsulation of large 

proteins[18, 20, 21].  

1.2.2 Synthetic Vesicles (Liposomes) 

Liposomes are synthetic vesicles bound by a phospholipid bilayer, mimicking 

the form and function of cell membrane vesicles[4]. These vesicles have virtually no 

immunogenic risk in comparison to viral vectors, as they do not contain any 
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pathogenic artifacts[4]. However, they are characterized by poor transduction 

efficiency, with most liposomes cleared prior to delivery into diseased tissues due to a 

limited half-life in circulation[4]. Although liposomes to not exhibit native cell 

targeting moieties, liposomes can be functionalized to contain EV-like components, 

such as ligands, which can be decorated on the surface of the vesicle. Zhang et. al. 

were able to design liposomes with synthetic óprotein sensorsô on the surface, 

facilitating ligand-driven interaction with other cells[22]. Lactoferrin, a globular protein 

commonly found in milk, was also anchored to the surface of pegylated DOX-loaded 

liposomes by Wei et. al., which afforded it targeting capability of hepatocellular 

carcinoma due to specific lactoferrin-asialoglycoprotein binding[23]. However, due to 

the need to extensively engineer liposomes to impart cell targeting, such procedures 

add additional complexities to the system and are less superior than naturally produced 

membrane vesicles which endogenously contain the correct mosaic of markers and  

receptors (Table 1)[4]. 
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Table 1.1. Comparison of different drug delivery vectors. 

1.3 Using modifed EVs as Drug Delivery Vehicles 

While EVs can be collected and deployed therapeutically in their native state, 

EVs can also be manipulated to load specific cargo and/or be engineered to display 

various surface proteins and moieties [14]. Various RNA cargo, ranging from siRNA to 

mRNA, can be used to modify the gene expression within the target cell, and 

ultimately change the phenotype and fate of the cell [14]. EVs from DCs pulsed with 

tumor peptides have curbed tumor growth in melanoma and lung tumor models [14, 17]. 

Adding a PEG corona or adding a CD47 marker to the surface of EVs affects the in 

vivo circulation kinetics by avoiding clearance from macrophages; phosphatidylserine 

has the opposite effect [14]. 

Due to potential off-target effects of any in vivo administered therapeutics, 

delivering specifically to target cells is paramount to the success of any system. Cell-

 Membrane Vesicles 

(includes EVs) 
Viral Vectors Liposomes 

Receptors/ 

targeting 
Natively expressed Must be engineered 

Must be 

engineered 

Size of cargo Expandable 
Limited: 

size: 90-120-nm 
Expandable 

Immunogenicity 
Low: can be derived 

from patient®s cells 

Possible 

immunogenicity 
Low 

Endogenous 

functionality 

Yes: may natively 

contain miRNAs etc. 

None 

Possible insertional 

mutagenesis of payload 

None 
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specific delivery can also minimize the effective dose, the desired therapeutic can 

interact with the appropriate tissues without risk of premature clearance. Thus, any 

cargo-loaded vehicle must be able to discern between different tissue types, including 

but not limited to diseased vs. healthy tissues, cell variety, and physiological location. 

Additionally, the delivery vehicle itself should not pose any cytotoxic effects in the 

native system. Accordingly, EVs can serve as natural vehicles for nucleic acid or 

protein delivery without the immunogenicity and pathogenicity associated with other 

viral vectors[3]. In comparison, other vesicle and capsid-based carriers have been use 

for cellular delivery with varying degrees of success. In addition to directly loading 

EVs with the desired therapeutic, EVs and isolated cell membranes can be hybridized 

with other cargo-laden lipid vesicles (liposomes) and polymer nanocarriers for in vivo 

delivery.  

 

1.3.1 Synthetic Vesicles, Including Liposomes 

There have been several developments involving hybridizing cargo-laden 

liposomes with EVs to produce hybrid vesicles containing the proper cell markers and 

receptors. For example, Lin et. al. preloaded CRISPR-Cas9-expressing plasmids into 

liposomes, which were subsequently hybridized with exosomes generated from 

HEK293FT cells[24]. Following hybridization, the plasmids were effectively taken up 

by mesenchymal stem cells (MSCs) due to the presence of critical receptors, such as 

CD63, CD81, and CD9, on the exterior of the hybrid vesicles; both liposome-only and 
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proteinase-treated hybrid vesicles were significantly less effective at delivering the 

plasmid to MSCs[24]. This concept was further extended by Lin et. al. to exosomes 

from CD47-expressing SKOV3-CDDP cells and triptolide (TP) and microRNA-497 

(miR497)-loaded liposomes, which effectively induced apoptosis of ovarian cancer 

cells upon delivery to the cell[25].  

1.4 Semisynthetic membrane vesicles 

The endogenous targeting ability of EVs and their ability to contain a broad 

range of therapeutics (small RNAs and large proteins) has stimulated significant 

research of EV-delivered cell therapies. However, harvesting EVs from cell culture is 

both time and resource intensive, and typical yields of EVs amount to only a few 

nanograms per million cells[26]. Thus, scalability remains a substantial challenge for 

clinical applications of EVs. Recently, processes have emerged to produce synthetic, 

EV-like membrane vesicles directly from the cells themselves[26, 27]. With this 

approach, the number of membrane vesicles generated per cell is potentially far 

greater than those produced endogenously.  

Extracting membranes from the same or physiologically similar cell lines 

preserves the endogenous outer membrane receptors and ligands, thus mimicking the 

function of microparticles.[28-32] These extracted membranes can be wrapped around a 

variety of different drugs within nanocarriers, which ultimately expands the arsenal of 

available therapeutics that can be delivered by a membrane vesicle system. These cell 

membrane vesicles can be mechanically isolated from the cells. Membranes can be 
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isolated from the parent cell through a variety of methods, including cell lysis and 

through mechanical shear, sonication, or nitrogen cavitation, and the different 

organelles can be removed via differential centrifugation[30, 33]. 

Natural EVs from healthy tissues deliver tremendous promise in in vivo 

targeting, but EVs associated with cancerous tissue is known to endogenously contain 

cargo pertaining to metastasis.[34, 35] Thus, bypassing the cancer cellôs mechanism of 

producing EVs by mechanically separating and forming membrane vesicles adds 

additional control over the intravesicular contents. Additionally, immortalized cell 

lines, which often contain the same membrane proteins as their healthy parent cell, can 

be produced at greater ease than primary cells, which may permit a more scalable 

method of producing membrane-coated therapeutics than primary cell EVs alone[36, 37]. 

Coupled with their ability for membranes to wrap a variety of different cargo, 

membrane vesicles provide an exciting opportunity to provide a scalable, 

semisynthetic carrier for a variety of therapeutics. 

1.4.1 Diversity of Cargo within Polymer Nanoparticles 

Prior to wrapping different therapeutics with cellular membranes, the desired 

cargo must be encapsulated within a nanocarrier, such as polymeric solutions or small 

polymeric nanoparticles. Most polymeric nanoparticles have been designed to 

disintegrate into harmless components after endocytosis, thereby releasing the desired 

cargo directly within the cell[38]. Nanoparticles not only provide a defined structure for 

loading cargo but also can facilitate more defined wrapping by the cell membrane[39]. 



 

 12 

A commonly used material for using drug-laden nanoparticles is poly(lactic/glycolic) 

acid, or PLGA. PLGA readily disintegrates into lactic and glycolic acid, both of which 

are biocompatible[40]. When formed as ómicrospheresô or nanoparticles, PLGA NPs 

can stably deliver proteins, nucleic acids, or other small molecules into the cell[40-43].  

A promising application for PLGA nanoparticles is their ability to protect and 

deliver small RNAs to cells. RNA interference (RNAi) has emerged as an effective 

tool for gene silencing, but the effectiveness of RNAi is often derailed through 

degradation of siRNA (small interfering RNA) through RNases and macrophages[44]. 

PLGA nanoparticles are also effective carriers for DNA, proteins, and small molecule 

drugs. 

Using a polymer nanocarrier not only protects the encapsulated therapeutic 

from exposure to the RNases, DNases, and macrophages, but also provides a method 

of controlling the release of the therapeutic for more modulation in gene control and 

drug release kinetics[44]. Controlled release can be facilitated through two different 

methods: 1) passive diffusion of the therapeutic cargo through smalls pores on the 

surface of the NP or 2) release of the therapeutic due to degradation of the nanocarrier 

itself[45].  For example, Cun et. al. were able to adjust the release of siRNA through 

careful design of a PLGA-based nanoparticle[45].  

The following table summarizes the range of therapeutics that have been 

successfully loaded into a membrane-wrapped nanoparticle system (Table 2): 

 

Table on next page. 
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Table 1.2: Using cell membrane wrapping for in vivo cell-specific targeting 

 

Cargo Carrier 
Membrane 

vesicle source 
Target cell Reference 

MPLA PLGA NPs B16-F10 B16-F10 Fang et. al. [29] 

CpG PLGA NPs B16-F10 BMDCs Kroll et. al. [46] 

ICG PLGA NPs MCF-7 MCF-7 Chen et. al. [47] 

Doxorubicin Gelatin nanogel Mesenchymal HeLa Gao et. al. [48] 

Paclitaxel PGSC Erythrocyte NCI-H460 Gao et. al. [49] 

R837 PLGA NPs B16-OVA B16-OVA Yang et. al. [50] 

Doxorubicin Au nanocages 4T1 4T1 Sun et. al. [36] 

siKSP OMVs E. coli HCC-1954 Gujrati et. al.[51] 

HSV pDNA 
PEI25k 

complex 

Rat C6 

Glioblastoma 
Glioblastoma Han et. al.[52] 

AML Antigen PLGA NPs 
Acute myeloid 

leukemia 
Dendritic 

Johnson et. 

al.[53] 

MHC | CD80 PLGA NPs B16-F10 T-cell Jiang et. al.[54] 

pZNF580 

pDNA 
PLGA-PEI NPs Erythrocyte Endothelial Hao et. al.[55] 

TLR4 Antigen PLGA Macrophage Hepatic Ou et. al.[56] 
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1.4.2 Using Cancer Membrane Wrapped Nanoparticles 

Using cell membrane vesicles derived from specific cancer cells may provide 

receptor-mediated cancer cell targeting for designed therapeutic. This has a variety of 

applications, ranging from targeting specific, diseased tissues to training the immune 

system to mobilize against a specific antigen. 

An ever-expanding application of using membrane vesicles and other targeted 

drug delivery vehicles is delivering vital chemotherapies directly to the tumor in 

vivo.[29, 31, 32, 47, 48, 50, 57-62] Many chemotherapies bring unpleasant side effects as a 

byproduct of nonspecific delivery of the chemotherapy to healthy tissues. source Thus, 

providing cell-specific delivery of any key therapeutics can provide immense benefit 

in both the potency of the drug and overall wellbeing of the patient. Adjuvants (3M-

052, piperine, MPLA, nucleic acid-based CpG etc.) can be successfully loaded into a 

PLGA nanoparticles via a double emulsion process and can elicit a strong anti-tumor 

response when administered to cancer cells both in vitro and in vivo.[29, 46, 50, 63-66] Both 

Fang et. al. and Kroll et. al. were able to successfully coat the adjuvant-laden 

nanoparticles with excised tumor (mouse melanoma) membranes[29, 46]. Both of these 

membrane-wrapped systems were successful in inducing anti-tumor antigen 

presentation of dendritic cells, and subsequently facilitated dendritic cell maturation 

via the delivered adjuvant.  

Allowing the cancer membrane-coated NPs to hone and localize within the 

targeted tumors prior to activating the loaded chemotherapy can also provide an 

efficient method for tumor ablation[29, 36, 37, 46, 47, 50, 60-62, 67, 68]. This adds an additional 
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layer of control and precision when delivering adjuvants to specific tissues, as many of 

these adjuvants can only be activated within the tumor microenvironment and/or 

external stimulation. For example, Chen et. al. used MCF-7 (breast cancer) cells to 

coat indocyanine green-loaded (ICG) PLGA nanoparticles (ICNPs) to hone and 

interact with MCF-7 xenografts in mice[47]. The ICNPs, which contained the 

photothermally responsive ICG dye, could destroy tumor tissues under near-infrared 

irradiation (NIR)[69]. After a period of recirculation within the mouse, the ICNPs were 

able to target and localize within the MCF-7 xenografts, and the tumors were largely 

reduced after the mice were irradiated under NIR[69].  

Another application for using engineered membrane vesicles is tumor-specific 

delivery of cargo in vivo. Several cancers produce vast levels of EVs during 

metastasis, and endogenous cargo within many types of cancer EVs are aimed at 

aiding cancer proliferation and metastasis[34]. Thus, using unmodified cancer EVs to 

target tumor in vivo may instead lead to adverse effects. However, using engineered 

membrane vesicles preserves the endogenous targeting capability of membrane 

vesicles while limiting many of the biomolecules associated with cancer proliferation. 

Kim et. al. used this approach to target HeLa cells with engineered HeLa membrane 

vesicles[60]. In their study, HeLa exosomes were transfected with anti-tumoral siRNA 

and further hybridized with liposomes which ultimately limited the native EVôs 

potential for facilitating tumor propagation.  
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1.4.3 Using Healthy Cell Membranes 

Stem cells can also be used to extract membranes for tumor-specific drug 

delivery[48]. These cells, commonly mesenchymal stem cells, are chosen due to their 

assortment of multiple recognition sites on its surface, which facilitates high tumor 

affinity [48, 70, 71]. Similar to the cancer cell-derived membranes, the stem cell-derived 

membranes can encapsulate gelatin nanogels and PLGA nanoparticles loaded 

doxorubicin (DOX), a common chemotherapeutic agent, growth factors (e. g. VEGF), 

or proinflammatory agents for tumor eradication (TNF-Ŭ, IL-1ɓ).[48, 70, 71] These loaded 

SCMG-DOX vesicles efficiently targeted HeLa cells in vitro and were highly 

efficacious in vivo against HeLa-engrafted mice, yielding the greatest reduction in 

tumor weight when compared to the control, freely-administered DOX, and the 

unwrapped DOX nanogels[48]. This leads to a suggestion that using a tissue-specific 

chemotherapy provides greater viability and potency of the drug. 

Using a similar approach, Gao et. al. (in a separate application) also used 

erythrocyte membranes to effectively wrap pH sensitive poly(L-

ɔglutamylcarbocistein) (PGSC) for subsequent delivery to tumors[49]. The PGSC 

nanoparticles were loaded with paclitaxel (PTX), a powerful chemotherapeutic agent, 

which was subsequently released as the PGSC-PTX nanoparticles disintegrated in the 

acidic environment within tumor cells[49]. Both the bare and membrane-wrapped 

PGSC-PTX NPs inflicted less cytotoxicity on healthy cells than equivalent doses of 

PTX alone, affirming the improvement driven by the pH-sensitive nanoparticles[49]. 

However, the membrane-wrapped PGSC-PTX NPs demonstrated the greatest anti-
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tumor capability when tested in vivo in NCI-H460 tumor-bearing mice, with the 

greatest reduction in tumor mass than saline, PTX-only, and bare PGSC-PTX 

treatments[49]. This supports the claim of greater bioavailability of the chemotherapy 

due to extended circulation of the membrane-wrapped and drug-laden NPs[29, 49].  

1.4.4 Unconventional membrane sources 

Mammalian cells are not the only source of membrane vesicles that can be 

repurposed for drug delivery. Gram-negative bacteria also possess the capability of 

forming extracellular vesicles, which can be repurposed for targeted drug delivery.[51, 

72-74] Multiple groups have extracted the outer membrane from bacterial strains with 

low immunogenicity to interface and deliver specific cargo to cancer and immune 

cells.[51, 72-74] As the phenotype of E. coli is relatively easy to modify, Gujrati et. al. 

created a mutant strain expressing an anti-HER2 affibody (a monoclonal antibody 

mimic) on its surface, which can interact with the HER2 receptor commonly 

overexpressed in many tumors[51]. Outer membrane vesicles (OMVs) from E. coli 

interacted readily in vitro with cancerous HCC-1954 cells and HCC-1954 xenografts 

in mice, showing their tumor targeting potential[51]. siRNA against expression of KSP, 

an oncogene, was loaded into the E. coli OMVs. The siRNA HER2-OMVs lead to a 

three-fold reduction in tumor weight in mice. Similarly, Chen et. al. directly fused 

function IgG to E. coli OMVs using an INP-Scaf3-Z scaffold, further approximating 

the tropism of  mammalian EVs[73]. Other groups have taken advantage of bacteria-

induced activation of dendritic cells to further increase the immune response to 
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tumors, further expanding the arsenal of EVs to include those produced by bacteria.[72, 

74]  

1.4.5 Using membrane-wrapped nanoparticles for extending in vivo circulation 

As reviewed by Allen et. al., ófree drugsô or drugs without a delivery system, 

are not as effective in vivo for reasons that include but are not limited to: poor 

biodistribution and tissue targeting, rapid breakdown and/or clearance from the 

system, and poor solubility[75]. Membrane-wrapped nanoparticles may provide greater 

bioavailability due to their ability to evade phagocytosis by macrophages[76]. Several 

investigators have tested this concept by wrapping labeled PLGA NPs with 

membranes isolated from red blood cells (erythrocytes) and platelets and 

administering the particles into mice to gauge their in vivo half-life.[49, 77-80] The results 

were compared against NPs decorated with PEG functional groups, which were 

previously determined to increase NP circulation time. Hu et. al. not only found that 

the erythrocyte membrane-wrapped NPs increased the particle half-life from 6.5 hours 

(PEG NPs) to 9.6 hours but also the fluorescent signature of the membrane-wrapped 

NPs within the blood 72 hours after administration. More specifically, Wan et. al. 

found that the presence of CD47 on the surface of the erythrocyte-wrapped NPs was 

critical for macrophage evasion.[80] This further proves that the membrane-wrapped 

NPs can effectively camouflage the NP to protect them from being cleared by 

macrophages thus  improving their bioavailability by extending the particle residence 

time in circulation. 
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Li et. al. used red blood cell (RBC) membranes to better understand the effects 

of the size of the NP and membrane wrapping on in vivo circulation times and the 

resulting biodistribution[79]. Confirming the results from Hu et. al., using the RBC-

coated PLGA NPs were still present in circulation 48 hours after administration.[79] 

However, they determined that the size of the wrapped nanoparticle not only affects its 

pharmacokinetics in vivo but also its localization within specific tissues. Larger NPs 

(200 nm) effectively localized to the liver in mice, with nearly a two-fold increase in 

liver localization than their smaller NP (80 nm) counterparts[79]. However, the smaller 

NPs were better at remaining in circulation, with several fold improvements in 

retention as the time increased following administration.[79] This demonstrates the 

tunability of membrane-wrapped NPs, as both circulation time and biodistribution can 

be tailored based on the size of the particle. 

Platelet membranes can also be used in conjunction with RBC membranes to 

effectively camouflage intravenously administered nanoparticles to increase in vivo 

circulation times. Continuing with blood cells, Li et. al. used platelet membranes to 

coat Si NPs functionalized with the tumor-specific apoptosis-inducing ligand cytokine, 

or TRAIL, to induce apoptosis in circulating tumor cells (CTCs)[31]. TRAIL was 

conjugated onto the Si NP using a biotin-streptavidin linkage. As it was shown that the 

platelet membrane-coated Si NPs (PMDV-Si) can target fibrin, combining TRAIL 

with the PMDV-Si allowed the PMDV-Si-TRAIL to affix to fibrin-clustered tumor 

cells and induce apoptosis.[31] This system not only allowed for the functionalized NPs 

to invade but also adhere to fibrinogen and integrins associated with the CTCs, thus 
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curbing the metastatic ability of the CTCs[31].  Taken together, these findings suggest 

that using cell membranes from cells typically associated with the circulation system 

stops CTCs from spreading and anchoring, ultimately reducing the metastatic burden 

for the patient.  

1.4.6 Modifying extracted membrane vesicle surface for improved functionality 

Using blood cell membranes has numerous benefits, ranging from extended 

circulation to macrophage evasion. However, some of these membranes lack the 

endogenous ligands specific for targeting tumors. To make modifications to the 

surfaces of the naturally-derived cell membrane vesicles, the desired ligands can either 

be directly fused to the surface or overexpressed in the parent cell.[31, 57, 81, 82] For the 

first approach, Chai et. al. fused targeting ligands specific to orthotropic glioma to 

erythrocyte membrane vesicles (RBC MVs), which allowed the RBC MVs to 

accumulate within the tumor in vivo[57]. Target specificity was provided by the tumor-

targeting ligand RGDyK, which was fused to the membrane vesicle by inserting 

streptavidin into the membrane followed by conjugation with biotinylated 

c(RGDyK)[57]. Docetaxel (DTX), a chemotherapy, was loaded into a nanocrystal and 

wrapped by the modified membrane vesicles through sonication to form the RGD-

RBC-NC(DTX)[57]. Although DTX is acutely toxic, the intravenously administered 

RGD-RBC-NC(DTX) NPs had the propensity to localize to engrafted glioma tumors, 

which resulted in reduced tumor size and prolonged mice survival by 30 days[57]. 
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To endogenously produce functionalized stem cell EVs, Krishnamurthy et. al. 

overexpressed proline-alanine-serine (PAS) sequences on the surface of extracted 

mesenchymal stem cell membrane vesicles[82]. Expression of PAS on MSC membrane 

vesicles provided a 90% reduction in macrophage uptake in comparison to unmodified 

MSC vesicles, and this resulted in a greater than 7-fold increase in the level of 

circulating vesicles 48-hours after administration to mice[82]. 

While not EV-based, OôLeary et. al. demonstrates the use of decoy death 

receptors to modulate binding to TRAIL (tumor necrosis factor-related apoptosis-

inducing ligand), a ligand which triggers apoptosis in malignantly formed cells [83]. By 

using the decoy death receptors, the sensitivity of stromal cells to TRAIL can be 

modified, as binding to the decoy receptors does not elicit the same cytotoxic response 

[83]. This has strong implications in the current SARS-CoV-2 (COVID-19) pandemic, 

where the ACE2 receptor on respiratory cells plays a critical role in the infectability of 

the virus [84]. The use of EVs or ligands compatible with the ACE2 receptor could 

competitively inhibit infection from SARS-CoV-2, as the engineered EVs would 

prevent the virus from binding and entering the cell. Thus, engineered EVs could 

possibly ameliorate conditions of COVID-19 not only with their ability to ótrainô the 

immune system to find against the viral infection, but can also reduce the viral load by 

crowding out the receptors used as a point of entry for the virus. 
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1.4.7 Biophysics of Nanoparticle Membrane Wrapping 

Rather than relying on the natural shedding of EVs to produce membrane-

encased therapeutics, membrane vesicles can also be mechanically isolated from cells. 

To start the process, cell óghostsô are formed after the harvested cells are lysed and 

emptied of their intracellular contents.[85-89] Organelles and other intracellular contents 

are carefully removed after treating the cells with a mix of different lysis buffers, and 

the cellular ghosts consisting of the hollowed-out cell membranes are finally collected 

after successive stages of differential ultracentrifugation[70, 85-90]. Commonly used 

sources for óghostô cell membranes have traditionally been from red blood cells, 

primarily due to their ease in harvesting and lysing and ability to extend circulation in 

vivo.[85-87, 89] As reviewed earlier, RBCs contain specific surface markers which help 

the wrapped cargo from being taken up by macrophages in vivo.[80, 91]  

Before understanding the parameters that impact the efficiency of wrapping 

nanoparticles and other cargo, the mechanics of forming cell membrane vesicles must 

be understood. Yoon et. al. fabricated a microfluidic device aimed at shearing and 

slicing cell membranes as the cell suspension flows across a multitude of small, sharp 

grooves.[27] If the membrane fragments are greater than 50 nm in size, the fragments 

reassemble into spherical membrane vesicles.[27] This is a result of the minimization of 

Gibbs free energy of the membrane fragment, as >50 nm vesicles are affected less by 

the edge tension experienced by large, planar membrane sheets.  

Membrane vesicles form naturally from isolated membranes due to 

minimization of free surface energy of the planar membrane bilayer[39]. Once the 
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membranes are sheared, these vesicles will reform into a spherical arrangement, 

provided the membrane fragments are large enough to contort without strain. Once 

isolated, membranes can be wrapped around a variety of different cargo, ranging from 

solubilized proteins to small polymer nanoparticles. As reviewed by Nel et. al., this is 

facilitated by a combination of interactions at the interface between the cargo and 

membrane bilayer[39]. As a result, factors including the suspending media, presence of 

surfactants, protein functional groups etc play a critical role in both the feasibility of 

nanoparticle or nanocarrier wrapping and the final particle size. 

Approaches for producing cargo-loaded cell membrane micro- and 

nanovesicles are less standardized, but the underlying biophysics of membrane 

wrapping is largely the same. A significant driver of the efficiency of membrane 

wrapping and subsequent endocytosis by this cell is the compatibility between the 

nanoparticle and the cell membrane. Using leukocyte membranes and nanoporous 

silicon nanoparticles, Parodi et. al. determined that the electrostatic attraction between 

the positively charged silicon and negatively charged proteo-lipid surface of the 

leukocyte membranes led to self-assembly of the leukocyte-wrapped NPs.[92] This was 

confirmed through measuring the zeta potential, or the surface charge, as the wrapped 

nanoparticles approximated the same zeta potential of the leukocyte membranes 

themselves[92]. Thus, the compatibility between the nanocarrier and the membrane can 

be tailored to improve wrapping efficiency, further expanding the range of cargo that 

can be ultimately encapsulated with a MV-based system.   
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1.4.8 Endocytosis of Membrane-Wrapped Nanoparticles 

As explained earlier, using membranes derived from the target or associated 

cells can stimulate receptor-mediated endocytosis and/or membrane fusion. However, 

the physical parameters of the vesicle or particle is just as crucial for determining the 

exact method of endocytosis and subsequent uptake into the cell. To determine the 

relationship between nanoparticle size and uptake efficiency, Win et. al. fabricated 

coumarin-6-stained PLGA nanoparticles with diameters ranging from 50-1000nm[93]. 

In this study, Win et. al. found that a nanoparticle diameter of 100-nm led to the 

highest levels of uptake, with either an increase or decrease in diameter yielding to a 

reduction in uptake[93]. Using Caco-2 (epithelial) cells, Zhang et. al. further examined 

the ñsize vs. endocytosisò relationship using nanoparticles of different morphologies 

and elasticity[94]. In their study, they found that NP uptake efficiency was also 

depended on the surface concentration of NPs per cell, with a relative surface ratio of 

0.0012 NPs to cell providing the highest levels of uptake. Increasing the concentration 

past this critical value leads to a steady decrease in endocytosis, as a greater area of the 

cellular membrane must contort to encapsulate the particles[94]. Additionally, the lipid 

and protein coronas that form on the nanoparticle affect the particleôs biological fate, 

as Ritz et. al. discovered that enriching lipid and polystyrene nanoparticles with 

human serum apolipoproteins improved uptake into MSCs[95]. 

Expanding past PLGA and other polymeric NPs, Jiang et. al. explored the role 

of different sizes with antibody-conjugated gold (GNP) and silver nanoparticles on 

their interaction with ErbB2, a receptor commonly overexpressed in ovarian and 
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breast cancers. They found that using a specific range, namely 40-50 nm, provided the 

greatest interaction with ErbB2. Using this range of GNP sizes moderates the effects 

of the membraneôs conformational rigidity elicited by smaller nanoparticles while 

providing improved endocytosis over larger particles[96]. 

The specific geometry of the nanoparticle not only dictates the method of 

endocytosis but could also induce different cellular responses[96]. While the robust 

uptake of bare (unwrapped) nanoparticles is ideal, the lack of cell-specific selectivity 

curbs any benefits in vivo. Additionally, bare nanoparticles also bring the potential of 

unintended cellular membrane disruption. Silver nanoparticles (AgNPs), commonly 

recruited for their antimicrobial effects, can impart significant membrane damage 

upon exposure to the outer cell membrane resulting in possible cell death[97]. 

Additionally, AgNPs can induce apoptosis via a caspase-dependent pathway, resulting 

in an uptick in cytotoxicity[97]. Endocytosed AgNPs reduce the expression of Bcl-2, an 

apoptosis suppressor, and increase the expression of Bax, a known apoptosis 

stimulator[97]. In turn, the relative increase in expression of Bax/Bcl-2 results in 

cytosolic cytochrome c release, ultimately activating caspase-dependent apoptosis[97]. 

Thus, tunable parameters such the dimensions and interaction with prior to serum 

proteins prior to endocytosis play a role in ensuring successful delivery of the 

encapsulated cargo to the target cell. 
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1.4.9 Applying EV - and MV-based Systems for Treating Hematological 

Diseases 

As discussed above, both natural EVs and isolated cellular MVs can be 

engineered to encapsulate and deliver cargo molecules to specific cells. One potential 

target for EV- and MV-based cell-specific therapies would be hematopoietic stem and 

progenitor cells, or HSPCs, as these cells are notoriously hard to transfect[19, 98]. For 

example, CRISPR Cas9 has immense potential for targeted gene therapy primarily due 

to the simplicity and tunability of the system. There are several challenges arising 

from the nature of HSPCs and the Cas9 nuclease itself, but successful application of 

Cas9-associated and other genetic therapies partially hinges on the effectiveness of the 

selected delivery platform. HSPC-specific delivery of Cas9 and other therapeutics can 

effectively treat various hematological disorders, as the HSPCs can differentiate and 

repopulate as healthy blood cells (Figure 1.2). The next section explores various 

applications for hematological gene therapy.  

Figure caption on next page. 
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Figure 1.2: Mk membrane-wrapped therapeutics can target HSPCs in vivo. 

Wrapping  Cas9 and/or other cargo in Mk membranes will facilitate 

localization of the cargo-loaded MkMVs to the bone marrow and other 

tissues where HSPCs reside. This allows for tissue-specific gene therapy 

without the need for ex vivo treatment and infusion. 

1.5 Gene Therapy Applications for Hematological Diseases 

Hematological diseases, or diseases of the blood, are highly pervasive and 

negatively affect a large component of the worldôs population. Many of these diseases, 

such as beta thalassemia and granulomatous disease, are of genetic origin, and prior 

attempts to ameliorate symptoms of these conditions have been largely temporal in 

nature[19, 99, 100]. HSPCs can be differentiate into a variety of different blood cell types 

through maturation and differentiation pathways, and any genetic repairs to HSPCs 

have the potential to repopulate diseased tissues with healthy blood cells[19]. 

Historically, HSPCs are difficult to target and transfect. 

A significant portion of hereditary hematological diseases comprise of small 

mutations within a critical gene, leading to production of faulty proteins. A common 

example involves sickle cell anemia, where a single nucleotide polymorphism (SNP) 

yields defective hemoglobin and ultimately a dysfunctional morphology for the 

afflicted red blood cells (erythrocytes)[101]. Within oncology, problems arise from 

overproduction of cells and/or overexpression of tumor-associated biomarkers, thus 

requiring downregulation of these factors[100, 102]. In both examples, there can be 

immense clinical benefit with making precise edits to these mutated genes.  
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In the last few decades, several gene therapy techniques have been deployed to 

provide precise edits to a variety of different cell types, including HSPCs and other 

stem cells[99, 100]. One of the major benefits of conducting edits to stem cells is the 

ability for the corrected/inserted genes to be passed onto subsequent generations of 

cells which can be designated for a variety of different lineages. These corrections to 

the stem or progenitor cells may also affect a far greater population of diseased tissues, 

as the corrections are made before any of the diseased tissues form. Conversely, a far 

greater number of cells must be corrected if the diseased tissues can proliferate to their 

terminal states. Thus, making the necessary edits higher in the cellular hierarchy can 

provide maximal benefit. 

1.5.1  History of Gene Therapy for Hematological Diseases 

As gene therapy has only been applied to the mammalian system within the 

last several years, there is still a substantial amount of ongoing research for possible 

applications for hematological diseases. However, there have still been several 

promising trials for gene editing of HSPCs and other blood cells alike. The first trials 

were conducted by Lombardo et. al. with zinc finger nucleases, or ZFNs, where gene 

specificity is designed through dimeric zing ófingersô followed by precise cleavage by 

a FokI domain[103]. In their trials, they were able to correct a frame shift mutation 

within the IL2RG gene, which is responsible for SCID-X1-attributed X-linked 

immunodeficiency. While the overall yield of corrected cells in vitro was marginal 
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(<1% of cells displayed the corrected gene), it was the first demonstration of direct 

gene therapy with HSPCs[103]. 

While using ZFNs was a breakthrough in gene therapy due to its ability to 

conduct prespecified edits to the genome, it required extensive protein engineering and 

amalgamation of chimeric zinc finger proteins thus adding significant cost. 

Transcription -activator like effector nucleases (TALENs) improved upon the early 

success of ZFNs, and like ZFNs, sequence complementarity is facilitated by 

assembling different TALE proteins for each specific gene target[19]. Even with the 

relative improvements in efficiency with the TALEN system, the requirement of 

protein engineering for each unique gene target costs nearly $5000 per application, 

thus curbing its viability as broad impact gene therapeutic[19].  

In 2007, CRISPR Cas9 emerged as another genome-editing tool for 

introducing point DNA mutations and modifications. Cas9 (óCRISPRô associated 

protein 9), an endonuclease originally identified in the bacterial defense mechanism 

for Streptococcus pyogenes, can be used for precise double-stranded cuts within a 

genome, and dCas9 (ódeadô Cas9 with no nuclease activity) can be used for up and 

down-regulation of different genes[104, 105]. Cas9 is simpler and quicker to use than 

other methods, including ZFNs and TALENS, which required protein engineering for 

each unique editing application[100, 104]. Cas9 drastically simplified the process of 

providing site specificity for the nuclease, as modifications to the associated single 

guide RNA (sgRNA) permitted gene targeting in lieu of protein engineering. Other 

CRISPR nucleases, such as Cpf1, have been applied for genome editing (especially for 
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T-rich genomes), but its lower rates of cleavage have made Cas9 the preferred 

choice[106]. Cas9 genome-editing has already been demonstrated in human cells 

through the deletion of genes required for surface expression in HSPCs in vitro and in 

vivo[105, 107].  

1.5.2 CRISPR Cas9 Mechanism 

The Cas9 nuclease first locates a 3-base pair (bp) PAM (protospacer adjacent 

motif) sequence (óNGGô for S. pyogenes) immediately downstream from the edit 

region. This serves as a binding signal for Cas9, which is required to initiate the gene 

editing process (Figure 1.3)[104]. In engineering applications, site-specificity is 

provided by a single guide RNA (sgRNA), which consists of 20 nucleotide (nt) RNA 

strand, which is complementary to the DNA sequence of the gene of interest 

immediately upstream of the PAM sequence[104]. Once these components are present, 

the nuclease cleaves the DNA sequence 3-4 nt upstream of the PAM sequence, thus 

causing a double stranded break in the DNA.  

The DNA is subsequently mended through: 1) non-homologous end joining 

(NHEJ), which is prone to indel formation, or 2) homology directed repair (HDR), 

which requires a donor template and is less efficient but higher fidelity than the NHEJ 

pathway[104]. Using the Cas9 nuclease permits excision of unwanted genes from within 

the genome and can be used to facilitate the insertion of sequences for the expression 

of a non-native gene through the HDR pathway.  
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Figure 1.3: CRISPR-Cas9 mechanism and DNA repair following Cas9-facilitated 

DNA double-stranded break (DSB) 

1.5.3 Prior Gene Therapy Trials for HSPCs 

CRISPR Cas9 has been demonstrated in vitro, in vivo, and ex vivo for 

hematopoietic tissues in recent years, and multiple trials using other gene therapies 

have laid the groundwork for recent successes. Mandal et. al. were some of the first 

scientists to successfully trial Cas9-based gene therapies for CD34+ cells[19, 102]. For 

their trial, they successfully ablated the CCR5 gene in cord blood-derived CD34+ cells, 

which has implications in protecting blood cells against HIV infection. Overall 

efficiencies were significant, with nearly 27% editing efficiency in vitro and 46% 
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efficiency in vivo (following BM transplantation)[19, 102]. The number of in vitro, ex 

vivo, and in vivo trials has ballooned in the last several years and has been applied to a 

host of hematological diseases as demonstrated for both gene ablation and addition. As 

of Q1 2019, several CRISPR-based gene therapies have been approved for clinical 

trials and have included applications ranging from ɓ-thalassemia to myelomas and 

lymphomas[99].  

1.5.4 Clinical Applications of CRISPR for Hematological Diseases 

Multiple potential gene targets for possible correction have been identified and 

successfully addressed in lab-scale in vitro and in vitro applications. There is a 

significantly higher bar to reach to attain success in a clinical sense, as numerous other 

factors must be addressed for each application. Nonetheless, several CRISPR-based 

gene therapies are nearing the clinical stage, which can ultimately lay the groundwork 

for other applications. These CRISPR-based therapies encompass both knockdown of 

faulty or oncogenic genes via NHEJ-mediated gene disruption or a complete HDR-

facilitated replacement of the gene via co-delivery of the corrected gene template. 

Successful applications for HSPCs include various cancers of the blood and genetic 

disorders and are summarized below (Table 1.2): 

 

Table on next page. 
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Table 1.3: CRISPR-based gene therapy advances for HSPCs (2019).  

1.5.5 Using CRISPR for Gene Disruption 

Using CRISPR to disrupt genes has roots from its original purpose within the 

bacterial immune system. In the bacterial system, the CRISPR Cas9 nuclease would 

identify sequences pertaining to invading viruses and subsequently conduct a double-

stranded break within the virusôs DNA, thus disrupting translation of viral proteins[104]. 

This exact same mechanism can be repurposed within the hematopoietic system (and 

other cells) to produce the same double-stranded breaks, which ultimately perturbs 

translation of the gene into a functional protein. There are several hematological 

diseases and disorders that could benefit from downregulation or disruption of faulty 

genes, ranging from anti-tumor therapies to improved defense against pathogenic 

viruses: 

Disease Gene Repair Method Clinical Stage 

Acute Myeloid Lymphoma IDH2, RUNXI etc. HDR, NHEJ Preclinical 

Ɗ-thalassemia HBB HDR Enrolling 

CD19+ Leukemia and 

Lymphoma 

CAR-T based HDR Phase I/II 

HIV (protection) CCR5 NHEJ Enrolling 

CHIP (Clonal 

hematopoiesis disruptions) 

DNMT3A, TET2 NHEJ Unknown 

Sickle Cell Disease CTX001 HDR Approved 
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1.5.5.1 Treating Blood Cancers with CRISPR Through Disruption  

Many applications of CRISPR Cas9 have involved either the upregulation or 

downregulation of different secreted factors and other proteins. Cas9 can also be 

repurposed to disrupt surface markers on the surface of the cell, thus allowing certain 

cells to evade detection from the immune system[107]. This is particularly useful for 

aggressive chemotherapies, where the administered drugs often cannot discern 

between diseased (tumor) and healthy tissues. CAR-T (chimeric antigen receptor) 

based therapies have provided more specificity by targeting cells which contain a 

specific surface antigen, thus limiting treatment to only specific tissues containing a 

prespecified marker[107, 108]. By either ótrainingô or modifying T-cells to express a 

specific CAR, blood cancer cells can be discriminated against and targeted for T-cell 

mediated tumor rejection. 

However, there may be still significant overlap in the surface markers between 

diseased and healthy tissue. To further increase selectivity towards diseased/tumoral 

tissues, Kim et. al. utilized Cas9 to remove a tissue-specific marker from healthy 

HSPCs, further improving the anti-cancer efficacy of T-cells[107]. Using Cas9, CD33 

was effectively ablated from HSPCs through NHEJ, yielding healthy, CD33-free 

differentiated blood cells[107]. As tumors are not derived from healthy HSPCs, an anti-

CD33-based CAR-T treatment can occur. 

Continuing with the theme of disrupting expression of specific surface 

markers, immunity to HIV can be achieved by eliminating the CCR5 gene from 

HSPCs[102]. CCR5 is the main coreceptor associated with HIV infection of T cells and 
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other immune-associated blood cells. Natural mutations leading to lower CCR5 

expression has provided immunity to HIV for certain populations, thus making it an 

effective target for ablation[102]. As mutation at the CCR5 gene was the main objective, 

Pankaj et. al. used a dual guide RNA approach and endogenous NHEJ pathways to 

impart CCR5 gene disruption within HSPCs[102]. Multiple combinations of gRNAs 

were selected at varying positions within CCR5, with combinations of gRNA targets 

with the greatest offset providing the greatest disruption[102]. With this approach, 

Pankaj et. al. disrupted CCR5 expression for nearly 27% of HSPC clones. The greater 

offset permits deletion of a significant portion of the gene along with the indels 

associated with NHEJ; shorter offset gRNA disruption was predictably more affected 

through indels rather than deletion of portions of the gene[102]. The CCR5 KO HSPCs 

retained multilineage potential and can produce CCR5 KO CD4+ T cells etc., 

ultimately producing different blood cell lineages immune to HIV infection[102]. 

CRISPR Cas9-induced gene disruption can also be used to increase protein 

expression by affecting regulatory elements in the genome. One such element is the ɔ-

ŭ intergenic fetal hemoglobin (HbF) silencer, which can stem expression of ɔ-globin 

and ɓ-globin[109]. Patients suffering from low levels of ɔ-globin stemming from certain 

ɓ-thalassemias, sickle cell, and other anemias, however, can be remedied through 

disruption of the HbF silencer, which will correspondingly stimulate production of ɔ-

globin and improve the function of erythroid cells[109]. The increase in ɔ-globin 

expression improves the chain imbalance in erythroid cells which associates with anti-

sickling of the cell[109].  
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The HbF silencer gene cluster spans 13.6 kb region consisting of a 3.5 kb ɔ-ŭ 

intergenic region and a 7.2 kb Corfu region[109]. Antoniani et. al. used CRISPR to 

facilitate deletions for the two smaller, constitutive regions along with the entire 13.6 

kb cluster. Multiple Cas9 gRNA pairings complementary to the 5ô and 3ô ends of each 

genomic locus were delivered into K562 cells, with indels and excisions 

corresponding to a silenced gene. It was determined that the larger, 13.6 kb deletion in 

the HbF silencer gene corresponded to substantially higher ɔ-globin expression[109]. 

This study was repeated with HSPCs from SCD patients and were terminally 

differentiated to erythroid cells. With the modifications, the proportion of sickled cells 

was halved (30% vs 65% in the unedited control)[109]. This study not only 

demonstrated the use of indels to disrupt a gene but also demonstrated that Cas9 was 

able to excise large regions within a specific genomic locus of HSPCs, all of which 

can be transferred to differentiated cells. 

1.5.6 Using CRISPR for Gene Insertion 

One of the main benefits of CRISPR is its versatility for both gene addition 

and disruption. To utilize CRISPR for gene insertion, the insertion locus is determined 

through the specificity of the guide RNA, and the actual inserted gene is supplied as a 

donor template. Rather than using non-homologous end joining, or NHEJ, the cleaved 

DNA is repaired when homologous sequences flanking the excision combine with the 

homologous sequences of the donor DNA. This provides a far greater level of control 
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when compared to NHEJ, as the gene modifications are predetermined through design 

of the insert and homology óarmsô within the template[104, 110].  

There have been many examples of gene correction through the HDR-

mediated pathway of gene addition. A canonical example involves sickle cell anemia, 

where a single nucleotide polymorphism compounds as a red blood cell with a 

deformed morphology[101]. With HDR, a template containing the corrected gene for ɓ-

globin can replace the mutated gene, thus introducing the correct function and 

morphology to the red blood cell[101]. These templates can be introduced as plasmids, 

and standard transfection techniques can be used[101]. Simple gene disruption through 

NHEJ is ineffective as the required protein (ɓ-globin) has already been mutated[101]. 

Hoban et. al. transduced K562 3.21 cells (harboring the faulty ɓ-globin gene) 

with vectors expressing both CRISPR Cas9 and the corresponding gRNA[101]. After 

transfection of the plasmid vectors, the translated Cas9 and sgRNA were able to 

complex intracellularly. The corrected ɓ-globin gene was also supplied as a 1.1 kb 

plasmid: homology arms flanking the gene corresponded to sequences flanking the site 

of cleavage[101]. With HDR, up to 64% of the K562 clones exhibited modification at 

the ɓ-globin locus[101]. They were also able to screen off-target effects using a GFP-

expressing integrase-defective lentiviral vector assay (IDLV) where IDLV is 

entrapped at the site of any double stranded break[101]. With this assay, there were no 

detectable off-target effects with any of the Cas9-sgRNA pairs tested. Furthermore, 

each of these tests were duplicated with a TALENs-based system, and each test 
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deemed the CRISPR system as more efficient and efficacious with a greater than two-

fold increase gene modification and better gene targeting[101].  

1.5.7 Limitations of CRISPR Cas9 

CRISPR Cas9 undoubtedly has significant potential with remedying previously 

uncurable genetic hematological and other somatic diseases alike. However, 

introducing a nonnative protein with varying editing efficiencies has certain 

implications inherent to HSPCs and other mammalian cells alike, along with issues 

arising from the nature of the HSPCs themselves. Accordingly, the possible downsides 

of Cas9 must be addressed if it is to be established as an efficacious gene therapy tool. 

In addition to potential off-target effects of Cas9, there are other potential 

issues with using Cas9 for editing HSCs (excluding progenitors). The issues primary 

arises from the quiescent nature of HSCs[105, 111, 112]. As the growth kinetics are 

slowed, there is an increased chance of mutagenesis for the DNA of the cell. This is 

particularly problematic for HDR-based methods of repair, which are generally slower 

than NHEJ-mediated repair[111, 112]. Genovese et. al. discovered that HDR is only 

effective during the growth cycle of the cell (both S and G2 phases) and is therefore 

limited in the quiescent HSCs[105, 111, 112]. This can be partially ameliorated through 

stimulation and allowing the HSC cultures to mature, but this lengthens the procedure 

for gene editing[111]. Genovese et. al. also found that gene editing efficiencies 

significantly improve as HSCs begin to commit to progenitors and differentiate into 

different cell lineages, with efficiencies inversely proportional to the hierarchy of the 
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cell[111]. However, this undermines a key feature of HSPC-based gene therapy, where 

edits are conserved as the HSCs commit and expand into the different lineages. These 

tests were conducted with ZFNs, but the conclusions remain the same for Cas9-based 

gene therapies. 

The HDR limitations are rooted in the HSCsô cellular defense strategy. As a 

safeguarding mechanism, HSCs (excluding progenitors) and other cells alike activate 

apoptosis if it senses any mutation or disruption within its DNA[112]. The 

corresponding ósensorô, p53, can sense double-stranded breaks and trigger ASPP1-

dependent apoptosis; HSCs are subject to enhanced pro-apoptotic stimulation from 

p53, further compounding this issue[112]. While useful in preventing stochastic 

mutations in the quiescent HSCs, CRISPR-based disruptions may lead to cell death if 

the HDR process is not efficient. As a result, many HSCs self-destruct before the gene 

correction can firmly take root in the cellôs genome. 

 

1.5.8 Using other tools for genetic therapies of HSPCs 

Rather than making permanent changes to the genome of the diseased HSPC, 

gene expression can be epigenetically controlled through RNA interference (RNAi). 

With this method, diseases stemming from excessive gene expression can be 

ameliorated through targeted degradation of mRNA following transcription of the 

suspect gene. 
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RNA silencing therapeutics are commonly delivered as short hairpin RNA 

(shRNA) or pre-cleaved small interfering RNA (siRNA); if delivered in its shRNA 

form, Dicer proteins will cleave the shRNA into siRNA prior to processing (Figure 

1.4)[113]. Next, unwound siRNA is bounded to complementary mRNA following 

transcription and nuclear export and loaded into an Argonaute protein to form an 

RNA-induced silencing complex (RISC). Finally, the bound mRNA is further cleaved 

and degraded, which ultimately represses translation of the mRNA to a functional 

protein, thus disrupting gene expression (Figure 1.4)[113].   

As explored in Section 1.4.1, siRNA has already been trialed as a therapeutic 

against a variety of different gene targets. Some hematological diseases, particularly 

leukemias, are exacerbated by excessive and abnormal growth of different blood cell 

types. Thus, by curbing the malignant upregulation of cellular growth factors through 

HSPC-targeting RNAi therapies, these diseases can be temporally treated without 

risking the basal growth rates of other healthy cells. The following table (Table 1.4) 

outlines a few possible RNAi-based therapies of HSPCs: 

 

Table on next page. 
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Table 1.4: Potential siRNA-based therapies of HSPCs. 

 

 

Figure 1.4: siRNA can provide epigenetic silencing of specific genes following 

degradation of complementary mRNA.  

Disease/Condition Gene Delivery Method Reference 

HIV (prophylactic) CCR5 Lentiviral vector Shimizu et. al. [114] 

HSPC proliferation MEK1 Transfection Sun et. al. [115] 

Myocardial infarction Sdf1 Nanoparticle 
Krohn-Grimberghe et. 

al. [116] 

Chronic myeloid 

leukemia 

Alox12-12-

HETE 
Transfection Gao et. al. [117] 

HSPC engraftment AKT1 Transfection Chen et. al. [118] 

Acute myeloid leukemia AML1/MTG8 Liposome Rothdiener et. al. [119] 
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1.6 Clinical Strategy of HSPC-specific Therapies and Conclusions 

As with any new, novel technology, gene editing and modulation of HSPCs 

and other stem cells must be exercised in a highly regulated manner[120]. In a case 

study regarding gene therapy of patients suffering from SCID, edits to HSPCs were 

done ex vivo before to transplantation back to the patient[120]. This allows for 

additional controls for gene editing, and any complications can be shielded and 

sequestered prior to implementation in the patient. Thus, future CRISPR-based trials 

are expected to mimic this strategy, and ex vivo CRISPR Cas9 or siRNA gene 

therapies can and will occur in the near future. 

In conclusion, CRISPR Cas9, siRNA (via RNAi), and other targeted gene 

therapies can greatly simplify repair and mediation of hematological diseases. 

Combined with endogenous DNA repair mechanisms, gene expression can be 

controlled through permanent disruption or replacement of faulty genes, and if applied 

to hematopoietic stem cells, these edits can cascade to a variety of differentiated cells. 

Directly treating HSPCs instead of the diseased blood cells can also minimize the 

required dose needed to remediate the disorder, as the gene repaired HSPCs can 

differentiate into healthy blood cells (Figure 1.5). As with other exogenous 

biomolecules and nucleases, there are challenges regarding off-target effects and 

induced apoptosis of quiescent HSPCs, but recent developments have minimized these 

effects. If coupled with efficient delivery of these therapeutics to patients, HSPC-

specific gene therapies can revolutionize the treatment of genetic hematological 

diseases.  
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Figure 1.5: Gene therapy of HSPCs provides multiplicative benefit via 

hematopoiesis. Treating and correcting genetic disorders in HSPCs can 

ultimately create different lineages of healthy blood cells as the HSPCs 

differentiate. This requires a smaller effective therapeutic dose, as fewer 

overall cells need to be treated to produce a healthy population of cells.  

1.7 Key Benefits of Proposed EV-based Therapeutics 

One of the hallmarks of the presented research is its comparatively higher 

HSPC transfection efficiency over existing technologies. As explored earlier, both the 

native and engineered EVs and MVs exhibit outer layers that are largely comprised of 

natural cell membranes. This has major implications in regard to maximizing the 

bioavailability of the delivered therapeutic. First, the use of a natural cellular 

membrane may help ócloakô the delivered therapeutic from the immune system, thus 

maximizing circulation and minimizing clearance of the therapeutic [32, 47, 76, 121, 122]. 
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Additionally, the natively expressed membrane proteins on the outer membrane help 

facilitate receptor-mediated endocytosis, thus improving the uptake efficiency of the 

membrane-wrapped therapeutic. 

In this dissertation, we will demonstrate that these traits EV- and MV-based 

cargo delivery methods provide highly efficient delivery of the cargo/therapeutic to 

HSPCs. We previously outlined that the other drug delivery vehicles present 

limitations due to their limited sizes, native tropism, or immunogenicity. For example, 

commonly used lentiviral vectors are not compatible with HSPCs due to their 

propensity to induce p53 activation and apoptosis of HSPCs, thus eliminating their 

candidacy as a vehicle for HSPC drug delivery[123-125]. Ex vivo HSPC therapy and 

subsequent engraftment of the edited HSPCs also requires some potentially toxic 

irradiation and preconditioning the patientôs existing marrow to minimize rejection of 

the engrafted HSPCs[98, 124, 126]. Even among the few trials using lentiviral vectors to 

deliver therapeutics to HSPCs in vivo, <<0.5% of the HSPCs in patients treated with 

an anti-HIV therapy exhibited any gene modification[127]. Other ósaferô viral vectors 

and vesicles exhibit severe deficiencies in uptake and cargo delivery efficiency in 

comparison to our EV/MV-bases systems. The foamy virus vector, which avoids the 

pitfalls of immunogenicity, are instead plagued by low transduction efficiencies (15%) 

following direct treatment of HSPCs in vitro[128].  Some engineered liposome-based 

systems did not fare better, as Herbst et. al. observed only 3-3.5% of in vitro cultured 

human CD34 exhibiting traces of the cocultured liposomes following incubation[129]. 

Some liposome-based systems, such as a DOTAP-based liposome carrier designed by 

Martino et. al., did achieve nearly 60% uptake into HSPCs, but the engineered 

liposomes lacked the specificity presented by our system[130].  
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With these existing benchmarks for viral vector and liposome based HSPC 

delivery as a reference, we show a drastic improvement in delivery efficiency and cell 

specificity with our native and engineered EV and MV based delivery systems. In the 

following section, we will demonstrate the different methods we use to determine the 

versatility and efficacy of our proposed EV/MV systems. 

1.8 Dissertation Outline 

In this dissertation, we will demonstrate the versatility of megakaryocytic 

extracellular vesicles (MkEVs), as both a native therapeutic and as an HSPC-specific 

homotypic delivery vehicle for various therapeutics.  

First, in Chapter 2, we demonstrate that unmodified human MkEVs 

(huMkEVs) can both target HSPCs and spur their differentiation into megakaryocytes. 

We first show that the huMkEVs are just as effective for inducing megakaryopoiesis 

as thrombopoietin (TPO) and can promote development of more mature polyploid 

megakaryocytes than TPO treatment alone. We subsequently showcased this 

phenomenon in vivo, where we were able to promote development of murine platelets 

in both thrombocytopenic and healthy Balb/c mice. Additionally, we determined that 

huMkEVs retain their HSPC tropism in vivo, as we observed robust huMkEV 

localization to the HSPC-rich bone marrow shortly after treatment. 

In Chapter 3, we demonstrate that megakaryocytic membrane vesicles 

(MkMVs) can be extracted from mature megakaryocytes and can be used to directly 

encapsulate cargo-loaded polymeric nanoparticles. As before, we determined that the 

MkMV coating affords homotypic targeting to HSPCs both in vitro and in vivo, which 
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facilitates functional cargo delivery to HSPCs with high specificity. After 

demonstrating this concept with primary cell derived MkMVs, we show that MVs 

isolated from the megakaryoblastic CHRF-288 cell line also exhibit tropism to 

HSPCs, thus providing an additional and cost-effective method for preparing 

membrane-wrapped therapeutics. 

In Chapter 4, we revisit the therapeutic potential of unmodified huMkEVs by 

applying huMkEV to an immunocompromised NSG murine model. By using NSG 

mice, we were able to better probe the effects of the infused huMkEVs due to their 

prolonged circulation in comparison to wild-type mice. In this study, we continued to 

observe robust localization of huMkEVs to murine HSPCs in the bone marrow and 

discovered significant boosts in bone marrow megakaryocytes and blood platelets 

following huMkEV treatment. We also demonstrated a variety of different methods to 

exogenously load huMkEVs with plasmid DNA, which ultimately facilitated targeted 

delivery and subsequent expression in murine HSPCs in vivo. 

In Chapter 5, we extend the concepts developed in Chapter 3 by devising a 

method for wrapping Cas9 for HSPC-specific delivery. After demonstrating that direct 

delivery of the Cas9-sgRNA ribonucleoprotein (RNP) is more effective than plasmid-

only systems, we show that the RNP can be complexed with polyethyleneimine (PEI) 

and subsequently wrapped with Mk and CHRF MVs via extrusion. With this system, 

we show robust uptake of the membrane wrapped RNPs by CHRF cells and HSPCs, 

and we observe effective localization of the RNPs to the nucleus. Finally, we 

demonstrate that the MV-delivered RNPs can perform specific gene edits to HSPCs, 
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where we show the ability to affect the differentiation and fate of the HSPC through 

disruption of a ólineage-switchô regulatory gene. 

Finally, in Chapter 6, we explore the potential for using modified CHRF EVs 

as a possible vaccine against the SARS-CoV-2 virus. By expressing the antigenic 

SARS-CoV-2 spike (S) protein in CHRF cells, we demonstrate that both naturally 

produced EVs and mechanically isolated MVs also retain the S protein. After culturing 

these engineered EVs and MVs with CHRF cells, we observe that the expressed S 

protein is effectively taken up in a short timescale. Thus, these EVs and MVs could 

potentially be used to safely deliver the antigen to immune cells without any risk of 

pathogenicity as a prophylactic against COVID-19. 

 Taken together, Mk and CHRF-derived EVs and MVs are highly versatile 

tools for various hematological therapies.   
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HUMAN MEGAKARYOCYTIC MICROPARTICLES INDUCE DE NOVO 

PLATELET BIOGENESIS IN A WILD -TYPE MURINE MODEL  

Christian Escobar, Chen-Yuan Kao, Samik Das, and Eleftherios T. 

Papoutsakis 

 

2.1 Preface:  

This project was initially started by Christian Escobar as a part of his masterôs 

thesis. A majority of the work involving induced thrombocytopenia and initial 

microscopy was completed by Christian. Chen-Yuan Kao and I designed and executed 

additional experiments assessing the impact of MkMP-induced megakaryopoiesis and 

MkMP biodistribution, and we analyzed the original and newly-generated data. Chen-

Yuan and I wrote a substantial portion of the manuscript, and we responded and 

addressed the comments of reviewers prior to publication. 

 

Key Points 

1. huMkMPs target and program megakaryocytic differentiation of muHSPCs in 

vitro. 

2. Intravenous administration of huMkMPs enables de novo platelet biogenesis in 

vivo. 

Chapter 2 
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Chapter Abstract 

Platelet transfusions are used to treat idiopathic or drug-induced 

thrombocytopenias. Platelets are an expensive product in limited supply, with limited 

storage and distribution capabilities due to the inability to freeze them. We have 

previous demonstrated that, in vitro, megakaryocytic microparticle (huMkMPs) target 

human CD34+ hematopoietic stem & progenitor cells (huHSPCs) and induce their 

megakaryocytic differentiation and platelet biogenesis in the absence of 

thrombopoietin. Here, we show that, in vitro, huMkMPs can also target murine HSPCs 

(muHSPCs) to induce them to differentiate into megakaryocytes in the absence of 

thrombopoietin. Based on that, using wild-type Balb/c mice, we demonstrate that 

intravenously administering 2106 huMkMPs trigger de novo murine platelet 

biogenesis to increase platelet levels up to 49%, 16 hours post administration. 

huMkMPs also largely rescue low platelet levels in mice with induced 

thrombocytopenia, 16 hours post administration, by increasing platelet counts by 51% 

compared to platelet counts in thrombocytopenic mice. Normalized on a tissue-mass 

basis, biodistribution experiments show that MkMPs largely localized to the bone 

marrow, lungs and liver 24 hours post huMkMP administration. Beyond the bone 

marrow, CD41+ (megakaryocytes and Mk-progenitor) cells were quite frequent in 

lungs, spleen and especially liver. In the liver, infused huMkMPs colocalized with Mk 

progenitors and muHSPCs, thus suggesting that huMkMPs interact with muHSPCs in 

vivo to induce platelet biogenesis. Our data demonstrate the potential of huMkMPs, 

which can be stored frozen, to treat thrombocytopenias and as effective carriers for in 

vivo, target-specific cargo delivery to HSPCs.   
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2.2 Introduction  and Background  

Megakaryocytes (Mks) are large polyploid (8N) cells derived from 

hematopoietic stem and progenitor cells (HSPCs; contained within the CD34+-cell 

compartment), which upon maturation under the action of thrombopoietin (TPO), shed 

pre/pro-platelets (PPTs) and platelet-like particles (PLPs), which mature quickly into 

platelets.[131-133] Mks also shed CD41+CD42b+CD62P- Mk Microparticles 

(MkMPs).[134, 135] Cell-derived microparticles/membrane vesicles (MPs/MVs) are sub-

micron-size extracellular vesicles that are emerging as potential therapeutic agents.[136, 

137] It has been known since 2009 that MkMPs are the most abundant MPs in 

circulation, and that they are distinct from platelet derived MPs (PMPs).[135]   

In Transfusion Medicine, platelets are an expensive product in limited supply 

due to the collection and processing steps from donated blood and the inability to 

freeze them[138]. In the US alone, there are 2.4M platelet doses (3ï6x1011 platelets 

each) administered at a cost of ca. $524 per dose. As they cannot be frozen, platelets 

have a useful life of 4-5 days. As a result, they are not easily available in remote 

locations. Also, there is the possibility of bacterial or viral contamination of platelet 

products from blood collections [139]. Thus, a safe, manufactured product that can 

substitute for platelets and that can be kept frozen is most desirable. Culture-derived 

platelets hold a great potential for providing an abundant platelet supply[140, 141], but 

many problems remain[142]. In addition to platelet transfusions, there is a need to 

enhance platelet biogenesis in patients with thrombotic deficiency (such as is 

encountered during the treatment of cancer[138]) or excessive bleeding due to trauma.  

We have previously shown that human MkMPs (huMkMPs; which can be 

stored frozen without loss of function[3]) specifically target human CD34+ HSPCs 

(huHSPCs) in vitro, leading to fate modification of huHSPCs towards megakaryocytic 
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differentiation in the absence of TPO [3, 134]. Specifically, co-culture of MkMPs with 

huHSPCs lead to formation of mature Mks displaying characteristic PPT structures 

and synthesizing both alpha- and dense-granules without exogenous TPO [3, 134]. Based 

on these findings, we hypothesized that huMkMPs are able to maintain their in vitro 

biological activity in vivo and can thus serve as potential therapeutic agent in 

Transfusion Medicine. To pursue this hypothesis, here, we first demonstrate that, in 

vitro, huMkMPs can target murine HSPCs (muHSPCs) to trigger murine 

megakaryocytic differentiation. Using a wild-type murine model, we further 

demonstrate that infusion of huMkMPs promotes de novo murine platelet biogenesis 

and can ameliorate antibody-induced murine thrombocytopenia.  
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2.3 Materials and Methods 

Several, previously detailed, experimental procedures can be found in 

Supplemental Materials & Methods. They include: Chemicals and Reagents; in vitro 

human megakaryocyte (Mk) culture derived from mobilized peripheral blood (MPB) 

CD34+ HSPCs; and isolation of human Megakaryocytic Microparticles (huMkMPs). 

 

2.3.1 Isolation of murine hematopoietic stem/progenitor cells (muHSPCs) 

All procedures involving mice were approved by the University of Delaware 

(UD) Institutional Animal Care and Use Committee and are in agreement with the 

guide for the care and use of laboratory animals[143]. All mice were housed with 

day/night stimulation at UDôs Animal Facility, with access to food and water.  4-6-

weeks old female Balb/c mice (Jackson Laboratory) were euthanized via CO2 

asphyxiation followed by cervical dislocation to confirm death. Mice were prepared 

for organ collection by spraying with 70% ethanol. Femurs were extracted and placed 

in RPMI 1640X (Thermo) with 10% FBS and 1% Antibiotic-Antimycotic (Thermo) to 

prevent neutrophil activation. Femurs were decontaminated by triple washes with PBS 

containing 1% Antibiotic-Antimycotic. Once decontaminated, femur epiphyses were 

cut and flushed with RPMI 1640X using a 20G needle attached to a 12cc syringe. The 

effluent was collected and passed through a pre-separation filter (30 microns, 

Miltenyi). This process continued until the bone appeared white in color on the 

surface, indicating the bone is empty. 

Next, cells were collected at 300 g centrifugation for 10 minutes, followed by 

red blood cell (RBC) depletion with the treatment of ACK buffer (0.15 M NH4Cl, 10 

mM KHCO3, 0.1 mM Na2EDTA, pH 7.2ï7.4) for 5 minutes at 4°C [144]. After that, 
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cells were washed twice with PBS (containing 1% Antibiotic- Antimycotic). To 

isolate murine hematopoietic stem & progenitor cells (muHSPCs), lineage cells were 

depleted using the Lineage Depletion Kit (Miltenyi), following the manufacturerôs 

protocol. 

 

2.3.2 Co-culture of muHSPCs with huMkMPs 

Co-culture of huMkMPs and muHSPCs was perform in a 24-well Transwell 

plate for enhancing the interaction between huMkMPs with muHSPCs. Transwell 

membrane insert (Costar, #3470) was inserted into a well with 750 ɛL of growth 

medium (IMDM, 20% BIT, 50 ng/ ɛL of hSCF) in the absence of TPO at the bottom 

compartment. 60,000 muHSPCs in 200 ɛL IMDM were seeded onto the membrane 

insert. After 20 minutes, huMkMPs were added onto the membrane at a ratio of 30 

huMkMPs per muHSPC. Both short-term (3-5 hours) or long-term (5 days) co-

cultures were performed. 

For short-term co-cultures, huMkMPs were pre-stained with the lipophilic dye 

PKH26 and cytosolic dye CFSE. After 3 or 5 hours of co-culture, cells were harvested, 

and huMkMPs uptake by muHSPCs was examined via confocal microscopy (Zeiss 

LSM880).  

For long-term co-cultures, cells were cultured for 24 hours in Transwell 

plate[145] for 24 h, followed by transferring to the lower compartment of the plate. 

muHSPCs without huMkMP addition served as vehicle control, while muHSPCs 

cultured in medium supplemented with 50 ng/mL of human TPO served as positive 

control. At day 5, some cells were harvested for CD41 and ploidy flow-cytometric 

analysis[144]; some other cells were stained with anti-CD41 antibody for live-cell 
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confocal microscopy. Some cells were fixed and stained for beta-tubulin I (TUBB1), 

von Willebrand factor (vWF), and nucleus (DAPI) imaging, as described[134]. Images 

were acquired using a ZEISS LSM 880 multiphoton confocal microscope. 

 

2.3.3 Chinese Hamster Ovary (CHO) cell-derived empty vesicles (CHO-MVs) 

CHO-MVs were generated from CHO membranes using the protocol of Fang 

et. al., which yields uniform membrane vesicles with minimal loss to membrane 

functionality[29, 87]. Briefly, CHO cells were collected from a standard CHO culture[146] 

at day 2, were stained with PKH26 and lysed with a Dounce homogenizer (Kimble) 

and hypotonic lysis buffer with protease inhibitor (p8340, Sigma). PKH26-stained cell 

membranes were isolated using differential ultra-centrifugation. The final membrane 

pellet was resuspended in 700 ul filtered PBS and extruded through a 400-nm 

polycarbonate membrane (Avanti Lipid Extruder) at 55°C. The concentration of 

extruded CHO-MVs was quantified using flow cytometry as for MkMPs[134]. 

 

2.3.4 Murine experiments: in vivo impact of intravenously injected huMkMPs 

We chose to use 4-6 weeks old female Balb/c mice, since the variation of 

platelet levels of female mice is smaller than in male mice [147]. This would allow to 

reach statistical significance of the data faster. To evaluate the biological effectiveness 

of huMkMPs, huMkMPs were injected into untreated mice or mice treated to induce 

thrombocytopenia. For untreated mice, 2³106, 6x106 huMkMPs, or 6x106 CHO-MVs 

in 100 mL saline or saline only were injected intravenously via the tail vein. CHO-

MVs were used as an additional control. 72-hour post huMkMP injection, 10 mL of 
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blood was collected retro-orbitally, and platelet counts were measured by flow 

cytometry: platelets were gated using the forward-scatter and side-scatter gates and 

standardized using microbeads ( 0.2 ɛm to 1.34 ɛm). The gating was confirmed 

utilizing FITC rat anti-mouse CD41(BD 553848) to distinguish between noise and 

platelet events. Control experiments confirmed that platelet counting is not affected by 

the presence of huMkMPs. 

In another set of experiments, 6x106 PKH26-labeled huMkMPs, or saline 

control were administrated into BALB/c mice. Tissue including bone marrow (BM), 

lung, liver, and spleen were collected after 4 hours for single-cell isolation[148] 

followed by RBC depletion. Harvested cells were stained with anti-CD41 antibody, 

anti-CD117, or anti-CD45 and analyzed via flow cytometric analysis. 

To induce thrombocytopenia, LEAF rat anti-mouse CD41 antibody 

(MWReg30, BioLegend), at the dose of 1 mg per g murine body weight, was injected 

once intraperitoneally to induce thrombocytopenia[149]. Eight hours post-antibody 

injection, mice (untreated or thrombocytopenic) received 2³106 huMkMPs in 100 mL 

saline or saline only via intravenous tail-vein injection. 10 mL of blood was collected 

retro-orbitally, and platelet counts were measured by flow cytometry 24-hour post-

antibody-injection. Reticulated-platelet levels were measured as described[149], using a 

thiazole orange assay (BD Retic-Count).  

 

2.3.5 Biodistribution experiments 

106 PKH26-stained huMkMPs or CHO MVs in 100 ɛL saline (PBS) were 

injected intravenously into the tail vein of the mice along with saline-only controls. 

Four hours post injection, 1 mouse from the control group and 3 mice from the 
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huMkMP-injected group were euthanized through CO2 asphyxiation and the following 

tissues were surgically excised from each mouse: blood, bone marrow (BM)/femur, 

brain, heart, kidney, liver, lung, and spleen. The net weight of each mouse and all 

tissues, except blood, were recorded and tissues were stored in 3-mL of PBS on ice. 

This procedure was repeated with mice collected 24-hours post injection of huMkMP, 

CHO-MV, or saline-only control. All tissues were processed within 24 hours of 

collection. Each tissue, except for blood, was lysed and homogenized with a coarse 

Dounce homogenizer in 1.5 mL of hypotonic lysis buffer (20 mM Tris-HCL, 10 mM 

KCl, 2mM MgCl2, 0.5% v/v p8340 protease inhibitor, pH: 7.5). 200 ɛL of each tissue 

homogenate were added to a well of a black, opaque 96-well plate, and absolute 

fluorescence levels was measured with a SpectraMax i3x plate reader (excitation: 547-

nm). Fluorescence levels of each tissue from treated mice were assessed as the 

difference between the absolute fluorescence of experimental mice and fluorescence 

from tissues of control mice (saline). These values were normalized by (a) overall 

tissue weight and (b) tissue weight as a fraction of the mouse weight. Normalization 

by tissue weight accounted for tissue-specific weight variation within each mouse. 

Mean fluorescence intensity (MFI) of each tissue was divided by their respective 

tissue mass (weight) to yield MFI per g tissue mass. 

2.3.6 Statistical analysis 

Data are presented as mean ± standard error of mean (SEM). Unpaired 

Studentôs t test of all data was performed. Statistical significance is defined as *p < 

0.05, **p<0.01, ***p<0.001. 
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2.4 Results  

2.4.1 In vitro , human megakaryocytic microparticles (huMkMPs) target murine 

hematopoietic stem & progenitor cells (muHSPCs) and induce their 

megakaryocytic differentiation and expansion in the absence of 

thrombopoietin 

We have previously shown that, in vitro,  huMkMPs induce and promote Mk 

differentiation of huHSPCs without stimulation by TPO, whereby the resulting Mks 

formed functional PPTs synthesizing both alpha and dense granules[134]. Later, we 

showed that huMkMPs target only huHSPCs and no other physiologically or 

ontologically related cells[3]. Here, to test if huMkMPs target and induce muHSPCs to 

differentiate into murine Mk cells, we first examined uptake of huMkMPs by 

muHSPCs via short-term co-cultures. We generated huMkMPs from day-12 primary 

Mk cultures started with frozen, human MPB CD34+ cells as described [3, 134]. 

huMkMPs were stained with CFSE, a green cytosolic dye staining surface and 

cytosolic proteins by covalently binding to amines, and PKH26, a lipophilic, 

membrane-staining dye, and were co-cultured with muHSPCs. Confocal-microscopy 

images were acquired at multiple z planes aiming to determine if huMkMPs recognize, 

attach to and are possibly internalized by muHSPCs. We examined 70 cells at 

different time points to capture different stages on interactions between huMkMPs and 

muHSPCs. huMkMPs recognized, targeted and attached to muHSPCs after 3 hours of 

co-culture (Figure 2.1A), and were taken up by muHSPCs within 5 hours (Figure 

2.1B). At 3 hours, at all z planes, several stained huMkMPs appear attached to 

muHSPCs (red arrows), and some were possibly just internalized and localized just 

inside (white arrows) the cellular membrane of muHSPCs. By hour 5, most MkMPs 

are localized inside the murine cells as indicated by the different fluorescent patterns 

from the stained huMkMPs at different z planes at the same location of murine cells. 
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Several of these stained huMkMPs have released their content (stained green) into the 

murine cells: compare the green fluorescent regions within the murine cells at 

different z planes, e.g., plane 16/38 versus 20/38. These patterns of release of 

huMkMP green-stained content into target cells resemble the previously-reported 

patterns of huMkMP-content release into huHSPCs[3]. We conclude that huMkMPs 

recognize and are internalized by muHSPCs in an apparently similar fashion that they 

recognize and are internalized by huHSPCs.  

 

Figure 2.1: Co-culture of huMkMPs and muHSPCs in vitro. muHSPCs were co-

cultured for up to 5 hours with huMkMPs stained with CFSE and 

PKH26. Cells were examined by confocal microscopy at (A) 3 hours or 

(B) 5 hours post co-culture setup, and fluorescent images were taken at 

different confocal planes. The numbers represent the specific slice 

number (left) and the total number of slices (right). Red arrows point to 

huMkMPs binding to muHSPCs, while white arrows point to huMkMPs 

that have been internalized by muHSPCs. 
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Next, to examine if huMkMPs are capable of triggering muHSPCs Mk 

differentiation as they do for huHSPCs, we carried out huMkMPs/muHSPCs co-

cultures (without TPO) for 5 days. Our previous data have shown that, based on our 

culture protocol, murine Mk cells reach the highest polyploidy state after 4-6 days of 

in vitro culture with TPO[144, 149].  Here, day 5 cells were fixed and stained for beta-

tubulin I (TUBB1), von Willebrand factor (vWF), and nucleus (DAPI). As shown in 

Figure 2.2A and Supplemental Figure S1, we identified large Mk cells with strong 

vWF expression and proplatelets/platelet formation both from huMkMP co-culture 

and TPO culture. Furthermore, strong CD41 expression was detected on cells using 

live-cell imaging in huMkMPs co-culture or TPO culture, but not vehicle control 

(Supplemental Figure S2). Next, we examined muMk maturation via ploidy analysis. 

The number of total and polyploid (>=8N) Mk cells from the co-culture with 

huMkMPs increased significantly by 6.8-7.0 fold compared to vehicle control. 

Notably, while similar numbers of total Mks were produced at day 5 in ñhuMkMPsò 

with ñTPOò culture (Figure 2.2B), muMks from huMkMP-induced culture exhibited 

less mature characteristics (4-32N) than TPO-induced culture (16-128N) (Figure 

2.2C). Representative plots of ploidy analysis via flow cytometry are shown in 

Supplemental Figure S3. Previously, we have shown that huMkMPs were able to 

induce Mk differentiation and promote cell proliferation of huHSPCs (Figure 5B in 

Ref.[134]). Similarly, here, our data demonstrate that huMkMPs target and trigger 

megakaryocytic differentiation and proliferation of muHSPCs, and 

proplatelets/platelet production.  
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Figure 2.2: Co-culture of huMkMPs and muHSPCs promotes murine 

megakaryopoiesis. 60,000 muHSPCs were co-cultured with either 

huMkMPs only, or 50 ng/ml thrombopoietin (TPO), or without any 

supplements (vehicle control) for 5 days. Cells were harvested and fixed 

at day 5, and (A) stained for expression of von Willebrand Factor (vWF), 

beta-tubulin I (TUBB1), and nucleus (DAPI), via confocal microscopy, 

and also bright-field imaging. (B) Some cells were analyzed by flow 
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cytometry for counting Mk cells, or (C) to measure Mk-cell distribution 

in various ploidy classes. Scale bar = 10 ɛm. Error bars represent the 

standard error of the mean (n=4).  

2.4.2 Infusion of huMkMPs enhance murine platelet levels in both normal and 

thrombocytopenic mice  

We hypothesized that the in vitro biological activity of MkMPs, that is, their 

ability to target and program muHSPCs towards Mk differentiation, is retained in vivo. 

To test this hypothesis, we first examined the biological effect of intravenous 

administration of huMkMPs in healthy wild-type (WT) Balb/c mice. Briefly, two 

different doses of huMkMPs (2106 or 6 106) were intravenously injected into the 

mice via the tail vein. 72 hours post huMkMP injection, blood was collected to count 

the murine platelet concentrations. We chose 72 hours as the blood collection 

timepoint based on the assumption that three days would be a reasonable period to see 

the impact of de novo platelet biogenesis from muHSPCs. Upon administration of 

2 106 huMkMPs, murine platelet levels were elevated by 18.5% but not in a 

statistically significantly way (Figure 2.3A), but injection of 6 106 huMkMPs 

significantly elevated murine platelet levels by 26.7% (Figure 2.3B). These data (Fig. 

3) suggest that huMkMPs target muHSPCs to induce murine Mk differentiation and 

platelet biogenesis. As an additional control, to exclude the possibility that the effect 

of huMkMPs on murine platelet counts possibly derives from a secondary reactive 

thrombocytosis due to the injection of cell membranes, 6x106 Chinese Hamster Ovary 

(CHO) cell-derived empty membrane vesicles (CHO-MVs) were injected into the 

Balb/c mice. As shown in Figure 2.3C, CHO-MVs did not increase (in fact decreased) 

platelet levels at 24-hour post injection.  
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Next, we investigated the potential of huMkMPs in treating murine 

thrombocytopenia. Based on our previous studies[149], mice were intraperitoneally 

administrated an anti-CD41 antibody (1 µg/g of body weight) to induce 

thrombocytopenia. Platelet levels drop dramatically within 24 hours and do not fully 

recover until day 5[149]. We chose to examine if huMkMPs would ameliorate the drop 

in platelet concentrations by intravenous administration via the tail vein of 2106 

huMkMPs 8 hours post thrombocytopenia induction. We chose the lower of the two 

doses examined in the experiments of Figure 2.3 for practical reasons, namely the 

ability to cost- and time-effectively generate a large enough number of huMkMPs to 

treat a large cohort of mice. 24 hours post thrombocytopenia induction (the nadir of 

platelet concentrations with this induced-thrombocytopenia protocol[149]), as shown in 

Figure 2.4A, platelet levels dropped 47% in thrombocytopenic mice. Administration 

of 2 106 huMkMPs into untreated mice significantly increased murine platelet levels 

by 49% 16 hours post huMkMP administration, while murine platelet levels in 

thrombocytopenic mice were significantly elevated by 51%, although not restored to 

the levels of the untreated mice. It was somewhat unexpected that administration of 

the lower dose of 2106 huMkMPs into untreated mice would increase murine platelet 

levels by 49% after 16 hours given the findings of Fig. 3A. This comparison then 

would suggest that huMkMPs induce murine platelet biogenesis very quickly, and that 

by 72 hours, the platelet levels appear to be dropping towards homeostatic levels.  
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Figure 2.3:  Intravenous administration of huMkMPs increase in vivo platelet 

concentrations in a wild-type mice 72 hours post administration. (A) 

2 106 or (B) 6 106 huMkMPs were administered intravenously into 

wild-type Balb/c mice via the tail vein. Murine platelet levels of control 

mice (untreated) or mice treated with MkMPs were measured 72 hour 

post huMkMP injection. (C) 6 106 huMkMPs (n=8) or 6 106 CHO-

MVs (n=2), or saline control (n=10) were administered intravenously 

into wild-type mice via the tail vein, and murine platelet numbers were 

measured at 24 hours. Error bars represent the standard error of the mean. 

**, P<0.01 

To test the hypothesis that huMkMPs induce de novo biogenesis of murine 

platelets (rather than increasing their stability and half-life in circulation), we 

examined if injection of 2 106 huMkMPs into thrombocytopenic or untreated mice 

would increase the percent of newly synthesized (reticulated) platelets. As shown in 

Fig. 4B, administration of 2 106 MkMPs into untreated mice significantly enhanced 

the percent of reticulated platelet from the steady-state level of 11.8% to 15.9%. While 

the induction of thrombocytopenia increased the level of reticulated platelets to 18.3%, 

administration of huMkMPs increased the reticulated platelet levels to 19.9%. The 

data of Fig. 4B support the hypothesis that the observed increases in platelet 
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concentrations are a result of the interaction between huMkMPs and muHSPCs giving 

rise to newly synthesized murine platelets.   

 

 

Figure 2.4:  Intravenous administration of 2 106 huMkMPs into untre ated wild-

type mice increases murine platelet concentrations and ameliorates 

thrombocytopenia in thrombocytopenic mice 16 hours post 

administration.  Thrombocytopenia (TP) was induced by intraperitoneal 

administration of anti-CD41 antibody. After 8 hours, 2106 huMkMPs 

were administered intravenously into untreated or thrombocytopenic 

mice via the tail vein. (A) Murine platelet levels were measured 24 hours 

post antibody injection (16 hours post huMkMP administration) of 

untreated (n=7), or mice treated with huMkMPs (n=5), thrombocytopenic 

mice (n=9), or thrombocytopenic mice treated with MkMPs (n=8). (B) 

Reticulated (newly synthesized) platelet numbers were measured 24 

hours post antibody injection (16 hours post huMkMP administration) by 

flow cytometry for a subset of mice in the four murine cohorts of panel 

A, and the data are presented as % of the total platelet count. Error bars 

represent the standard error of the mean. *, P<0.05, **, P<0.01, *** 

P<0.001  
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2.4.3 Biodistribution of huMkMPs in the wild -type murine model 

To complement our data above, we also investigated the fate of transfused 

huMkMPs into mice. Briefly, Balb/c mice were intravenously administered 6x106 

PKH26-stained huMkMPs or 6x106 PKH26-stained CHO-MVs in filtered PBS via the 

tail vein. Again, as the properties of the CHO-MV membranes are very distinct from 

those of huMkMPs, CHO-MVs were used here as a control to huMkMPs for these 

biodistribution studies. Another control group of mice were administered PBS only. 

To examine the in vivo biodistribution of the PKH26-huMkMPs or PKH26-CHO-

MVs, two sets of mice injected with huMkMPs (for collection of tissues at 4 and 24 

hours) and one set of mice infused with CHO-MVs (for tissue collection at 24 hours) 

were sacrificed and the PKH26 signal from various tissue (liver, BM, femurs, blood, 

spleen, kidney, brain, lungs, and heart) was examined (Figure 2.5A). The relative 

mean fluorescent intensities (MFI) of PKH26 for each tissue are shown in Figure 

2.5B. PKH26-MFI was greatest in the liver and spleen 4 hour post administration of 

PKH26-stained huMkMPs. As both of these tissues directly interact with circulating 

blood, temporary localization of PKH26-stained huMkMPs was expected in these 

tissues, and thus, this result was expected based on biodistribution data of liposomes 

administered to Balb/c mice[150, 151]. These findings also mimic the results of other 

biodistribution studies involving liposomes and nanoparticles, where the liver, kidney, 

and spleen exhibited the greatest initial uptake of labeled particles[152-155]. After 24 

hours, the relative MFI was reduced in the liver but increased (relative to t=4 hours) in 

the BM, kidney, lung and heart by 2-5 folds (Figure 2.5B), indicating possible target 

specificity of the huMkMPs. Unlike huMkMPs, CHO-MVs exhibited a different 

pattern at 24 hours (Figure 2.5B), with ~70% of stained CHO-EVs in liver and ~30% 

in kidney. The biodistribution of the CHO-MVs largely mimicked the patterns 
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exhibited by other membrane vesicles and liposomes in published biodistribution 

studies[152-155]. These results also suggest that the surface moieties on MkMPs vs those 

of CHO-EVs play a role in how these vesicles interact with different cells/tissues.  

To account for different tissue masses, the MFI of each tissue was normalized 

by the excised tissue weight. The tissue weight-normalized MFI from huMkMPs-

infused group was significantly greater in the BM than any other excised tissue 24 

hours after huMkMP administration, except perhaps for spleen and kidney, which 

were within the margin of significance (p= 0.06) (Figure 2.5C). Among all tissues, 

only the ȸɀ demonstrated a large increase in the normalized MFI; the heart exhibited 

a slight increase in normalized MFI (Figure 2.5C). Similar to Fig. 5B, higher 

normalized-MFI from CHO-MVs was shown in liver, kidney, spleen, and circulating 

blood (Fig. 5C). Note that storage of tissues in 3 ml of PBS for a few hours before 

processing would to some extent deplete the tissues of non-adherent blood cells. 

Based on the different pattern of biodistribution exhibited by huMkMPs and 

CHO-MVs (Figure 2.5B) and the fast response of de novo platelet biogenesis (Figure 

2.4), we hypothesized that huMkMPs are able to target muHSPCs or more 

differentiated cells in vivo. To examine this hypothesis, 6x106 PKH26-labeled 

huMkMPs, or saline control were administrated into Balb/c mice. BM, lung, liver and 

spleen were chosen for examination based on the higher relative PKH26-MFI at 24 

hours shown in Figure 2.5B. Tissues were collected after 4 hours, stored in 3 mL PBS 

and then processed for single-cell isolation and RBC depletion. Harvested single cells 

were stained with anti-CD41, anti-CD117 or anti-CD45 antibody and analyzed via 

flow cytometry. Somewhat unexpectedly, in addition to BM, liver, lung and spleen 

appear to be a reservoir of a good number of CD41+ (Mk) cells (Figure 2.5D), despite 
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the storage (that would remove loosely adherent blood cells) of these tissues in 3 mL 

PBS prior to processing. For example, almost 20% of the single cells from the 

processing of the liver tissue from the mice infused with huMkMPs are CD41+. One 

would assume that these are circulating CD41+ progenitors and immature Mk cells 

trapped or retained in the liver. Similarly for the other tissues. Although not 

statistically significant due to the small number of mice used (n=2), upon huMkMP 

infusion, the % of CD41+ cells generally increased in each tissue, especially in the 

liver and lung (Figure 5D). Furthermore, we examined the colocalization of signal 

from the PKH26+ huMkMPs and murine HSPC (CD117/c-KIT+), CD41+ and 

hematopoietic (CD45+) cells in the liver, which had the highest fraction of CD41+ 

cells, thus making data outcomes and their analysis easier and more robust. As shown 

in Figure 2.5E, a significant fraction of CD41+ cells were CD41+PKH26+.  This 

fraction is one fourth (25%) of the CD41+ cells in the liver, which was calculated as 

follows: 5% of single cells from the liver processing were CD41+PKH26, while 20% 

of single cells from the liver processing were CD41+ cells (Figure 2.5D).  5% is one 

fourth of the 20%.  Similarly, there were significant numbers of cells that were 

CD117+PKH26+ (ca. 8% of single cells from the liver processing; 45% of the CD117+ 

cells) and CD45+PKH26+ (2%; 6% of the CD45+ cells). These data indicate that 

CD117+, CD41+, and generally immature hematopoietic (CD45+) cells were targeted 

by huMkMPs. We were not able to identify colocalization of PKH26 signal with 

CD41+ cells in the BM. This is likely due to the low frequency of CD41+ cells in the 

BM (Figure 2.5D) and relatively low number of PKH26+ huMkMPs in the BM 

(Figures 2.5B & C), thus rendering such colocalization events below the flow-

cytometric detection limits, similarly for colocalization of PKH26 signal with CD117+ 
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or CD45+ cells in the BM. Nevertheless, these results, and notably the data of Figs. 5D 

& E, suggest that huMkMPs target CD117+, CD41+, and CD45+ cells (collectively: 

progenitor cells), and, together with the data of Figures 2.5B & C, that the targeting is 

localized in the liver, lung, BM, and spleen. Liver and lung, emerge then as significant 

sites of CD41+-cell biogenesis upon PKH26+ huMkMPs infusion.    

 

Figure caption on next page. 
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Figure 2.5: In vivo biodistribution of administered PKH 26-labeled huMkMPs in 

untreated wild-type mice and huMkMP colocalization with murine 

blood cells. Murine tissues were excised, homogenized, and analyzed for 

fluorescence (SpectraMax i3x) 4 and 24 hours after huMkMPs or CHO-

MVs administration. (A) Experimental schema for measuring tissue-

specific fluorescence. (B) Mean fluorescence intensity (MFI) in each 

excised tissue relative to total fluorescence in all tissues (n=6 mice per 

MkMP group, n=3 mice in CHO-MV group). (C) MFI of each tissue per 

g excised tissue. (D) 6x106 PKH26-labeled huMkMPs, or saline control 

were administered into Balb/c mice. Tissues, including BM, lung, liver, 

and spleen were collected after 4 hours for single-cell isolation. 

Harvested cells were stained with anti-CD41 antibody and analyzed via 

flow cytometry (n=2). (E) Single cells isolated from the liver were 

analyzed by flow cytometry for colocalization of PKH26 signal with 

CD41, CD117, or CD45 signals (n=2). Error bars represent the standard 

error of the mean. Unpaired 2-tailed t test was used to determine 

statistical significance. *P < 0.05. Higher P values of some comparisons 

are displayed over the bars. 
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2.5 Discussion 

We demonstrated that, in vitro, huMkMPs can target muHSPCs in a way 

similar to that of targeting huHSPCs (Figure 2.1). This targeting induced 

megakaryocytic differentiation of muHSPCs and was comparable to TPO-induced 

differentiation (Figure 2.2). We have previously shown that huMkMPs recognize and 

target huHSPCs via huHSPCs receptors that include CD11b, CD18, CD54 and CD43 

[3]. Based on BLAST analysis, CD11b, CD18, CD54 and CD43 show protein-level 

conservation between human and murine cells of 86% 90%, 67%, and 59%, 

respectively. It is possible then that huMkMPs may target muHSPCs using the same 

receptors. We have also identified two mechanisms of how into huHSPC internalize 

huMkMPs: membrane fusion and endocytosis[3]. Similar mechanisms may be engaged 

for the interactions between huMkMPs with muHSPCs.  

Based on our in vitro studies, we then demonstrated that intravenous 

administration of huMkMPs into healthy or thrombocytopenic mice resulted in 

enhanced total platelet levels with newly synthesized platelets after 16-hour post 

huMkMPs injection (Figure 2.4B). It was somewhat surprising that huMkMP can 

induce de novo murine platelet biogenesis so quickly, and this suggested that 

huMkMP do not only target muHSPCs but also more differentiated cells to induce 

megakaryocytic differentiation. This hypothesis is supported by our current finding in 

Figures 2.5D & E together with our published finding that huMkMPs target and can 

induce megakaryocytic differentiation and enhanced survival of day 1 and 3 cultured 

human CD34+ cells[134]. We also demonstrated that, in vivo, huMkMPs localize 

quickly (4 hours) and are highly enriched in the BM, lung, spleen and kidney 24 hours 

after injection (Figures 2.5B & C). It has been previously reported that lungs and 

spleen are important reservoirs of Mk progenitors producing proplatelets/platelets[156]. 
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Our data suggest that huMkMPs retained in the spleen and lung (Figure 5B & C) may 

target hematopoietic or Mk progenitors (Figure 2.5E) to rapidly induce de novo 

platelet biogenesis. It has been shown that HSPCs are also found in the adult liver[157], 

and although Mk cells could not be detected in the adult liver using 2-photon intravital 

microscopy (2PIVM),[156] given the presence of HSPCs and the production of TPO in 

liver, Mk cells would be logically expected in the adult liver. Our data (Figures 2.5D 

& E ) seem to confirm the presence of muCD41+ cells in the adult murine liver, where 

these and muHSPCs may be targeted by huMkMPs to produce platelets in the liver, as 

well. 

The biological impact of huMkMPs on muHSPCs might be mediated by the 

delivery of huMkMPs RNA as in the case in huMkMPs targeting huHSPCs [3]. We 

have recently reported that two of the most abundant microRNAs (miRs) in 

huMkMPs, miR-486-5p and miR-22-3p, are likely important in triggering 

megakaryocytic differentiation in huHSPCs[145]. These two miRs are identically 

conserved on the murine genome [158], and their role appears to be conserved as well 

[159].   

Several methods have been explored for delivering therapeutic cargo to 

specific cells or tissues in vivo, but tissue- or cell-specific delivery remains a 

challenge, particularly for HSPCs[19]. Viral vectors have high transfection efficiencies 

but could be toxic due to insertional mutagenesis, and could elicit an immune response 

from the host[19]. Other carriers, such as liposomes, have demonstrated effective 

delivery of cargo to different tissues in vivo, but target specificity is only attained by 

engineering the liposomeôs surface[4, 155]. Use of EVs addresses some of the 

shortcomings of liposomes and viral vectors. Wen et al have demonstrated the innate 
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targeting ability of intravenously administered 4T1 and 67NR exosomes to target 

breast-tumor cells in vivo.[35] Tian et al. demonstrated specific targeting cerebral tissue 

using exosomes[155]. Similar to our findings, prior studies have reported initial 

localization of labeled EVs in liver, kidneys, and spleen, with improved tissue-specific 

targeting occurring after a 24-hour circulation. [35, 155]  However, Tian et al. observed 

significant retention in the liver with extended circulation, with a several-fold increase 

in liver localization compared to the targeted tissue[155]. Here, huMkMP localization in 

the BM was significantly or near significantly higher than all other tissues examined.  

As discussed, platelets are an expensive product in limited supply due to 

limitations in platelet preservation and donor sources[138]. One unit of platelets for 

transfusion contains 3-4 x 1011 platelets and is able to enhance platelet levels by 

~10%.[160] Wang et al showed that culture-derived human platelets, or PLPs, were 

quickly cleared in vivo by macrophages after injection into mice[142]. However, infused 

human Mks were able to produce functional platelets in vivo [142]. Our data support the 

idea of using huMkMPs to induce platelet production in vivo. Our study demonstrated 

that 2 x 106 huMkMPs can increase platelet levels in WT mice by 49% (Fig. 4A) & 

27% (Fig. 3B) at 24 and 72 hour, respectively. It is most likely that the effect of 

huMkMPs on muHSPCs in promoting de novo platelet biogenesis is less effective than 

on huHSPCs. Even so, the platelet boost from 2x106 huMkMPs far exceeds the 

platelet boost in humans from one unit of platelets. In Table 1, we estimate the human 

equivalent dosage (HED) of MkMPs that would be needed clinically based on FDA 

guidelines:[161]  

  (1)            HED (mg/kg) = Animal Dose (mg/kg)  (Animal Km/Human Km)                     
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Km is a correction factor defined as the ratio of average body weight to body 

surface area of the species. The calculated human dosage is 5 × 108 MkMPs for a 60-

kilograms adult. 

In vivo, Mks can produce between 2,000 and 11,000 platelets but in vitro only 

few Mk cells can produce platelets and typically 10-100 per Mk.[162-164] With current 

optimized practices, it is possible to produce 40-50 Mks per input HSPC (CD34+ 

cell).[165]  Thus, a single platelet transfusion unit will require almost 108 CD34+ cells, 

which is 50 fold higher than the number contained in a single Umbilical Cord Blood 

(UCB) collection (2x106), or 50% of a single apheresis of MPB, typically 2x108 

CD34+ cells. The availability and cost of such large numbers of CD34+ cells and the 

small number of platelets or PLPs generated per CD34+ cell limit the scalability and 

the economic feasibility of platelet manufacturing. If however one focuses on 

manufacturing MkMPs from cultured Mks, the numbers look quite promising and the 

process appears both feasible and cost-effective. Table 2 shows calculations of 

MkMPs yields per input Mk or CD34+ cell collected from UCB or MPB, based on 

current performance metrics including the use of biomechanical forces (shear) to 

enhance MkMP biogenesis by 47-fold compared to static MkMP production[134]. 

These calculations suggest that production of therapeutic doses of MkMPs are 

practical. With process optimization and the  development of large-scale EV 

manufacturing processes[166], MkMP yields per input  CD34+ cell would be expected 

to improve by at least 50- to 100-fold. 

Based on these proof-of-concept findings and engineering analyses, huMkMPs 

appear to hold a good potential to serve as a platelet substitute to ameliorate 

thrombocytopenias, and to enhance platelet biogenesis in patients with thrombotic 
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deficiency. In view of the fact that huMkMPs can be stored frozen [3], such a MkMP 

product could also resolve the issue of availability on demand at any location 

worldwide. Furthermore, based on our recent data[145] showing that, in vitro, MkMPs 

can be used to effectively deliver exogenously loaded plasmid DNA and small RNAs 

to huHSPCs, our data here demonstrating in vivo effectiveness of huMkMPs in 

targeting HSPCs would open up the possibility of using modified MkMPs for gene 

therapy applications to address hematologic abnormalities. 
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Chapter Abstract 

Hematopoietic stem and progenitor cells (HSPCs) are desirable targets for 

gene therapy but are notoriously difficult to target and transfect. Existing viral vector-

based delivery methods are not effective in HSPCs due to their cytotoxicity, limited 

HSPC uptake and lack of target specificity (tropism). Poly(lactic-co-glycolic acid) 

(PLGA) nanoparticles (NPs) are attractive, nontoxic carriers that can encapsulate 

various cargo and enable its controlled release. To engineer PLGA NP tropism for 

HSPCs, megakaryocyte (Mk) membranes, which possess HSPC-targeting moieties, 

were extracted and wrapped around PLGA NPs, producing MkNPs. In vitro, 

fluorophore-labeled MkNPs are internalized by HSPCs within 24 hours and were 

selectively taken up by HSPCs versus other physiologically-related cell types. Using 

membranes from megakaryoblastic CHRF-288 cells containing the same HSPC-

targeting moieties as Mks, CHRF-wrapped NPs (CHNPs) loaded with siRNA 

facilitated efficient RNA interference upon delivery to HSPCs in vitro. HSPC 

targeting was conserved in vivo, as PEG-PLGA NPs wrapped in CHRF membranes 

specifically targeted and were taken up by murine bone marrow HSPCs following 

intravenous administration. These findings suggest that MkNPs and CHNPs are 

effective and promising vehicles for targeted cargo delivery to HSPCs. 
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3.2 Introduction and Background 

Hematopoietic stem and progenitor cells (HSPCs) are predominantly localized 

in the bone marrow (BM) and possess the ability to self-renew or differentiate into 

cells of all blood lineages.[167] Their ability to differentiate into all blood-related cells 

make HSPCs ideal candidates for gene regulation, but enabling effective delivery of 

nucleic acid cargo to HSPCs is a long-standing problem whose solution has 

ñformidable promiseé that may transform medical practice.ò[168] Thus, by facilitating 

HSPC-specific delivery of nucleic acid cargo and other therapeutics, a host of genetic 

hematological diseases, such as sickle cell anemia and thrombocytopenia, can be 

ameliorated as diseased HSPCs can be repaired and ultimately differentiate to various 

lineages of healthy blood cells.[169-172]  

Naked nucleic acids (plasmids, small interfering RNAs (siRNAs), microRNAs 

(miRNAs)) cannot effectively enter into cells without a carrier or be used clinically 

because they are rapidly degraded by serum nucleases in vivo, thus resulting in a short 

blood circulation half-life.[173] Current delivery methods using viral vectors (e.g., 

based on lentivirus or adeno-associated virus) are hampered by limited loading 

capacity, poor DNA insertion, and considerable cytotoxicity.[19]  Further, these 

materials are not well suited for use in HSPCs because the cells lack expression of 

appropriate adenoviral receptors.[168] To successfully deliver nucleic acid cargo to 

HSPCs, a delivery system must specifically target HSPCs while also protecting the 

cargo. Here, we demonstrate that poly(lactic-co-glycolic acid) (PLGA) nanoparticles 

(NPs) can be loaded with nucleic acids and ñcloakedò or ñwrappedò with 
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megakaryocytic (Mk) membranes that facilitate HSPC-specific cargo delivery.  

Membrane-wrapped NPs were pioneered by Hu et al. and Parodi et al., who wrapped 

red blood cell and leukocyte membranes around NPs for improved circulation time 

and immune evasion, and the concept was expanded upon by Fang et al. who showed 

that cancer cell membrane-wrapped NPs could facilitate homotypic tumor targeting.[29, 

78, 174] Here, we exploit this concept to enable targeted cargo delivery to HSPCs. 

Human megakaryocytic microparticles (MkMPs) are 100-1000 nm naturally-

occurring extracellular vesicles[175] that bud off the cytoplasmic membrane of Mk cells 

(derived from cultured HSPCs).[134] They have been shown to specifically target and 

deliver their cargo to HSPCs, both in vitro[176, 177] and in vivo[178], through receptor-

meditated endocytosis and cytoplasmic-membrane fusion[176].  Microparticles (MPs) 

from CHRF cells (termed CMPs) also effectively target and deliver cargo to HSPCs 

with similar if not better effectiveness.[177] CHRF cells are a well-characterized model 

human megakaryoblastic cell line used to study megakaryopoiesis.[179] Thus, CHRF 

membranes are similar to normal Mk membranes, expressing similar membrane 

glycoproteins. Given the natural targeting ability of MkMPs and CMPs for HSPCs, we 

hypothesized that membranes extracted from Mk and CHRF cells could be used to 

produce membrane-wrapped NPs (MWNPs) and produce a semisynthetic carrier that 

can specifically target and deliver cargo to HSPCs (Figure 3.1). Here, we generated 

Mk cell-derived membrane vesicles (MkMVs) and successfully wrapped these 

vesicles around PLGA NPs loaded with synthetic cargo to form MkNPs. Wrapping 

was confirmed utilizing transmission electron microscopy (TEM) and Nanoparticle 



 

 79 

Tracking Analysis (NTA). After incubating fluorophore-loaded MkNPs with HSPCs, 

internalization was observed within 24 hours primarily via dynamin-dependent 

endocytosis, determined using endocytic pathway inhibitors. Further, we demonstrate 

that these MkNPs preferentially interact with HSPCs over other physiologically-

related cell types of the BM microenvironment[167], namely mesenchymal stem cells 

(MSCs) and endothelial cells (human umbilical vein endothelial cells, HUVECs). 

Next, PLGA NPs loaded with siRNA targeting the HSPC marker CD34[180] were 

generated using double-emulsion synthesis and wrapped with membrane vesicles from 

CHRF cells to generate CHRF-wrapped NPs (CHNPs) loaded with siCD34.  Upon 

delivery to HSPCs, these CHNPs decreased CD34 protein expression levels on 

HSPCs, indicating successful delivery of functional siRNA cargo. 
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Figure 3.1: Overview of the synthesis and application of membrane-wrapped 

nanoparticles (MWNPs). Mk membrane vesicles, derived from 

megakaryocytes or Mk-like CHRF-288 cells, can be wrapped around 

polymeric nanoparticles (NPs) loaded with desired cargo to produce 

membrane-wrapped NPs (MWNPs) that can selectively target, bind, and 

enter HSPCs to deliver their cargo. 

Finally, we show that CHNPs retain their ability to target HSPCs in vivo. After 

intravenous administration to Balb/c mice, CHPPNPs (CHRF-wrapped poly(ethylene 

glycol)-coated PLGA NPs) exhibited significant, tissue weight-normalized, 

localization in the HSPC-rich bone marrow. Additionally, CHPPNPs were directly 

taken up by murine HSPCs within the marrow, further confirming the target 

specificity of CHPPNPs. Control PEG-PLGA NPs (poly(ethylene glycol)-coated 

PLGA NPs) exhibited significantly less accumulation in the BM and uptake by 

HSPCs.  Taken together, the data presented here demonstrate that MkNPs and CHNPs 

are promising vehicles for specific and effective cargo delivery to HSPCs. 
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3.3 Materials and Methods 

3.3.1 Materials and antibodies 

All chemicals were purchased from Fisher Scientific and Sigma Aldrich unless 

otherwise indicated. HSPC and Mk culture media, BIT 9500, was purchased from 

STEMCELL Technologies. All recombinant human interleukins (rhIL-3, rhIL-6, rhIL-

9, rhIL-11), stem cell factor (rhSCF), and thrombopoietin (rhTPO) were from 

PeproTech. For the CHRF media, heat inactivated fetal bovine serum (FBS) was from 

Millipore Sigma. Frozen G-SCF mobilized human peripheral blood CD34+ cells were 

obtained from the Fred Hutchinson Cancer Center (Seattle, WA) from anonymized 

healthy donors. Mesenchymal stem cells (MSCs) and culture media were from Lonza 

Tech. HUVEC (endothelial) cells and culture media were from Millipore Sigma. The 

Avanti Mini Extruder and associated consumables (filter supports, polycarbonate 

membranes) were from Avanti Polar Lipids. Fluorescently conjugated antibodies 

(monoclonal mouse IgG2b allophycocyanin (APC)-tagged anti-human CD34) were 

from BD Lifesciences. All siRNAs (siCD34 and nontargeting siNeg) were purchased 

from Dharmacon.  

 

3.3.2 Megakaryocytic (Mk) and CHRF-288-11 cultures 

Human CD34+ D0 (Day 0) cells were cultured in IMDM supplemented with 

20% BIT 9500, rhSCF, rhTPO, rhIL-3, rhIL-6, rhIL-11 and human LDL to produce 

Mks and incubated in a hypoxic (5% O2, 5% CO2) humidified (95% rH) environment 
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at 37oC as described by Panuganti et al.[165] After a Day-5 media exchange, Day 7 

CD61+ cells (Mks) were enriched using anti-CD61 magnetic microbeads (Miltenyi 

Biotec) and were cultured in IMDM containing 20% BIT 9500. rhSCF, rhTPO, human 

LDL, and nicotinamide as described by Panuganti et al.[165], and incubated in a 20% 

O2, 5% CO2 and 85% rH environment at 37oC. On Day 12, Mks were collected, and 

membranes were isolated as explained in Section 3.2.3.  

For the siRNA and in vivo experiments, CHRF-288-11 cells[179]  were used in 

lieu of Mk cells due to their comparatively faster culture and lower cost. When treated 

with phorbol 12-myrsitate 13-acetate (PMA)[177, 179], CHRF cells differentiate into Mk 

cells that also produce microparticles. Cells were initially expanded in CHRF medium 

(IMDM, 10% FBS, Na2CO3, and antibiotic/antimycotic). Next, CHRF cells were 

seeded (200,000/mL) in static T flasks with CHRF media supplemented with 0.1 nmol 

PMA. After a 3-day incubation, the adherent and suspension CHRF-PMA cells were 

harvested to produce CHRF membrane vesicles (CHMVs) following the same 

collection procedure as Mk cells described in Section 3.2.3.  

To characterize specific membrane protein expression of mature Mks and 

CHRF cells, 100 µL of cell culture (approximate density: 200-500k cells/mL) were 

incubated with 5 µL (all monoclonal mouse IgG2b anti human) PE anti-CD11b, PE 

anti-CD41a, or PE anti-CD54 antibody (BD Lifesciences) at 4°C for 15 mins, and 200 

µL filtered PBS was added to each sample prior to analysis by flow cytometry 

(Beckman Coulter CytoFLEX S). Expression was gated against unstained Mk or 

CHRF controls[134, 176]. 
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3.3.3 Preparation and isolation of Mk and CHRF membrane vesicles  

  

Mk and CHRF membrane vesicles (MVs) were generated from mature Day 12 

Mk cells or Day 3, PMA treated CHRF cells, prepared as described in Section 3.2.2. 

To generate the membranes for NP wrapping, we used an estimate of 2,000-4,000 

MVs generated per cell. Briefly, cells were collected, washed, dyed with PKH26 

(PKH26 Red Fluorescent Cell Linker Kit for General Cell Membrane Labeling-

Sigma) and excess dye was quenched with 1% bovine serum albumin (BSA). Next, 

cells were washed and suspended in a hypotonic lysis buffer (20 mM Tris HCl, 

10 mM KCl, 2 mM MgCl2) containing 0.5% v/v protease inhibitor cocktail (p8340, 

Sigma) prior to disruption using two differently sized Dounce homogenizers with 

tight-fitting pestles (Kimble) as described[29]. The entire solution was subjected to 30 

passes with each pestle before spinning down at 3,200 × g for 5 mins at 4°C. The 

supernatants were collected and spun down at 20,000 × g for 20 mins at 4°C, after 

which the pellets were discarded or used for protein analysis, and subsequently 

centrifuged at 100,000 × g for 90 mins at 4°C [29]. The supernatant was discarded, and 

pelleted cell membranes were resuspended in Biology Grade Molecular Water 

(Corning). To generate MkMVs, isolated membranes were extruded through a 400 nm 

polycarbonate membrane (Avanti) for 11 passes (Avanti Mini Extruder). Final MkMV 

and CHMV concentration was measured using Nanoparticle Tracking Analysis (NTA; 

Malvern NanoSight NS300) for subsequent characterization and preparation of 

membrane-wrapped nanoparticles. 
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3.3.4 Synthesis and characterization of PLGA NPs and MkNPs 

For initial in vitro studies, PLGA NPs prepared by single emulsion synthesis 

were loaded with DiD fluorophores as a model cargo to allow visualization of cargo 

delivery to HSPCs. Briefly, 50:50 PLGA (LACTEL Absorbable Polymers) (inherent 

viscosity: 0.67 dL/g, molecular weight: 39.5 kDa), was dissolved in acetone at 2 

mg/mL and DiD was added at a concentration of 12 µM. This mixture was then added 

dropwise to water in a 1:3 ratio, and the solvent allowed to evaporate overnight under 

continuous stirring at 800 rpm at room temperature. The resultant DiD-loaded PLGA 

NPs were purified by 10 kDa MWCO centrifugal filtration (Sigma) at 3200 × g for 30 

min at room temperature.  

Prior to membrane wrapping, the size and concentration of bare NPs and 

extruded MkMVs were determined by NTA.  Each sample was diluted in molecular 

biology-grade water to an optimal concentration of 1×108 to 5×109 particles per 

milliliter. Three technical replicates for each sample were analyzed and each video 

was analyzed by the NTA software to reveal the mean and mode diameter and 

estimate of the sample concentration. Based on the concentration of bare NPs and 

MkMVs determined by NTA, the NPs and MVs were premixed together at a wrapping 

ratio of 1:2 NPs:MkMVs and co-extruded through a 400 nm polycarbonate membrane 

(Avanti Polar Lipids) for 7-11 passes within a heating block set at 55°C [29]. The 

MkNP suspension was then centrifuged at 20,000 × g for 20 mins at 4°C to pellet, and 

the supernatant was removed. MkNPs were resuspended in water for characterization 

and further use. The size and zeta potential of bare PLGA NPs, empty MkMVs, and 
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wrapped MkNPs were determined with an Anton Paar LiteSizer500. NTA was utilized 

to determine the diameter and concentration of MkNPs. To visualize the morphology 

of bare NPs, MkMVs, and MkNPs, samples were placed on transmission electron 

microscopy (TEM) grids, stained with 2% uranyl acetate, dried, and examined by 

TEM (Carl Zeiss Libra 120).  

To quantify the presence of CD41a on cells, 100 µL of cell culture was stained 

with monoclonal FITC mouse IgG2b anti-human CD41a with the protocol described 

in Section 3.2.2 and analyzed by flow cytometry (BD FACS Aria II). Before 

quantifying CD41a presence on MkMVs and MkNPs, 0.1 µL streptavidin-conjugated 

T1 DynabeadsÊ (Invitrogen) were incubated with 2 µL biotin-conjugated monoclonal 

mouse IgG1 anti-human CD41a (Invitrogen) prior to adding to each sample. The 

volume of each sample was brought up to 500 µL with filtered PBS, and the samples 

were mixed via rotation (LabQuake® Shaker) for 2 hours at room temperature. Next, 

the samples were washed with filtered PBS containing 0.1% BSA, and the washed 

DynaBeadÊ-coupled MkMVs and MkNPs were resuspended in 300 µL filtered PBS. 

Finally, the samples were incubated with 10 µL monoclonal mouse IgG2b FITC anti-

human CD41a antibody (BD Lifesciences) at room temperature for 15-30 mins prior 

to analysis via flow cytometry (BD FACS Aria II). Scatter plots using forward and 

side scatter were used to exclude cell debris and dead cells and create a main live-cell 

population gate. Signal was adjusted to reduce overflow between channels and 

additional gates were created based on unstained cells and single stain controls. 

MkNPs were selected from a population containing both PKH26 and DiD; presence of 
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CD41a on the MkNPs was determined from this sub-population. Analysis presented 

are the average of 4 replicates.   

3.3.5 Incubation of HSPCs with MkNPs for microscopic analysis of cellular 

interactions 

Cells from Day 3 CD34+-cell cultures were resuspended in culture medium 

(IMDM + 20% BIT serum substitute + 1% antibiotic-antimycotic (ŬŬ), 100 ng/mL 

rhTPO and rhSCF) and added to Transwell membrane wells (0.4 ɛm pore size, Costar 

3470) in a 24-well tissue culture plate (Falcon 353047, Corning) as described[134, 176, 

177]. After 30 mins, MkMVs, bare NPs, or MkNPs were added in each Transwell 

membrane insert, and the plate was centrifuged at 600 × g for 30 mins to maximize 

interaction between the particles and HSPCs. The plate was subsequently incubated at 

5% CO2, 20% O2, 95% relative humidity (rH), and 37°C. After incubating for 

24 hours, cells were stained with AF488 phalloidin and DAPI to visualize the actin 

cytoskeleton and nucleus, respectively, and transferred to a ɛ-slide 8 chambered 

coverslip with poly-L-lysine (Ibidi 80826). Live cells were examined using confocal 

microscopy with a 40X oil objective (Carl Zeiss LSM880 multiphoton confocal 

microscope). For super-resolution structured illumination microscopy (SR-SIM, Carl 

Zeiss Elyra PS1), cells were fixed with 4% paraformaldehyde (PFA) in PBS, stained 

with Alexa Fluor 488 (AF488)-phalloidin, mounted on slides with SlowFade with 

DAPI (Thermo Fisher) and visualized using a 63X oil objective. The DiD cargo, 

PKH26-labeled membrane, phalloidin-stained HSPC cytoskeleton, and DAPI-stained 
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HSPC nuclei were imaged in their respective channels. For assessing the interaction 

between CHRF-wrapped DiD-loaded PLGA NPs and HSPCs, the previous protocol 

was repeated with PKH26-stained CHRF membranes used in lieu of Mk membranes. 

To analyze HSPC-CHRF NP interaction, the culture was fixed with 4% PFA in PBS 

following 24-hours of incubation, stained with AF488-phalloidin, mounted onto slides 

with SlowFade with DAPI, and imaged with a 63X oil objective (Carl Zeiss LSM880). 

3.3.6 Use of endocytosis inhibitors to examine the route of MkNP uptake by 

HSPCs 

To elucidate the mechanism by which bare PLGA NPs and MkNPs might enter 

HSPCs, cells from Day 3 CD34+-cell cultures placed in centrifuge tubes were 

pretreated with various endocytosis inhibitors prior to incubation with bare NPs or 

MkNPs according to our previous study[176]. Specifically, 10 ɛM dimethylamiloride 

(DMA, Sigma), 80 ɛM Dynasore (Sigma), 5 mM Methyl-ɓ-Cyclodextrin (MɓCD, 

Sigma), or 50 ɛM LY29400 (Sigma Aldrich) were incubated with the cells to inhibit 

macropinocytosis, dynamin-dependent (clathrin-dependent) endocytosis, lipid raft-

mediated endocytosis, and macropinocytosis, specifically blocking PI3K, respectively. 

Cells and inhibitors were vortexed for 30 seconds and incubated at 37°C, 20% O2, 

85% humidity for 45 min prior to administering either bare NPs or wrapped MkNPs. 

The samples were vortexed in the tubes for 30 secs, transferred to 12-well plates and 

incubated at 37°C for 30 mins. After incubation, cells were washed with PBS and 

pelleted at 500 × g for 5 mins.  Cells were re-suspended in 300 ɛL PBS and analyzed 
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by flow cytometry (BD FACS Aria II). The intensity of the DiD dye within the NPs 

was detected using the APC channel, and the Median Fluorescent Intensity (MFI) 

determined with three measurements for each sample. The MFI of cells that were not 

exposed to NPs was used to set a gate such that the percent of DiD positive cells in 

each treatment group could be established. A paired student t-test was performed to 

compare the intensity in samples treated with each inhibitor to the intensity in samples 

not treated with any inhibitor. 

3.3.7 Interaction of MkNPs with CD34+ (HSPCs), mesenchymal stem cells 

(MSCs), and endothelial cells, and the cytotoxicity assay 

CD34+ (i.e., HSPCs) were thawed and prepared as described in Section 3.2.5. 

Mesenchymal stem cells (MSCs; Lonza) and human umbilical vein endothelial cells 

(HUVECs; Sigma) were cultured in non-differentiating serum-supplemented 

mesenchymal stem cell growth media (Lonza) and VEGF-supplemented endothelial 

cell growth media (ATCC), respectively, and expanded at 20% O2, 5% CO2, and an 

85% rH environment at 37oC in their respective media and passaged several times 

prior to incubation with NPs and MkNPs. Both MSCs and HUVECs were seeded at 

roughly 40-60% confluence and ~130,000 of the prepared Day 0 CD34+ cells were 

seeded in the 0.4-µm Transwell inserts before adding DiD-labeled PLGA NPs 2 hours 

later. Five wells corresponding to 5 timepoints (4-, 8-, 12-, 18-, and 24-hours) were 

prepared for each of the HSPC, MSC, and HUVEC cultures, and cells were collected 

for measurement just once from each well to minimize disruption to the interactions 
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between particles and cells. A ratio of approximately 40,000 particles (determined by 

NTA) per viable cell for both the bare NPs and MkNPs was used, as determined by 

final yields of synthesized NPs and MkNPs. 

To analyze DiD signal in NP-treated MSCs and HUVECs, cells were detached 

from the wells using Accutase (Sigma) and resuspended in 200 µL of the respective 

cell media. For confocal microscopy, approximately 100 µL of the cell suspension was 

seeded onto separate poly-L-lysine coated coverslips and incubated at 37°C for 15 

mins; 50 µL was reserved for flow cytometry. Seeded cells were subsequently fixed 

using 4% PFA and washed several times using filtered PBS, and the fixed 

(unpermeabilized) cells were incubated with AF488-conjugated phalloidin for 30 mins 

to stain actin in the cytoskeleton[181]. After several washes with filtered PBS, the fixed 

slides were mounted using mounting media (Slow Fade with DAPI) and sealed with 

coverslips. Slides were imaged using confocal microscopy with a 40x oil objective 

(Carl Zeiss LSM880) and measured using their respective fluorescent channels.  

To assess the optimal dose of bare NPs to cell, unwrapped DiD-labeled PLGA 

NPs were incubated with CD34+ cells, MSCs, and HUVECs at ratios of 1×104, 1×105, 

and 1×106 NPs per cell in a 12-well plate (2 biological replicates) and stored at 37°C, 

20% O2, 85% humidity. After 24-hours, cells were removed from their respective 

wells, washed, and incubated in filtered PBS containing 0.1% ethidium homodimer for 

15 mins at 37°C to assess viability. Cells were then analyzed and gated for live and 

dead cells using size and fluorescence under the PE channel. DiD NP uptake was 

tabulated by measuring the number of DiD+ live cells under the APC channel. 
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3.3.8 Generation of siRNA-loaded CHNPs 

To encapsulate hydrophilic siRNA cargo in PLGA NPs, a previously 

established double emulsion water-in-oil-in-water procedure was adapted.[182] Briefly, 

the first water phase was created by adding 0.4 nmol siCD34 or siNeg to 100 µL of 

1% poly(vinyl alcohol) (PVA) in deionized (DI) water. The siRNA/PVA solution was 

then added dropwise, while stirring, to 1 mL of a 4 mg/mL PLGA-in-acetone solution 

that was prepared by dissolving 50:50 PLGA (LACTEL Absorbable Polymers) 

(inherent viscosity: 0.67 dL/g) in acetone. The mixture was stirred for 5 minutes at 

800 rpm to create a water-in-oil emulsion that was then added dropwise while stirring 

to 0.1% aqueous PVA at a 1:3 ratio, to produce the water-in-oil-in-water solution. The 

solvent was evaporated overnight under continuous stirring at 800 rpm and the 

resultant NPs were purified by 50 kDa molecular weight cut-off (MWCO) centrifugal 

filtration (Sigma) at 3200 × g for 30 minutes at 4°C. siRNA-NPs were wrapped as 

described in Section 3.2.4 using CHRF membranes and the final product characterized 

by TEM, zeta potential, and NTA. 

3.3.9 Treatment of HSPCs with siRNA-loaded NPs for analysis of CD34 

knockdown 

Frozen CD34+ D0 cells were thawed and prepared in a modified culture 

medium as described in Section 3.2.5. The modified medium did not include rhTPO, 

as it induces differentiation of HSPCs into a megakaryocytic lineage, which would 

accelerate CD34 downregulation and would thus confound results. Approximately 
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130,000 CD34+ cells were seeded into multiple 0.4 µm Transwell inserts at 37°C for 2 

hours prior to incubation with either bare siNPs or wrapped siCHNPs. Approximately 

40,000 NPs per cell of both bare siNPs and siCHNPs were dosed into their respective 

wells after seeding, along with polybrene (Sigma) (1:2000 v/v, polybrene: medium) to 

enhance NP interaction with cells and aid transport across the cell membrane.[183] 

After 24 hours, cells were aspirated from the Transwell inserts, spun at 300 × g for 10 

mins, and resuspended in fresh modified culture media (containing IMDM + 20% BIT 

serum substitute + 1% antibiotic-antimycotic (ŬŬ), and 100 ng/mL rhSCF only) to 

remove any excess siNPs and siMkNPs from suspension. 

To measure the cellsô CD34 expression at each time point (24, 48, 72, and 96 

hours), 75 µL of the sample and a negative control consisting of solely CD34 cells in 

the modified culture medium were incubated with 5 µL monoclonal APC mouse 

IgG2b anti-human CD34 antibody (BD Lifesciences) at 4°C for 15 mins. Then, 220 

µL of filtered PBS was added and the APC intensity of each sample was measured 

against the untreated negative control using flow cytometry. Reduction in CD34 

expression was calculated by taking the difference in the percentage of CD34+ cells 

between the experimental conditions (siCD34- or siNeg-loaded NPs and CHNPs) and 

the untreated negative control at each time point. An unpaired studentôs T-test was 

performed to compare both siCHNP conditions to the untreated negative control. 
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3.3.10 Synthesis of membrane-wrapped poly(ethylene glycol) (PEG)-PLGA NPs 

for in  vivo biodistribution  

For in vivo experiments, PEG-PLGA NPs were used as a biocompatible base 

for the MkNPs. Poly(lactide-co-glycolide)-b-poly(ethylene glycol) methyl ether (PEG-

PLGA) (Nanosoft Polymers) was dissolved in dichloromethane at 2 mg/ml and mixed 

at a 1:3 ratio with the acetone-PLGA solution (Section 3.2.4). DiD was added at a 

concentration of 12 µM and this mixture was then added dropwise to 0.1% PVA in a 

1:3 ratio, and probe sonicated on ice for 60 seconds. The solvent was allowed to 

evaporate overnight under continuous stirring at 800 rpm at room temperature and the 

resultant PEG-PLGA NPs were purified by 10 kDa MWCO centrifugal filtration 

(Sigma) at 3200 × g for 30 min at room temperature. NPs were left unwrapped or 

wrapped with CHRF membranes following the steps of Section 5.4 and characterized 

by NTA, zeta potential, and TEM. These particles are referred to as CHPPNPs, 

(CHRF-wrapped PEG-PLGA NPs) as they are different from the CHNPs described 

above. 

3.3.11 Assessing biodistribution of CHPPNPs to determine targeting of murine 

HSPCs  

Animal studies were performed in accordance with institutional guidelines 

under a protocol approved by the Institutional Animal Care and Use Committee. 1 mg 

of CHPPNPs suspended in 100 µL sterile saline was intravenously administered to 

Balb/c mice via the tail vein; equivalent amounts of unwrapped (bare) PEG-PLGA 

NPs and saline were used as controls. After 16-18 hours, the mice were euthanized via 
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CO2 asphyxiation and cervical dislocation, and the following tissues were excised and 

added to PBS with 1% antibiotic-antimycotic: femurs, lungs, liver, spleen, kidneys, 

heart, and brain.  

Immediately post-extraction, whole tissues were imaged using a PerkinElmer 

IVIS Lumina III with excitation and emission filters of 640 nm/710 nm to capture DiD 

signal in tissues. After imaging, tissues were weighed and homogenized in PBS using 

Potter-Elvehjem PTFE pestle and glass tubes (Sigma Aldrich). Fluorescence signal 

from three wells containing 100 µl each of homogenized tissue (excluding femurs) 

were measured by Synergy H1 Microplate Reader (Biotek) (ex/em 640 nm/675 nm) 

and averaged to calculate signal per gram of tissue. To measure signal in bone 

marrow, the ends of the femurs were trimmed, and the marrow flushed using a 28G 

needle with 100 µl PBS repeatedly until marrow was visibly removed. Solution was 

added to a single well and read by microplate reader with the same settings as the 

tissues. Weight used in signal calculations of the femurs was based on the average 

change in weight of the end-trimmed femurs pre- and post- flushing of the marrow. 

Tissues from representative mice were paraffin embedded, sectioned, and stained with 

hematoxylin and eosin (H&E). Slides were imaged with a light microscope to examine 

any morphological changes.  

To extract the bone marrow cells for flow cytometry and microscopy, each 

femur was placed in a clean petri dish and scraped clean of any other tissue (muscle, 

connective tissue, etc.) and rinsed with 1x PBS containing antibiotic-antimycotic. 

Next, the epiphyses were trimmed, and a 3-mL syringe equipped with a 20G needle 
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and filled with the RPMI-FBS tissue storage buffer was used to flush the bone marrow 

out of the bone. The bone marrow cells were subsequently added atop a 30-µm pre-

separation filter (Miltenyi Biotec). Finally, additional RPMI tissue storage buffer was 

added to the petri dish, and the evacuated femur was crushed. The buffer containing 

the crushed femur was transferred to the pre-separation filter, and the marrow cells 

were spun at 300×g for 10 minutes and washed with PBS. 

The extracted and washed bone marrow cells were subsequently analyzed via 

flow cytometry and confocal microscopy. For the flow cytometry measurements, 50 

µL of the marrow cell suspension was incubated with 2.5 µL of fluorescently-

conjugated monoclonal rat IgG2b 2B8 anti-mouse CD41a and anti-mouse CD117 

antibodies (Becton Dickinson) and incubated at 4oC for 15 minutes prior to analysis; 

separate aliquots of each sample were used with each antibody. For the preparation of 

slides for confocal microscopy, 100 µL of each bone marrow cell suspension was 

seeded on glass coverslips pretreated with poly-L-lysine and subsequently fixed with 

4% paraformaldehyde (Electron Microscopy Services). Next, the seeded and fixed 

coverslips were blocked with blocking buffer containing 10% normal donkey serum 

(Abcam) and 3% bovine serum albumin for 1 hour at room temperature. After 

blocking, each coverslip was rinsed with filtered PBS, and 200 µL blocking buffer 

containing 5 µL of fluorescently-conjugated monoclonal rat IgG2b 2B8 anti-mouse 

CD117 (BioLegend) was added to each coverslip; the coverslips were stained for 2 

hours in the dark at room temperature. The stained coverslips were rinsed with filtered 
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PBS, mounted onto slides containing SlowFade mounting media with DAPI 

(Invitrogen), sealed with nail polish, and stored at 4oC prior to imaging. Each sample 

was imaged using the Carl Zeiss LSM880 confocal microscope and analyzed using the 

Zeiss Zen software.  
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3.4 Results  

3.4.1 Synthesis and Characterization of Bare PLGA NPs, MkMVs, and MkNPs 

To confirm successful synthesis of MkNPs, several techniques were used to 

characterize the MkNPs and their precursor components. Both nanoparticle tracking 

analysis (NTA) and dynamic light scattering (DLS) reported a mean diameter of bare 

NPs around 105 nm with an increased size upon wrapping (Figure 3.2A, 3.2B). The 

NTA readings (Figure 3.2A) show a 10-15 nm shift in peak size between the bare NPs 

and the MkNPs and there remains a secondary, smaller peak in the MkNP population 

that is likely excess membranes in solution.  Unlike NTA, DLS cannot fully 

distinguish excess membranes from MkNPs, resulting in a more dramatic shift 

between bare NPs and MkNPs (Figure 3.2B). To further corroborate the size increase 

is due to wrapping of the particles with membranes, zeta potential measurements 

revealed that bare PLGA NPs have a zeta potential of ca. Ӈ45 mV, while MkNPs and 

MkMVs have similar zeta potentials of ca. Ӈ20 mV (Figure 3.2C). This demonstrates 

that MkNPs take on the charge of the membrane vesicles following successful 

wrapping. To confirm wrapping efficiency via flow cytometry, PLGA NPs were 

loaded with DiD fluorophores and the Mk membranes were labeled with PKH26, a 

strongly lipophilic membrane dye, prior to extrusion. Flow cytometry analysis further 

determined that greater than 71% of the wrapped sample contained both PKH26 and 

DiD fluorescence, indicating successful combination of the fluorescently labeled 

PLGA NPs with the MkMVs following extrusion (Figure 3.2E).  
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Figure caption on next page. 
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Figure 3.2: Characterization of MkNPs. (A) Representative nanoparticle tracking 

analysis (NTA) plot showing the shift in size distribution peak upon 

membrane wrapping. (B) Intensity distribution of the sizes of bare NPs, 

Mk Membranes (MkMVs), and MkNPs measured by DLS. n = 3. (C) 

Zeta potential of bare NPs, MkMVs, and MkNPs. Bare NPs, n = 10; Mk 

membranes and MkNPs, n = 8. (D) Percent of CD41a detected on whole 

cells, MkMVs, and MkNPs by flow cytometry. (E) Flow cytometry was 

used to gate DiD+, PKH26+ MV-wrapped NPs (MkNPs) following 

screening of bare DiD-loaded PLGA NP-only (DiD+) and MV-only 

samples (PKH26+). (F) Schema of determining proper MV wrapping of 

NPs via fluorescently-conjugated antibodies. (G) CD41a staining of 

gated MkNPs and MV-only samples shows high surface expression of 

CD41a, which indicated proper wrapping and orientation of the 

membrane proteins on the exterior of the MkNPs. (H) Transmission 

Electron Micrographs of Bare NPs, MkMVs, and MkNPs. Scale bars = 

100 nm. Error bars in B-D represent standard error of the mean. *p<0.05 

calculated by one-way ANOVA with post-hoc Tukey 

 

To determine the proper orientation of the Mk membrane, flow cytometry was 

used to determine the expression of CD41a (a characteristic Mk membrane marker) 

detected on whole Mk cells, empty MkMVs, and wrapped MkNPs (Figures 3.2D, 

3.2F, 3.2G).  As CD41a is present on the outer cell membrane of mature Mk cells, 

successful binding of the fluorescently conjugated antibody to the exposed CD41a 

membrane protein will indicate proper orientation of the membrane on the PLGA NP 

surface (Figure 2F)[176]. CD41a levels were similar, with only a slight, but not 

statistically significant, reduction in CD41a detected on MkNPs and MkMVs 

compared to whole cells (Figures 3.2D, 3.2G). This confirms that the MkNPs retain 

the characteristic Mk membrane markers and their proper orientation during the 

wrapping process. To visualize the membrane layer, bare PLGA NPs, MkMVs, and 
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MkNPs were imaged with transmission electron microscopy (TEM) (Figure 3.2H). In 

these images, bare NPs appear as light-colored spheres, MkMVs appear as hollow, 

empty shells, and MkNPs appear as spherical light cores surrounded by thin dark 

shells, indicative of membrane coating. Through TEM verification of the membrane 

shells surrounding the entire particle (Figure 3.2H) and the size and charge changes 

between bare and wrapped NPs, the NPs were considered successfully wrapped.   

3.4.2 MkNPs are readily taken up by HSPCs 

We next investigated the interaction between MkNPs and HSPCs in vitro. 

MkNPs were added to HSPCs that had been cultured for three days as described in 

Section 5.5. For these studies, DiD-loaded PLGA NPs and the PKH26-labeled Mk 

membranes were prepared prior to extrusion. MkNPs are visible by the signal 

colocalization of the DiD cargo in the NPs and the stained Mk membranes (Figure 

3.3A). Using confocal microscopy, we observed that more than 90% of the HSPCs 

contained overlapping NP and membrane signals across multiple levels of Z-stacks 

after 24 hours of incubation, suggesting that MkNPs were internalized intact by the 

HSPCs. To further confirm that the MkNPs were inside the cells, HSPCs were stained 

with AF488-conjugated phalloidin, labeling actin in the outer HSPC membrane and 

analyzed using super-resolution structured illumination microscopy (SR-SIM). As 

before, minimal MkNP signals were observed along the HSPC membrane at the 

peripheral Z-stacks; the colocalization signals were well inside the cells in the medial 

Z-stacks, thus confirming that the MkNPs were indeed internalized by HSPCs (Figure 
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3.3B). Our analysis further revealed several regions in the HSPC cytoplasm where the 

NP cargo and membrane signal were colocalized, suggesting the MkNPs were intact 

following uptake by HSPCs (Figure 3.3B). Quantitative uptake of MkNPs by HSPCs 

is presented in Section 3.2.3. 

We also investigated the endocytic pathway by which bare PLGA NPs and 

MkNPs are taken up by the HSPCs. We followed the experimental design and 

associated experience from our study using MkMPs.[176, 177] HSPCs were preincubated 

with endocytic inhibitors including dimethylamiloride (DMA), methyl-ɓ-cyclodextrin 

(MɓCD), Dynasore, or LY29400, which block macropinocytosis, lipid raft-mediated 

uptake, dynamin-dependent endocytosis, and macropinocytosis through PI3K, 

respectively. HSPCs were treated with each of the inhibitors for 45 mins and 

subsequently incubated with either bare NPs or MkNPs as described in Section 3.2.6. 

Following incubation with MkNPs, median fluorescence intensity (MFI) of DiD in 

HSPCs was measured with flow cytometry. Without any inhibitor treatment, roughly 

75% of HSPCs exhibited DiD fluorescence after 30 minutes of incubation with 

MkNPs (Figure 3.3C). Among all the inhibitors, Dynasore treatment significantly 

decreased MkNP uptake by 21% in comparison to the untreated control (Figure 

3.3C), with less than 60% of Dynasore-treated HSPCs exhibiting DiD fluorescence 

following incubation with MkNPs. This suggests that uptake of MkNPs involves 

dynamin-dependent endocytosis, indicating MkNPs would be taken up primarily 

through either clathrin-coated pits or caveosomes. Among HSPCs incubated with bare 

NPs, Dynasore treatment also reduced NP uptake, but the drop in uptake was less 
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pronounced and not statistically significant compared to their MkNP-incubated 

counterpart (Figure 3.3C). 

 

Figure 3.3: MkNPs are internalized by HSPCs predominantly by dynamin-

dependent endocytosis. (A) Confocal microscopy (Carl Zeiss LSM880) 

images of an HSPC interacting with MkNPs following 24-hours of 

incubation. Mk membranes are visible by PKH26 staining (red) and NPs 

were loaded with DiD fluorophores (green). The HSPC nucleus is stained 

with DAPI (blue). Both PKH26 and DiD signals are present in the HSPC, 

and colocalization of signals (yellow) indicates the wrapped MkNPs are 

intact following uptake by HSPCs. Scale bars: 10-ɛm. (B) HSPCs 

cultured with MkNPs were fixed and observed by super-resolution 

microscopy using Zeiss Elyra PS 1 to visualize internalized MkNPs. The 

actin cytoskeleton of HSPCs were stained with phalloidin (green) and 

nuclei were stained with DAPI (blue). MkNPs were labeled with PKH26 
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(red, membrane marker) and loaded with DiD fluorophores (cyan). Scale 

bars: 5-µm. For A and B, stills taken from intermediate Z-stack image are 

presented and yellow circles indicate internalized MkNPs. (C) Before 

exposure to either bare DiD-loaded NPs or MkNPs, HSPCs were pre-

incubated with inhibitors against specific endocytic pathways, including 

Dimethylamiloride (DMA), Methyl-ɓ-cyclodextrin (MɓCD), Dynasore, 

and LY29400, which block macropinocytosis, lipid raft-mediated uptake, 

dynamin-dependent endocytosis, and macropinocytosis through PI3K, 

respectively. Uptake of bare NPs and MkNPs was analyzed by assessing 

the fraction of DiD+ cells via flow cytometry following 30 minutes of 

incubation, and NP uptake for each inhibitor-treated culture is shown 

relative to either bare NP or MkNP uptake in untreated (none) HSPC 

cultures. Data represent the average of 4 (bare NPs) and 4 (MkNPs) 

biological replicates ± standard error of the mean. *: p<0.05 versus 

untreated control (Studentôs t-test) 

 

3.4.3 MkNPs exhibit interaction specificity with CD34+ HSPCs in comparison to 

Mesenchymal Stem Cells (MSCs) and Endothelial Cells (HUVECs) 

To test their target specificity, MkNPs containing DiD were incubated with 

either CD34+ HSPCs or two additional cell types that are physiologically related to 

HSPCs. Mesenchymal stem cells (MSCs) co-reside in the BM microenvironment with 

HSPCs, and provide stroma functions for HSPCs.[184] Mature and immature blood 

cells, including HSPCs and megakaryocytes, enter the systemic circulation through 

gaps of the endothelium of BM sinusoids[134, 185, 186] where they interact with 

endothelial cells. Here, we used human umbilical vein endothelial cells (HUVECs) as 

a model endothelial cell. We hypothesized that MkNPs would be preferentially taken 

up by HSPCs over MSCs and HUVECs. Both flow cytometry and confocal 

microscopy were used to examine and characterize NP-cell interactions. 
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First, we examined the impact of various concentrations of bare PLGA NPs on 

the viability of each cell type to determine if there was an upper limit in the ratio of 

NPs to cells that could safely be administered. PLGA NPs are biodegradable and 

biocompatible, but excess NPs could induce cytotoxicity due to adsorption of 

cytosolic proteins onto the surface of the NP.[187] Based on the results of a cytotoxicity 

assay (Supplemental Figure B-1A), we applied a ratio of 40,000:1 NPs per cell as 

this yielded high NP uptake with minimal tradeoff in viability. As expected, bare DiD 

NPs were indiscriminately taken up by all examined cells, as >90% of the HSPCs, 

MSCs, and HUVECs were DiD+ after 8 hours of incubation as measured by flow 

cytometry (Supplemental Figure B-1B). This result was confirmed with confocal 

microscopy (Supplemental Figure B-1C), as most HSPC, MSC, and HUVEC cells 

contained DiD signal, indicative of bare-NP uptake. DiD signal was found both at the 

periphery and in the interior of actin-stained HSPCs, MSCs, and HUVECs, further 

confirming that bare NPs were taken up indiscriminately by all cells examined 

(Supplemental Figure B-1C). 

In contrast to bare NPs, MkNPs exhibited differential uptake by HSPCs, 

MSCs, and HUVECs, supporting our hypothesis that Mk membrane coatings impart 

target specificity to the NPs. Flow cytometric analysis revealed that, after just 8 hours 

of incubation, over 80% of HSPCs were positive for DiD, indicating MkNP binding or 

uptake (Figure 3.4A). At 24 hours, most HSPCs displayed colocalization of the DiD 

(green) cargo with the PKH26 membrane label (red) of the MkNPs (Figure 3.4B). 

Colocalization of PKH26 and DiD signals from the MkNPs were found both inside 
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and at the periphery of HSPCs (Figure 4B). In contrast, both flow cytometric and 

confocal microscopy examination showed that MkNPs were not readily taken up by 

either HUVECs or MSCs; while some DiD signals were observed within the HUVECs 

and MSCs, lack of colocalization with PKH26 signal indicates that these DiD signals 

may be associated with uptake of a small fraction of unwrapped bare NPs or DiD that 

had been released from the NPs (Figure 3.4A, 3.4B).  Based on flow cytometry alone, 

less than 5% of the MSCs and HUVECs were positive for DiD at the early time points, 

and less than 50% of the MSC cells were DiD+ until approximately 12-18 hours 

following incubation with MkNPs; uptake of MkNPs by HUVEC cells were highly 

variable until approximately 18 hours of incubation (Figure 3.4A).  Thus, we 

conclude that the MkNPs were not internalized by either HUVECs or MSCs to the 

same extent as they were internalized by HSPCs, which contained the desired 

colocalization of DiD and PKH26 signals within the boundaries of the cell. This is 

consistent with the expectation that recognition of the HSPC target is mediated by 

surface antigens (notably CD54 (ICAM-1) & CD18/CD11b (Mac-1)) expressed on 

Mk membranes as detailed in the study of Jiang et al. using natively produced Mk 

microparticles[176]. To summarize, we found that coating PLGA NPs with Mk 

membranes enables their preferential interaction with and uptake by HSPCs versus 

HUVECs and MSCs.  
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Figure 3.4. MkNPs exhibit uptake selectivity by HSPCs versus MSCs and 

HUVECs. DiD-loaded MkNPs were incubated with CD34+ HSPCs, 

mesenchymal stem cells (MSCs), or human umbilical vein 

endothelial cells (HUVECs) in Transwell inserts. (A) Percent DiD 

positive cells were measured by flow cytometry to reveal MkNP uptake 

by HSPCs, HUVECs, and MSCs at multiple incubation timepoints (B) 

Confocal microscopy (Carl Zeiss LSM880) images of HSPCs, HUVECs, 

and MSCs incubated with DiD-loaded MkNPs for 24 hours. NPs are 

visualized by their DiD cargo (green) and MkNPs membranes are labeled 

with PKH26 (red). The cell nuclei are indicated by DAPI stain (blue) and 

the actin cytoskeleton by phalloidin (purple). MkNPs are found within 

HSPC cytoplasm but not within non-targeted HUVECs or MSCs. Yellow 

circles indicate colocalization between DiD and PKH26 signals, which 

indicate uptake of MkNPs into HSPCs, while white circles indicate 

intracellular DiD signals without any associated PKH26 signal, 

indicating possible bare NP or released DiD uptake into HUVECs and 

MSCs. Scale bars: 10-µm for HSPCs, 20-µm for HUVECs and MSCs. 
Error bars are shown as the average ± the standard error of the mean.  *: 

p<0.10, **: p<0.05, ***: p<0.01 (Studentôs t-test) 
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3.4.4 Mk -like CHRF-wrapped NPs facilitate delivery of siCD34 to HSPCs in 

vitro  

To determine if membrane-wrapped NPs could be viable cargo delivery 

vehicles, we needed to test if functional cargo could be successfully delivered and 

deployed to HSPCs. We selected small interfering RNA (siRNA) as a model cargo for 

our proof-of-concept studies. In previous studies, siRNA has proven stable when 

encapsulated in PLGA NPs.[42, 43, 188] We chose to load the NPs with siRNA designed 

to disrupt the expression of CD34 (siCD34) since CD34 is a characteristic surface 

marker of immature, undifferentiated HSPCs.[165] Thus, the effectiveness of siCD34 

delivery could be quickly assessed by flow cytometry. Importantly, reducing CD34 

expression with siCD34 should have no impact on HSPC viability, as HSPCs display 

gradually reduced expression of CD34 as they differentiate into different blood cell 

lineages.[189, 190] For these experiments, non-targeting siRNA (siNeg) was used as a 

control.  

For these experiments, CHRF-288-11 cells, a megakaryoblastic cell line, were 

used to generate membranes for wrapping siRNA-loaded NPs as described in Sections 

5.4 and 5.7. We first confirmed that the CHRF Mk membranes express the surface 

proteins (CD54 (ICAM-1) & CD18/CD11b (Mac-1))[176] important for HSPC 

targeting. As the membrane vesicles are generated from the cytoplasmic membranes, 

CHRF cells and cultured primary Mk cells were immunostained for CD54 and CD11b, 

as well CD41 expression (to assess the degree of Mk commitment). Interestingly, 

CHRF cells expressed CD11b and CD54 at higher levels than their Mk counterparts, 
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with 60% and 98% expressing CD11b and CD54, respectively in comparison to 55% 

and 59% for Mk cells (Figure 3.5A). As a visible confirmation of uptake proficiency, 

DiD-loaded PLGA NPs were wrapped with PKH26-stained CHRF membranes and 

cocultured with HSPCs for 24-hours prior to screening via confocal microscopy. As 

expected, the CHRF NPs (CHNPs) were effectively taken up by the HSPCs as both 

DiD and PKH26 signals present with the periphery of the cell (Figure 3.5B). 

Next, the CHNPs were prepared with siCD34 or siNeg. TEM images confirmed 

successful membrane wrapping around siRNA-loaded PLGA NPs (Supplemental 

Figure B-2A). Per NTA measurements, siRNA-loaded CHRF-wrapped NPs 

(siCHNPs) had a mean hydrodynamic diameter of approximately 120 nm (Figure 

3.5C) and a zeta potential of approximately Ӈ25 mV (Figure 3.5D), which matches 

that of the empty CHMVs (Figure 3.4D). By comparison, bare siRNA-loaded NPs 

had a diameter around 100 nm as determined by TEM and NTA and a zeta potential 

Ӈ35 mV (Figure 3.5C, 3.5D). The difference in the surface charge between DiD-

loaded PLGA NPs (Figure 3.2C) and siRNA-loaded PLGA NPs (Figure 3.5D) is 

attributed to the 0.1% PVA surfactant used during synthesis to help encapsulate 

siRNA. Notably, this more neutral charge did not hinder the electrostatic interactions 

that occur between bare NPs and cell membranes to facilitate wrapping. 

To quantify the reduction in CD34 expression in HSPCs over time following 

treatment with siNeg-CHNPs or siCD34-CHNPs, flow cytometry data are displayed as 

percent deviation from the CD34 expression of untreated culture controls. This makes 
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it possible to account for the natural losses in CD34 expression that occur in HSPCs as 

they mature, and to account for differences in CD34 expression between different 

HSPC donors.[165] As expected, HSPCs treated with bare siNeg NPs demonstrated 

insignificant deviations in CD34 expression from the untreated control (Supplemental 

Figure B-2B). In contrast, siCD34-loaded bare NPs yielded a significant reduction in 

CD34 expression, indicating that the siRNA cargo remained functional in HSPCs 

following delivery (Supplemental Figure B-2B). Like the results for bare NPs, we 

found that HSPCs treated with siNeg-loaded CHNPs exhibited no loss of CD34 

expression, as anticipated, and that HSPCs treated with siCD34-loaded CHNPs 

exhibited significant loss of CD34 expression (Figure 3.5E). Specifically, siCD34-

loaded CHNPs achieved 12.9% CD34 knockdown at 72 hours, and 15.6% knockdown 

at 96 hours (Figure 3.5E). Unwrapped bare NPs achieved 16.9% and 28.9% 

reductions in CD34 expression at these time points, respectively (Supplemental 

Figure B-2B). The reduced CD34 knockdown of CHNPs relative to bare NPs may be 

due to suspected cargo loss that occurs during the extrusion technique used to wrap, 

leading to lower levels of RNA in CHNPs. While the CHNPs yielded slower rates of 

CD34 disruption in HSPCs than bare NPs, they offer the advantage of specific 

targeting afforded by the Mk-like CHRF membranes. This specificity is expected to 

enable improved delivery of cargo to target cells if implemented in a heterogeneous 

environment (more than one cell type present) and is explored for in vivo work in 

Section 2.5. 
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Figure caption on next page. 
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Figure 3.5: MkMVs and Mk -like CHRF MVs contain surface proteins that 

facilitate uptake by HSPCs and can wrap NPs loaded with functional 

siRNA cargo for targeted delivery to HSPCs. (A) Flow cytometric 

analysis showing higher expression of CD54 (ICAM-1) and CD11b 

(Mac-1), which are membrane proteins known to help facilitate uptake in 

HSPCs, and similar expression of CD41a (ITGA2b), a membrane protein 

characteristic of mature megakaryocytes, in CHRF-288 (Mk-like) cells 

(bottom panel) in comparison to Day 12 cultured megakaryocytes (top 

panel). (B) Confocal microscopy (Carl Zeiss LSM880) images of a Day 3 

HSPC interacting with CHRF NPs following 24-hours of incubation. 

AlexaFluor 488-stained actin, DiD-loaded PLGA NPs, PKH26+ CHRF 

membranes, and nucleus are shown as green, cyan, red, and blue, 

respectively. Yellow circles indicate colocalized PKH26 and DiD signals 

within the HSPC, showing successful uptake by HSPCs. Scale bar: 5-

ɛm.(C) Mean diameter of a batch of bare siRNA-loaded NPs, MVs 

collected from CHRF cells (CHMVs), and siRNA-loaded CHRF-

wrapped NPs (CHNPs) measured by nanoparticle tracking analysis 

showing size increase upon wrapping. (D) Zeta potential of a batch of 

bare siRNA-loaded NPs, CHMVs, and siRNA-loaded CHNPs indicating 

the surface charge of the particle shifts upon membrane wrapping. (E) 

CD34+ HSPCs were incubated with CHNPs loaded with siCD34 or non-

targeting siRNA (siNeg) for extended periods of time, then CD34 

expression was analyzed by flow cytometry. Data is shown as the 

deviation in CD34 expression from untreated HSPCs. Solid black squares 

indicate HSPCs treated with siCD34-loaded CHNPs, and empty circles 

correspond to b siNeg-loaded CHNPs. Data is shown as the deviation in 

CD34 expression from untreated HSPCs. Error bars are shown as the 

average of 4 replicates ± the standard error of the mean. * : p<0.05 

(Studentôs t-test) 
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3.4.5 Intravenously administered CHRF-membrane wrapped PEG-PLGA NPs 

in wild -type Balb/c mice localize to HSPC-rich tissues and target murine 

HSPCs in vivo 

After demonstrating robust interaction of CHNPs with HSPCs in vitro, we 

wanted to test if HSPC targeting remains valid in vivo using 10-12-week-old female 

Balb/c mice. For these studies, the core of the particle was altered to be comprised a 

1:3 ratio of PLGA-b-poly(ethylene glycol) (PEG-PLGA):PLGA instead of the solely 

PLGA core used in the prior experiments. PEG is widely used for stealth coating of 

circulating particles. Saline, DiD-loaded PEG-PLGA NPs (112 nm average diameter 

by NTA measurement, -30 mV zeta potential), or their CHRF-membrane-wrapped 

counterparts (referred to as CHPPNPs, 126 nm average diameter as calculated by 

NTA, -30 mV zeta potential) were administered intravenously. After 16-18 hours, 

femurs, lungs, heart, liver, spleen, kidneys, and brain were excised via necropsy 

(Figure 3.6A). Tissues were fluorescently imaged using an IVIS to examine DiD 

presence (Figure 3.6B) and the fluorescence signal in the femurs of mice treated with 

CHPPNPs was greater than that of PEG-PLGA NPs (Figure 3.6C). However, as IVIS 

is a more qualitative technique that views from the top down, the bone or tissue 

components may be blocking some of the signal and it is important to quantify the 

results by another method. Therefore, each tissue was weighed, homogenized, and 

DiD signal quantified by fluorescence plate reader analysis (Figure 3.6D). The 

average signal in the flushed bone marrow from a femur of CHPPNP-treated mice was 

2.4 times higher than that in the bone marrow of PEG-PLGA-treated mice, indicating 

the potential of the membrane-wrapped system to enhance cargo delivery to the bone 
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marrow. When further comparing the two NP treatments, we found that the ratio of 

bone marrow signal in one femur to that in the liver, spleen, or the combination of the 

two was over twice as high for CHPPNPs than PEG-PLGA (Figure 3.6E). This 

indicates that CHPPNPs outperform PEG-PLGA NPs in terms of their ability to 

localize to bone marrow versus the major clearance organs. Importantly, we did not 

observe any change in the tissue morphology of CHPPNP-treated mice 

(Supplemental Figure B-3), indicating the CHPPNPs are biocompatible under the 

conditions, administered dose, and 18-hour timepoint examined.  
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Figure caption on next page. 
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Figure 3.6: Intravenously administered CHPPNPs largely localize to HSPC-rich 

bone marrow in vivo. (A) Mice were injected with CHPPNPs, PEG-

NPs, or saline and humanely sacrificed after 16-18 hours. Tissues (liver, 

heart, lungs, brain, spleen, kidneys, and femurs) were collected and IVIS 

imaged. Bone marrow was collected from one femur and used for flow 

cytometry and confocal microscopy analysis while all other tissues were 

homogenized in PBS and the signal measured by fluorescent plate reader 

analysis. (B) Representative IVIS image of various tissues: (i) brain, (ii) 

spleen, (iii) lungs, (iv) kidneys, (v) heart, (vi) femurs, and (vii) liver, of 

mice treated with saline, DiD-loaded PEG-PLGA NPs, and DiD-loaded 

CHPPNPs. (C) Representative IVIS image of femurs from each group 

comparing DiD signal between groups. (D) Averaged fluorescence signal 

per gram of homogenized tissue as measured by plate reader. (E) Ratio of 

signal in one femur to liver, spleen, or the combination of the two. **: 

p<0.01, calculated by one-way ANOVA. PEG NPs: n=6; Wrapped NPs: 

n=5. Errors bars show standard error of the mean. 

As the bone marrow is comparatively HSPC-rich, we flushed and collected the 

bone marrow cells from the femur for further analysis via flow cytometry and confocal 

microscopy. Whole bone marrow cells were stained with fluorescently conjugated 

anti-CD117 and anti-CD41a antibodies, which correspond to murine HSPCs and 

megakaryocyte-associated cells, respectively. CD117 was specifically chosen to 

determine if HSPC targeting by MkNPs and CHNPs observed in vitro translated in 

vivo, while CD41a would allow us to assess if the MkNPs/CHNPs could target their 

murine megakaryocytic counterparts. After staining, the whole bone marrow cells 

were gated for presence of CD117 and CD41 against unstained controls, and the 

subpopulations of CD117+ and CD41+ cells were further screened and gated for 

presence of DiD against the saline-treated mouse control. From our flow cytometry 

and confocal microscopy analysis, a significantly larger fraction of CD117+ marrow 
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cells from mice treated with the CHPPNPs contained DiD fluorescence than their 

unwrapped PEG-PLGA NP counterparts (Figure 3.7A, Supplemental Figures B-4A, 

B-4B); nearly 26% of CD117+ marrow cells from CHPPNP-treated mice were DiD-

fluorescent in comparison to under 13% of bare NP-treated mice. The higher fraction 

of DiD+ CD117+ marrow cells from CHPPNP-treated mice could indicate that the Mk 

membrane affords some HSPC targeting ability to the NP, in agreement with our in 

vitro findings. Surprisingly, there was no significant difference in the fraction of DiD+ 

CD41 marrow cells, which implies that the Mk-derived CHRF membrane does not 

provide any targeting to megakaryocytes. This further supports the suitability of using 

MkNPs or CHPPNPs for targeted delivery to HSPCs. 

To confirm these results, the whole bone marrow cells were fixed onto 

coverslips and stained for CD117 for analysis via confocal microscopy to look for DiD 

fluorescence and colocalization of DiD and CD117 signals, which would indicate NP-

containing murine HSPCs (Figure 3.7B, Supplemental Figures S4A, S4B). As 

shown in Figure 3.7B, marrow cells from CHPPNP-treated mice contained various 

degrees of DiD fluorescence, which is consistent with the findings of Figure 3.6. In 

addition, there was a greater degree of colocalization of the DiD signal with CD117-

stained cells, indicating that the CHRF membranes enable HSPC-target specificity. 

Impressively, CHPPNPs were almost exclusively bound to CD117+ cells within the 

flushed bone marrow, with virtually no presence of CHPPNPs observed on CD117- 

cells (which are not HSPCs). This further supports that the contention that CHPPNPs 

maintain their specificity and preferentially interact with HSPCs in vivo. PEG-PLGA 
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NPs exhibited less overall accumulation in the marrow and less specificity for CD117+ 

cells than the CHPPNPs. Coupling these phenomena, we conclude that CHPPNPs 

synthesized using CHRF membranes are a promising candidate for targeted cargo 

delivery to HSPCs in vivo. 
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Figure caption on next page. 
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Figure 3.7: DiD presence in CD41a+ and CD117+ bone marrow cells of mice 

treated with PEG-PLGA NPs and CHPPNPs. (A) Bone marrow cells 

were flushed from the femurs of mice treated with a saline control (not 

shown), DiD-loaded PEG-PLGA NPs, or DiD-loaded CHPPNPs and 

stained for CD41a (platelet-associated cells) and CD117 (murine 

HSPCs). Flow cytometry indicates a significant difference between PEG-

PLGA NPs and CHNPs in the fraction of CD117+ cells that contain DiD 

signal, while a non-significant decrease in the fraction of DiD-containing 

CD41a+ cells was seen, possibly demonstrating a level of HSPC affinity 

afforded by the membrane in contrast to other cell types. Each black 

diamond corresponds to one mouse. (B) Flushed bone marrow cells were 

stained for CD117 (green) and DAPI (cell nuclei; blue) and imaged by 

confocal microscopy to visualize the presence of NPs, indicated by DiD 

(red). Scale bars: 20-µm and 10-µm in magnified image. Error bars are 

shown as the average of 7 (bare NPs) or 5 (CHPPNPs) biological 

replicates ± the standard error of the mean. **: p<0.01 (Studentôs t-test) 
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3.5 Discussion 

PLGA has emerged as an attractive choice for harboring therapeutics for drug 

delivery, largely due to its stability and broad biocompatibility.[38, 40, 41, 191] PLGA NPs 

may be loaded with a broad range of therapeutic molecules, from small molecules to 

miRNAs and DNA with minimal loss of functionality.[43, 66, 188, 192] However, bare or 

PEG-coated PLGA NPs administered in vivo lack tissue tropism, thus limiting the 

potency of the encapsulated therapeutic.[76, 191] PLGA and other NPs can be modified 

to target specific tissues by coating them with different types of cell-derived 

membranes.[193] For example, Xu et al. used HepG2 liver cancer cell membranes to 

target doxorubicin-loaded PLGA NPs to liver cancer; Kroll et al. wrapped B16-F10 

murine melanoma membranes around adjuvant-loaded PLGA cores to activate an anti-

cancer immune response by presenting the membrane-bound antigens to dendritic 

cells, and; Jiang et al. created hybrid NPs wrapped with a mixture of erythrocyte and 

MCF-7 breast cancer cell membranes to both target tumors and extend circulation 

time.[46, 194, 195] Beyond PLGA carriers, many other materials have been used to create 

membrane-wrapped NPs.[193, 196] This includes synthetic and naturally occurring 

polymers that offer stability, biocompatibility, and easy manipulation, as well as 

metallic NP cores that offer unique imaging and photo-responsive properties.[197] In 

this work, PLGA was chosen due to its wide application in nanomedicine, ability to 

encapsulate both hydrophilic and hydrophobic cargo, ease of synthesis, and proven use 

in membrane-wrapped carrier systems. Here, we demonstrate that wrapping PLGA 

NPs in Mk membranes can enable targeted cargo delivery to HSPCs.   
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We have previously demonstrated that MkMPs (naturally derived Mk 

microparticles) can recognize and fuse with HSPCs for HSPC-specific cargo 

delivery.[176, 177] As MkMPs bud off the cytoplasmic cell membrane, Mk membranes 

and vesicles preserve the membrane proteins, including those that mediate cell-

specific binding. We thus expected that PLGA or PEG-PLGA NPs wrapped in Mk 

membranes would maintain the HSPC recognition and target specificity of their 

MkMP counterparts. Accordingly, MkNPs could combine the benefits of HSPC 

targeting specificity with the versatility of PLGA NPs as a nanocarrier for therapeutic 

delivery. The in vitro studies reported here confirm that MkNPs can facilitate cargo 

delivery to HSPCs while minimizing interactions with other cell types present in the 

BM environment. This specificity and tropism is maintained in vivo, as HSPC-rich 

tissues and HSPCs isolated from these tissues contained a significant presence of 

CHPPNPs several hours following their intravenous administration. One potential 

confounder is that our studies are based on fluorescence of DiD, which could be 

released from the NPs while they are in circulation. While the microscopy images (in 

vitro: Figure 3.3A, B, Figure 3.4B, Figure 3.5B, in vivo: Figure 3.7B) do show 

colocalization of the cargo and membranes in targeted HSPCs, this does not rule out 

the possibility that released dye is also in circulation. To address this potential 

question, future work could explore using fluorescent PLGA to affirm that the signal 

is not from released dye. 

Receptor-mediated interactions play an important role in the ability of MkMPs 

(and thus of Mk membranes) to recognize and target HSPCs with great specificity.[176] 
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Here, we show that MkNPs enter HSPCs largely via dynamin-dependent endocytosis. 

Next, we chose MSCs and HUVECs to probe the targeting ability and HSPC 

specificity of MkNPs as was previously done with MkMPs.[176] Unwrapped NPs were 

readily taken up by all cell types, but MkNPs were effectively and specifically 

internalized by HSPCs with very few HUVECs and MSCs displaying signs of MkNP 

uptake. By extension, MkNPs also exhibit targeting of HSPCs in vivo, further 

supporting the potential for MkNPs to be efficacious HSPC-specific cargo delivery 

vehicles. In addition to demonstrating MkNPs are specific for HSPCs, our studies also 

showed that MkNPs can support siRNA delivery to HSPCs. This opens the door for 

other nucleic acids or therapeutic agents to be delivered to HSPCs in the future via a 

membrane-wrapped NP system.  

While we demonstrated robust and preferential uptake of MkNPs into HSPCs 

both in vitro and in vivo, additional work will be needed to further validate MkNPs as 

a full-fledged targeted drug delivery system. Our data indicate that siRNA-loaded 

CHPPNPs successfully disrupted expression of CD34 upon delivery to HSPCs. 

However, as we were unable to quantify the specific amount of siRNA encapsulated 

within the CHNPs, our dosing strategy was based on CHPPNP particle counts and 

particle to HSPC ratios rather than the total amount of siRNA delivered to each cell. 

Future studies will need to quantitate the amount of siRNA contained within each NP, 

the release kinetics of the siRNA from the NPs, and the total amount of siRNA 

delivered to each target cell. Additionally, using siRNA-loaded CHPPNPs in vivo with 

a murine disease model could further showcase their potential for facilitating HSPC-
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specific RNA-based therapies for a variety of genetic hematological diseases.[198-200]  

As mentioned earlier, future studies could also explore the compatibility of MkNPs or 

CHNPs with various classes of therapeutic cargo rather than the model (non-

therapeutic) cargo we used as a proof of concept here.  

 

3.6 Conclusion 

In conclusion, we have shown that MkNPs and CHNPs specifically and 

robustly interact with hard-to-transfect HSPCs both in vitro and in vivo and can be 

used to deliver functional nucleic acid cargo to HSPCs. With further development and 

optimization, these tools may be used to enable the treatment of a broad spectrum of 

blood disorders.  
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Abbreviations 

CHMP(s) CHRF microparticle(s) 

CHMV(s) CHRF membrane vesicle(s) 

CHNP(s) CHRF-wrapped nanoparticle(s) 

CHPPNP(s) CHRF-wrapped PEG-PLGA nanoparticle(s) 

DiD 1,1-Dioctadecyl-3,3,3,3-tetramethylindodicarbocyanine 

DLS dynamic light scattering 

HSPC(s) hematopoietic stem and progenitor cell(s) 

HUVEC(s) human umbilical vein endothelial cell(s) 

IVIS in vivo imaging system  

MFI mean fluorescence intensity 

Mk(s) megakaryocyte(s) 

MkMP(s) megakaryocytic microparticle(s) 

MkMV(s) megakaryocytic membrane vesicle(s) 

MkNP(s) megakaryocyte-wrapped nanoparticle(s) 

MP(s) microparticle(s) 

MSC(s) mesenchymal stem cell(s) 

MV(s) membrane vesicle(s) 

MWNP(s) membrane-wrapped nanoparticle(s) 

NTA Nanoparticle Tracking Analysis 

PEG poly(ethylene glycol) 

PLGA poly(lactic-co-glycolic acid) 

PMA phorbol 12-myrsitate 13-acetate 

NP(s) (PLGA or PEG-PLGA) nanoparticle(s) 

siCD34 CD34-targeting siRNA 

siCHNP(s) CHRF-wrapped, siRNA-loaded nanoparticle(s) 

siNeg non-targeting siRNA 

siNP(s) siRNA-loaded nanoparticle(s) 

TEM transmission electron microscopy 
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NATIVE AND ENGINEERED HUMAN MEGAKARYOCYTIC 

EXTRACELLULAR VESICLES FOR TARGETED NON -VIRAL CARGO 

DELIVERY TO BLOOD STEM CELLS  

Samik Das, Will Thompson, E. Terry Papoutsakis 

Chapter Abstract 

Native and engineered extracellular vesicles (EVs) generated from human 

megakaryocytes (huMkEVs) or from the human megakaryocytic cell line CHRF 

(CHEVs) interact with tropism delivering their cargo to both human and murine 

hematopoietic stem and progenitor cells (HSPCs). 24 hours after intravenous infusion 

of huMkMPs into NOD-scid IL2Rɔnull (NSGÊ) mice, they induced a nearly 50% 

increase in murine platelet counts relative to saline control, thus demonstrating the 

potential of these EVs, which can be stored frozen, for treating thrombocytopenias.  

PKH26-labeled huMkMPs or CHEVs localized to the HSPC-rich bone marrow 

preferentially interacting with murine HSPCs. Using engineered huMkEVs or CHEVs, 

their receptor-mediated tropism for HSPCs was explored to functionally deliver 

synthetic cargo, notably plasmid DNA coding for a fluorescent reporter, to murine 

HSPCs both in vitro and in vivo. These data demonstrate the potential of these EVs as 

a non-viral, HSPC-specific cargo vehicle for gene therapy applications to treat 

hematological diseases.  

Chapter 4 
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Figure 4.0 (Graphical Abstract): Native and engineered human megakaryocytic 

extracellular vesicles (huMkEVs) for targeted non-viral cargo 

delivery to blood stem cells. In order to establish huMkEVs as a 

transformational cargo-delivery system to blood stem cells 

(hematopoietic stem and progenitor cells, HSPCs) for therapeutic 

applications, we used NOD-scid IL2Rɔnull (NSGÊ) mice in order to 

enable prolonged circulation of huMkEVs. Intravenous delivery of native 

huMkEVs enhanced de novo platelet biogenesis by inducing 

megakaryocytic differentiation of murine HSPCs, thus demonstrating the 

desirable strong tropism of huMkEVs for murine HSPCs. Based on this 

tropism, we demonstrated that engineered huMkEVs can deliver 

functional plasmid-DNA cargo specifically to HSPCs.   
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4.1 Background and Introduction 

Megakaryocytic extracellular vesicles (MkEVs), which include microparticles 

(MkMPs) and exosomes (MkExos), are shed from mature, platelet-producing 

megakaryocytes and contain endogenous RNA that play a role in the differentiation of 

hematopoietic stem and progenitor cells (HSPC) into megakaryocytes (Figure 4.1). 

[134, 201] We have previously shown that MkEVs (enriched in MkMPs, which are 

amongst the most abundant microparticles in circulation) interact with HSPCs with 

specificity/tropism and elicit megakaryopoiesis in vitro, without the need for the 

lineage specific growth factor, thrombopoietin (TPO). [3, 134, 201] Tropism for, or 

specificity of targeting of, HSPCs is mediated by specific huMkEV receptors. [3]  We 

have also demonstrated that huMkEVs (human MkEVs) induce de novo platelet 

biogenesis following intravenous administration to wild type (WT; Balb/c) mice. [202] 

There was an almost 50% increase in platelet count in mice 16 hours post huMkEV 

administration, but a smaller increase was demonstrated 72 hours post administration 

due to huMkEV clearance in WT mice. [202] Despite fast clearance of labeled 

huMkEVs resulting in low label intensity, biodistribution studies demonstrated that 

administered huMkEVs preferentially localized in HSPC-rich organs and notably the 

bone marrow 24-hours post huMkEV administration. This suggested that some degree 

of huMkEV tropism to HSPCs in preserved in vivo. Fast clearance of huMkEVs in 

WT mice prevented biodistribution studies beyond 24 hours.  

  Based on our studies summarized above, we aimed to develop a non-viral and 

non-immunogenic system for delivering cargo, including nucleic acids and proteins, to 
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HSPCs for gene therapy and genome editing applications.  Effective cargo delivery to 

HSPCs for gene therapy applications to treat thalassemias and other hematological 

abnormalities and diseases remains a major unmet need. [19, 100, 171] We have previously 

demonstrated that EVs contain a variety of different endogenous cargo, such as micro 

RNAs (miRNAs), that are dynamically exchanged between cells and are critical for 

determining the fate of the target cell following uptake. [7, 10, 14, 201] As an initial aim, 

we wanted to determine if unmodified huMkEVs could localize to and affect the 

phenotype of HSPCs and lay the groundwork for huMkEV-based HSPC-specific 

delivery of therapeutics. Thus, the ultimate goal of this study was to examine if loaded 

huMkEVs can functionally deliver with specificity/tropism for HSPCs, plasmid DNA, 

both in vitro and in vivo and demonstrate their potential for targeted therapy of genetic 

hematological disorders.   

  Given the fast clearance of huMkEVs in WT mice, the immunodeficient NOD-

scid IL2Rɔnull (NSGÊ) mouse model offered the best option for our studies. [142, 203, 

204] As NSG mice are largely devoid of functional macrophages, we hypothesized that 

the administered huMkEVs would reside longer in circulation and/or in murine tissues 

compared to immunocompetent WT mice. [91, 203, 205] If the administered huMkEVs do 

remain in the murine system for an extended period of time, we hypothesized that the 

response to infused huMkEVs will be magnified in comparison to WT mice. 

  As NSG mice exhibit aberrant hematopoiesis such as lower frequencies of 

myeloid lineage cells compared to other humanized mice,  a first goal is to test the 

hypothesis that huMkEVs interact with murine NSG HSPCs to induce in vitro 
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megakaryopoiesis and thrombopoiesis as with WT murine HSPCs. [206]  This would be 

demonstrated by higher numbers of platelets (PLTs), pre and proplatelets (PPTs), 

megakaryocytes (Mks), and MkEVs. Following positive outcomes from the in vitro 

studies of this first goal, our second goal was to examine if huMkEVs also induce in 

vivo megakaryopoiesis and thrombopoiesis and if they demonstrate tropism in 

interacting with murine NSG HSPCs. The success of these in vivo studies suggested 

successful in vivo delivery of the native huMkEV cargo to murine HSPCs. Based on 

that, a third goal was to examine if huMkEVs loaded via electroporation with plasmid 

DNA coding for a fluorescent report could deliver the plasmid to murine HSPCs, both 

in vitro and in vivo, the latter with tropism, to demonstrate fluorescent protein 

expression. [207] Based on promising results from the studies of the third goal with EVs 

loaded via electroporation, a fourth goal was to explore a more effective method for 

loading huMkEVs with plasmid DNA other than using electroporation. [207] This is 

because electroporation results in low yields of loaded huMkEVs and may also affect 

the levels of the receptors that enable target specificity/tropism towards, and cargo 

delivery to, HSPCs. For this fourth goal, we demonstrate that the recently reported 

method for loading pDNA via the formation of hybrid liposome-huMkEV 

nanovesicles leads to successful functional delivery of pDNA to murine NSG HPSCs, 

both in vitro and in vivo. [3, 24] 
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4.2 Materials and Methods 

4.2.1 Material sourcing  

All materials were purchased from Thermo Fisher Scientific or Millipore-Sigma 

unless otherwise noted. All cytokines were ordered from PeproTech Inc.  

4.2.2 Preparation of huMkEVs from primary CD34 cells and CHRF EVs 

(CHEVs) from PMA -treated CHRF-288 cells 

 Human megakaryocytic extracellular vesicles (huMkEVs) were generated 

from Day 12 cultured megakaryocytes deriving from primary human CD34+ HSPCs 

using the protocols detailed by Panuganti et. al. [165] Briefly, CD34+ from different 

healthy donors (Fred Hutchinson Cancer Center) were pooled and cultured in IMDM 

medium containing 20% BIT9500 serum substitute (STEMCELL) supplemented with 

human LDL and a cytokine cocktail tailored to induced megakaryopoiesis 

(recombinant human thrombopoietin (TPO), stem cell factor (SCF) IL-3, IL-6, IL-9, 

and IL-11). On Day 7, CD61+ megakaryoblasts were enriched from the culture via 

MACS using anti-CD61 magnetic microbeads (Miltenyi Biotec), and the selected cells 

were re-cultured into flasks containing IMDM, BIT9500, TPO, SCF, and 

nicotinamide. On Day 12, MkEVs were isolated by first pelleting out any cells and 

debris at 2,000×g for 10 mins, and the supernatant was ultracentrifuged at 25,000×g 

for 30 mins at 4oC to collect the MkEVs. 

Following isolation of the huMkEVs, the EV pellet was resuspended in 500 µL 

Diluent C and combined with a mix of 500 µL Diluent C and PKH26 dye. [208] After 5 
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minutes of incubation at ambient temperature, the EV suspension was quenched with 

1.5 mL of 3% BSA (bovine serum albumin) solution, and the stained EVs were 

ultracentrifuged at 25,000×g for 30 mins at 4oC, followed by a second wash with 1X 

PBS. The PKH26-stained huMkEVs were resuspended in 100 µL 1X PBS and stored 

at -80oC prior to the in vitro cocultures and intravenous administration to mice. 

To prepare CHRF EVs (CHEVs), CHRF-288 cells were expanded in CHRF 

media containing IMDM, 10% (v/v) heat-inactivated fetal bovine serum (FBS), 3.023 

g/L NaHCO3 (sodium bicarbonate), and 1% (v/v) 100x antibiotic-antimycotic (ŬŬ), 

and incubated at 37oC, 20% O2, 5% CO2, and 85% relative humidity (rH). [179] To 

induce a megakaryocytic phenotype, CHRF cells were re-cultured in CHRF media 

supplemented with 1.5 ng/L of phorbol 12-myrsitate 13-6 acetate (PMA), seeded at a 

density of 3-4×105 cells/mL, and incubated at 37oC for 3 days.[209, 210] On Day 3, cells 

and debris were pelleted from the treated culture at 2,000×g for 10 mins, and EVs 

were isolated from the supernatant using the protocol used for isolating MkEVs. 

4.2.3 Preparation of NSG HSPCs for in vitro cocultures 

To collect lineage-negative HSPCs from NSG mice, femurs from untreated 

NSG mice were collected and stored in tissue storage buffer comprising of RPMI 

1640X buffer supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS) 

and 1% (v/v) 100x antibiotic-antimycotic (ŬŬ) as described by Madaan et. al. [211] 

Next, muscles, connective tissues, and fat were cleared from the femur bones, and the 

cleaned bones were washed with 1X PBS containing 1% (v/v) ŬŬ and placed on a petri 
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dish. After cleaning, the epiphyses were sliced from each end of the femur, and 3-mL 

of tissue storage buffer was flushed through the femur using a 20G needle equipped 

syringe to evacuate the bone marrow; the bone fragments were gently crushed to 

release more marrow. Finally, the evacuated marrow was transferred to a conical tube 

through 30 µm pre separation filter (Miltenyi Biotec) to collect the marrow cells. 

To isolate the NSG HSPCs from the flushed bone marrow, the evacuated 

marrow cells were first pelleted at 300×g for 10 mins, and the marrow cells were 

resuspended in ACK (ammonium-chloride-potassium) buffer [202] to lyse any red 

blood cells (RBCs). After lysing, the RBC-depleted marrow cells were washed 

multiple times with PBS. Next, the pelleted marrow cells were incubated with direct 

lineage cell magnetic microbeads as described by Escobar et. al. [202] (Miltenyi 

Biotec), and the lineage-negative NSG HSPCs were collected after MACS depletion 

of the lineage-positive marrow cells. After several washes with IMDM, the isolated 

NSG HSPCs were prepared in co-culture media (80% IMDM, 20% BIT9500, 100 

ng/mL SCF, 1% v/v ŬŬ) and incubated at 37OC (20% O2, 5% CO2, and 85% rH) until 

re-culturing. 

4.2.4 Exogenous loading of huMkEVs with plasmid DNA 

 3.2 µg of pMax-GFP pDNA (Lonza) was labeled with Cy5 (Mirus) and 

premixed with 5×106 CHEVs and resuspended in up to 100 µL hypo-osmolar buffer; 

the pDNA-EV premix was transferred to a 2-mm electroporation cuvette and 

incubated at 37oC for 15 minutes. After incubation, the pDNA-EV-loaded cuvettes 
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were electroporated at 200 V, 100 mA and immediately placed on ice. Next, the 

electroporated EVs were centrifuged at 1,000×g for 10 mins to remove any 

agglomerates, and the pDNA-loaded EVs were isolated from the supernatant 

following centrifugation at 25,000×g for 30 mins at 4oC. Finally, the pDNA-loaded 

EVs were resuspended in a small volume of filtered 1X PBS and stored at -80oC until 

use. 

To prepare the pDNA-loaded liposome-EV hybrids, pLifeAct-miRFP703 was 

first loaded into liposomes (Lipofectamine 2000) using the protocol adapted from 

Thermo Fisher. [212] Briefly, 1 µg of pDNA and 2 µL of the Lipofectamine 2000 

reagent were each diluted in 25 µL IMDM each. Next, each diluted aliquot was mixed, 

and the 50 µL mix was incubated at room temperature for 5 minutes. To hybridize the 

pDNA-loaded liposomes with PKH26-stained CHEVs, the hybridization protocol 

developed by Lin et. al. was adopted and modified. [24] After preparing the 50 µL 

pDNA-liposome complexes, 5×106 EVs were dosed into each mix and incubated at 

37oC for 12 hours. Following incubation, the CHEV-liposome hybrids were stored at 

4oC until use. Separate 50 µL liposome complexes were prepared with 1 µg of pDNA 

and 2 µL of Lipofectamine 2000 as an additional liposome-only control condition. 

To characterize the liposomes, CHEVs, and CHEV-liposome hybrids, samples 

were diluted in Millipore-filtered water, and 3 technical replicates of each diluted 

sample was measured using nanoparticle tracking analysis (NTA; Malvern NanoSight 

NS300). The particle size distribution was calculated using the NanoSight NS300 

software. To measure the zeta potential, approximately 350 µL of each sample was 
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loaded into an Anton Paar Omega cuvette, and three technical replicates were 

measured using the Litesizer 500 (Anton Paar). To quantify plasmid DNA loading 

efficiency, the loaded liposomes and CHRF EV-liposome hybrids were pelleted at 

25,000×g for 30 mins at 4oC, and the pellets were resuspended in lysis buffer 

(Qiagen); the supernatants were retained to quantify ófreeô or unloaded pDNA. Next, 

the lysate and supernatant were applied to pDNA binding columns, washed with PE 

wash buffer (Qiagen), and eluted using biology-grade water. Final pDNA 

concentration was determined using the Qubit DNA quantification kit (Invitrogen). 

TEM (transmission electron microscopy) images were prepared by the University of 

Delaware Bioimaging Center as described. [7]  

4.2.5 Coculture of huMkEVs with isolated NSG HSPCs and ploidy, platelet 

After collecting the NSG muHSPCs from the femurs of untreated mice, 

muHSPCs were cultured in media containing 80% (v/v) IMDM, 20% (v/v) BIT9500, 

1% antibiotic-antimycotic, and 100 ng/mL rhSCF and incubated at 37oC with 20% O2, 

5% CO2, and 85% rH for 24 hours. The following coculture conditions were used: 

i) Untreated control: ~7.5×104 muHSPCs in 750 µL of coculture media only 

(80% IMDM, 20% BIT9500, 100 ng/mL rhSCF, 1% ŬŬ) 

ii)  +rhTPO: ~7.5×104 muHSPCs in 750 µL of coculture media supplemented 

with 100 ng/mL rhTPO 

iii)  +huMkEVs: ~7.5×104 muHSPCs in 750 µL of coculture media incubated 

with 30:1 (huMkEVs: muHSPCs), or 2.25×106 PKH26-stained huMkEVs 



 

 134 

Following 5 days of incubation at 37oC, 50 µL of each culture was incubated 

with FITC rat anti-mouse CD41a, APC rat anti-mice CD117, or APC rat anti-mice 

CD45 to measure levels of murine megakaryocytes, stem and progenitor cells, and 

non-erythrocyte differentiated hematopoietic cells, respectively. Fractions of CD41a+, 

CD45+, and CD117+ cells were gated against unstained controls. Following CD41a 

staining, platelets were counted via flow cytometry (BD FACSAria II) using FSC-SSC 

gating previously optimized for counting platelets in RBC-lysed murine peripheral 

blood. [202] Total platelet concentration was determined after diluting 10 µL of 

AccuCount beads (Spherotech), which were used as a standard. 

To quantify the ploidy of megakaryocytes, the protocol of Lindsey et. al. was 

used. [213] Briefly, mature megakaryocytes were fixed with 4% paraformaldehyde in 

1X PBS for 15 minutes at room temperature and subsequently permeabilized with 

70% methanol for 1 hour at 4oC. Next, the permeabilized megakaryocytes were 

stained with FITC rat anti-mouse CD41a and the nuclei were further stained with 50 

µg/mL propidium iodize to gauge ploidy. Finally, ploidy was assessed via flow 

cytometry, with ploidy counts determined from DNA content through the distinct 

peaks of propidium iodide fluorescence. 

To assess the degree of megakaryopoiesis of the Day 5 cultures via confocal 

microscopy, each culture was immunostained for ɓ1-tubulin (TUBB) and von 

Willebrand factor (VWF), which are highly abundant in platelets and critical for 

platelet adhesion, and thus, characteristic of mature megakaryocytes.[214, 215] Briefly, 

100 µL of each culture was seeded onto poly-L-lysine coated coverslips, fixed with 
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4% paraformaldehyde in 1X PBS, and blocked with blocking buffer (1X PBS, 10% 

normal donkey serum, 3% bovine serum albumin) for 1 hour at room temperature. 

Next, the coverslips were incubated with a 1:100 dilution of rabbit anti-VWF (Abcam) 

and 1:100 mouse anti-TUBB in blocking buffer at room temperature for 2 hours. After 

washing with PBS, each coverslip was subsequently incubated with a 1:1000 dilution 

Alexa Fluor 488 anti-rabbit IgG and 1:1000 Alexa Fluor 647 anti-mouse IgG3 ə at 

room temperature for an additional 2 hours. Finally, the immunostained coverslips 

were sealed onto glass slides with SlowFade mounting media with DAPI, sealed with 

nail polish, and stored at 4oC until imaging. 

4.2.6 Coculture of pDNA-loaded huMkEVs and CHEVs with NSG HSPCs in 

vitro for assessment of HSPC-specific cargo delivery  

To assess the efficiency of using electroporated huMkEVs to deliver pMax-

GFP pDNA, the following cocultures were set up: 

i) Untreated control: ~1.0×105 muHSPCs in 750 µL of coculture media only 

(80% IMDM, 20% BIT9500, 100 ng/mL rhSCF, 1% ŬŬ) 

ii)  pDNA electroporation: ~1.0×105 muHSPCs electroporated with 1 µg 

pMax-GFP pDNA in 750 µL of coculture media 

iii)  +pDNA-loaded huMkEVs: ~1.0×105 muHSPCs cultured with 3×106 

pDNA-loaded huMkEVs (30:1 huMkEV: muHSPC) in 750 µL of coculture 

media  
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Following treatment, 50 µL of each sample and replicate were collected after 

6-, 24-, 48-, and 72-hours of incubation and measured for GFP fluorescence via flow 

cytometry (BD FACSAria II) and gated against untreated controls. 

To assess the efficiency of using CHEV-liposome hybrids to deliver pLifeAct-

miRFP703 pDNA, the following cocultures were set up: 

iv) Untreated control: ~1.0×105 muHSPCs in 750 µL of coculture media only 

(80% IMDM, 20% BIT9500, 100 ng/mL rhSCF, 1% ŬŬ) 

v) +Liposomes: ~1.0×105 muHSPCs incubated with 50 µL containing 1 µg 

pLifeAct-miRFP703 liposome complexes in 750 µL of coculture media 

vi) +CHRF EV-liposomes: ~1.0×105 muHSPCs cultured with 50 µL CHRF 

EV-liposome hybrids containing 1 µg pDNA in 750 µL of coculture media  

To measure pDNA uptake and expression, 50 µL samples were collected after 6-, 

24-, 48-, and 72-hours of incubation and measured for miRFP703 fluorescence using 

flow cytometry (Beckman CytoFLEX S). miRFP703-fluorescent populations were 

gated against untreated controls to exclude background fluorescence.   

To prepare samples for screening via confocal microscopy, 100 µL of each 72-

hour culture was seeded onto poly-L-lysine coverslips, fixed, and washed as described 

above. Next, to label the cell cytoskeleton, each coverslip was incubated with 500 µL 

filtered PBS containing 5 µL Alexa Fluor 488-conjugated phalloidin and incubated at 

room temperature for 1 hour. Finally, the prepared coverslips were washed with PBS, 

mounted onto slides with SlowFade mounting media with DAPI, and sealed with nail 
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polish. Slides were stored at 4oC until imaging via confocal microscopy (Zeiss LSM 

880).  

4.2.7 Preparation of Day 5-culture human CD34+ HSPCs for co-infusion with 

huMkEVs in NSG mice 

To determine if huMkEVs could interact with co-infused human HSPCs 

(huHSPCs) in vivo, primary, single donor CD34+ cells were cultured using Day 0 

HSPC media as described by Panuganti et. al [165]. After culturing the huHSPCs at 37o, 

5% O2, 5% CO2, and 85% rH for 5 days, the cells were counted (DeNovix CellDrop 

FL) and centrifuged at 300×g for 10 mins. Next, multiple aliquots 3×106 huHSPCs 

were each resuspended in 75 µL filtered 1X PBS and placed on ice until 

administration to the NSG mice. To prepare the huMkEVs for co-infusion, PKH26-

stained huMkEVs were prepared as 75 µL aliquots containing 15×106 huMkEVs to 

produce a 3:1 huMkEV: huHSPC ratio. 

4.2.8 Administration of huMkEVs and collection of various tissues from NSG 

and NBSGW mice for biodistribution analysis 

Prior to administering huMkEVs to the NSG and NBSGW mice, PKH26-

stained huMkEVs were thawed, immunostained with FITC-conjugated mouse IgG 

anti-human CD41a (BD Lifesciences) and counted via flow cytometry (BD FACSAria 

II). Next, aliquots containing 5×106 huMkEVs were each resuspended in 150 µL 

sterile filtered PBS and loaded into sterile 50 cc insulin syringes. After preparing the 

huMkEV samples, 6ï8-week-old female NSG mice were briefly warmed and were 
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administered with either 150 µL sterile PBS only or with 5×106 huMkEVs in PBS via 

the tail vein. The mice were then grouped by treatment and housed in a sterile 

environment until necropsy and analysis 4-, 24-, 48-, or 96-hours following treatment. 

After euthanasia using CO2 asphyxiation and cervical dislocation, the femurs, 

heart, lungs, spleen, liver, kidneys, and brain were excised and placed in 3 mL of cold 

tissue storage buffer (RPMI 1640X with 10% v/v FBS) [211] Next, each tissue was 

trimmed of any connective tissue and fat and rinsed with 1X PBS containing 1% ŬŬ 

(v/v). After rinsing and weighing, each tissue was placed in 2 mL bead mill 

homogenizer tubes containing 1 mL hypotonic lysis buffer and 2.8 mm ceramic beads 

(90 mg/bead; 6x beads/tube) To homogenize the tissues, each tube was loaded into a 

bead mill homogenizer (Fisher Bead Mill 24) and homogenized at 5.0 m/s for 20 

seconds with 4 total cycles. The bone marrow was extracted from the femurs and 

processed without lineage depletion as described above, and the final bone marrow 

flushes were resuspended in 1-mL tissue storage buffer until analysis. 

To measure PKH26 biodistribution, 2×200 µL of each tissue homogenate was 

loaded into an opaque-bottomed 96-well plate and checked for fluorescence (ɚexcit: 551 

nm, ɚem: 567 nm) using a microplate reader (SpectraMax i3x). Tissue autofluorescence 

was accounted for by subtracting the mean fluorescence of each tissue from PBS-only 

treated mice. After tabulating the net tissue mean fluorescence intensity, fluorescence 

values were normalized by the tissue weight of each individual tissue. 
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4.2.9 Preparation of murine blood for platelet counts and phenotypic analysis 

Prior to euthanasia and necropsy, approximately 100-200 µL of murine blood 

was extracted via cardiac puncture and collected in a K2-EDTA microtainer (BD 

Lifesciences). Next, 10 µL of the chelated blood was drawn into a capillary tube and 

placed in 990 µL ammonium oxalate RBC lysis buffer. After RBC lysis, 100 µL of the 

depleted blood was incubated with 2.5 µL FITC rat anti-mouse CD41a at 4oC for 15 

minutes to immunostain and identify megakaryocytes, platelets, pre and proplatelets, 

and megakaryocytic microparticles via flow cytometry. 

To quantify total platelet counts per unit of blood through flow cytometry 

(BDFACSAria II), 10 µL of AccuCount fluorescent beads (Spherotech) was added to 

each depleted blood sample following CD41a antibody incubation. Next, platelets and 

pre/proplatelets were gated on CD41a+ populations using FSC-SSC gating previously 

optimized for counting platelets in murine blood in wild-type mice. Total platelet 

concentration was calculated using the known concentration of the AccuCount beads 

as a standard, and final counts were adjusted for the initial dilution in RBC lysis 

buffer. 

4.2.10 Intravenous administration of pDNA-loaded CHRF EVs to NSG mice to 

determine in vivo cargo delivery to murine HSPCs 

Prior to intravenous administration, PKH26-labeled huMkEVs and CHEVs 

were loaded with pMax-GFP and pLifeAct-miRFP703, respectively, as described 

above. Next, several aliquots of 6×106 of the electroporated huMkEVs were 
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resuspended 150 µL PBS; separate 5 µg aliquots of Cy5-labeled pMax-GFP were 

prepared in 150 µL PBS to serve as an additional control. After preparing the samples, 

6ï8-week-old female NSG mice were intravenously administered with either PBS 

only, pDNA, or pDNA-loaded huMkEVs via the tail vein, and all treated mice were 

grouped by their treatment condition and housed in a sterile environment for 24 hours. 

Next, the treated mice were euthanized, and each tissue sample was 

homogenized and loaded into microplates as described above. Microplates were then 

measured for both PKH26 and GFP (ɚexcit: 475 nm, ɚem: 509 nm) fluorescence to 

assess the huMkEV biodistribution and GFP expression, respectively. As before, 

tissue autofluorescence within both spectra was accounted for by subtracting the raw 

fluorescence of each tissue collected from PBS-treated mice. RBC-depleted bone 

marrow samples were seeded, fixed, and blocked onto poly-L-lysine coated coverslips 

as described above. Coverslips were subsequently immunostained with Alexa Fluor 

594-conjugated rat IgG2b anti-mouse CD117 to label HSPCs and incubated for 2 

hours at room temperature. Finally, the coverslips were mounted onto glass slides with 

SlowFade mounting media with DAPI, sealed, and stored at 4oC until imaging. 

To treat NSG mice with the CHEV-liposome hybrids, the protocol described 

above was scaled to prepare doses comprised of 45×106 PKH26-stained CHEVs and 9 

µg pLifeAct-miRFP703 in 250 µL IMDM media as prepared. An equivalent amount 

of pDNA was complexed with liposomes as an additional control. Next, mice were 

intravenously administered via the tail vein with either 250 µL IMDM (negative 

control), pDNA-loaded liposome complexes, or pDNA-loaded CHEV-liposome 
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hybrids. Mice were then grouped by their experimental condition and housed in a 

sterile environment for 72 hours until necropsy. 

Following necropsy, tissues were homogenized and prepared as described 

previously. Next, PKH26 (ɚexcit: 551 nm, ɚem: 567 nm) and miRFP703 (ɚexcit: 670 nm, 

ɚem: 703 nm) fluorescence were measured via a microplate reader (SpectraMax i3x) 

were assessed to determine CHEV-hybrid biodistribution and pDNA expression, 

respectively; the raw autofluorescence of the IMDM-only treated mice was subtracted 

for each tissue in each of these respective channels. Net fluorescence values were 

subsequently normalized by the tissue weights. Blood platelet counts were estimated 

through flow cytometry (Beckman CytoFLEX S) as described in previous sections. 

Femurs from the treated mice were flushed and RBC-lysed as described in 

Section 5.2. Next, flushed bone marrow cells were seeded onto poly-L-lysine 

coverslips, fixed, and initially blocked as described in Section 5.9 and Section 5.11. 

To label murine HSPCs, coverslips were immunostained with a 1:100 dilution (in 

blocking buffer) of rat IgG2b anti-mouse CD117 for 2 hours at room temperature. 

Next, the primary antibody-stained coverslips were secondarily stained with a 1:1000 

dilution of Alexa Fluor 594-conjugated anti-rat for an additional 2 hours at room 

temperature. After immunostaining and washing, each coverslip was mounted on glass 

slides with SlowFade mounting media with DAPI, sealed, and stored at 4oC until 

imaging.  
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4.2.11 Co-infusion of Day 5-culture human CD34+ HSPCs and huMkEVs in 

NSG mice for development of human platelets in vivo 

Day 5 cultured huHSPCs and PKH26-stained huMkEVs were first prepared as 

described previously, and NSG mice were dosed with either 3×106 huHSPCs only or 

dosed with both 3×106 huHSPCs and 15×106 huMkEVs. Prior to administering the 

doses, a small 10 µL aliquot of blood was used to count initial pre-treatment platelet 

counts. For the huHSPC only treated mice, a 75 µL aliquot of the huHSPC suspension 

was diluted with an additional 75 µL PBS, and the 150 µL dose was intravenously 

administered to the tail vein of 6-8 week-old female NSG mice. For the co-infused 

group, mice were first dosed with a 75 µL aliquot of the huHSPCs and were given a 

30-minute rest prior to the second 75 µL dose of the huMkEV suspension. After 

treatment, all mice were grouped by their treatment condition and housed in a sterile 

environment until necropsy and analysis.  

 To assess huMkEV biodistribution, the protocol previously outlined was 

followed with the huHSPC only treated mice serving in lieu of the PBS only control. 

Murine platelet counts were also analyzed using the protocol outlined earlier, and 

human platelets were counted using FITC-conjugated mouse (HIP8) anti-human 

CD41a (BD Biosciences) to label human-only platelets; Day 0 blood was previously 

measured with both anti-murine and anti-human antibodies to count initial platelet 

counts and ensure no cross reactivity between anti-human antibodies and murine 

platelets.  
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 For the bone marrow analyses, bone marrow flushes were prepared using the 

protocol previously described without lineage depletion. Briefly, murine 

megakaryocytes and HSPCs were labeled with 5 µL each with Alexa Fluor 488-

conjugated rat IgG1 anti-mouse CD41 and APC-Cy7-conjugated rat IgG2b anti-mouse 

CD117, respectively and incubated at 4oC for 15 mins. Likewise, human 

megakaryocytes and huHSPCs were labeled with 5 µL each with FITC-conjugated 

mouse (HIP8) anti-human CD41a and APC-conjugated mouse IgG1 anti-human 

CD34, respectively and incubated at 4oC for 15 minutes. Anti-murine and anti-human 

labeling was done on separate 50 µL aliquots of the same flushed marrow sample. 

After incubation, samples were measured using flow cytometry (BDFACSAria II); as 

before, huMkEV uptake was determined by the presence of PKH26 fluorescence in 

the cell.  

 To prepare samples for confocal microscopy, bone marrow flushes were 

seeded, fixed, and blocked as will be described in the next section. To label human 

megakaryocytes, each coverslip was primarily immunostained with a 1:100 dilution of 

rat IgG1 anti-human CD41a in blocking buffer and incubated at room temperature for 

2 hours. Following the primary antibody staining, the coverslips were secondarily 

stained with a 1:1000 Alexa Fluor 488-conjugated anti-rat and further incubated at 

room temperature for 2 hours. Finally, coverslips were mounted onto glass slides with 

SlowFade mounting media with DAPI, sealed with nail polish, and stored at 4oC until 

imaging. 
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4.2.12 Immunostaining bone marrow cells and select tissues for phenotype 

analysis via flow cytometry and confocal microscopy 

Following necropsy, marrow cells were extracted from the femurs using the 

protocol outlined above without any lineage depletion. After collecting the marrow 

cell flushes, each flush was resuspended in an equivalent volume of tissue storage 

buffer, and approximately 50 µL of each suspension was retained for flow cytometry 

immunostaining prior to lysis. Next, to assess the fraction of murine megakaryocytes 

and HSPCs in the bone marrow, 50 µL aliquots of marrow cells were immunostained 

with 5 µL Alexa Fluor 488-conjugated rat IgG1 anti-mouse CD41 or APC-Cy7-

conjugated rat IgG2b anti-mouse CD117 (BioLegend) and incubated at 4oC for 15 

minutes. The immunostained marrow cells were next analyzed via flow cytometry 

(BD FACSAria II). Positively immunostained populations were gated against 

unstained controls. To determine uptake of huMkEVs by the marrow cells, cells were 

also analyzed for PKH26 fluorescence. 

To prepare samples for confocal microscopy, RBCs were depleted from the 

flushed marrow cells by resuspending the bone marrow cells in ACK buffer for 5 

minutes. Next, the RBC-depleted bone marrow cells were washed 2-3 times with 1X 

PBS at 300×g for 10 minutes. After pre-coating each coverslip with 200 µL 0.1% 

poly-L-lysine for at least 30 minutes and washing, 100 µL of each bone marrow 

sample was seeded, fixed onto coverslips, and blocked with blocking buffer using the 

protocol described above. Next, the fixed cells were immunostained with a 1:100 

dilution of rabbit anti-CD41 and rat IgG2a anti-Sca-1 (Abcam) in blocking buffer to 
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identify murine megakaryocytes and HSPCs, respectively. After incubating with the 

primary antibody mix for 2 hours at room temperature, each coverslip was stained 

with a secondary 1:1000 dilution of Alexa Fluor 488-conjugated anti-rabbit and Alexa 

Fluor 647-conjugated anti-rat for an additional 2 hours at room temperature. Finally, 

following several washes with PBS, each coverslip was sealed onto glass slides with 

SlowFade mounting media with DAPI, sealed with nail polish, and stored at 4oC until 

imaging. 

For histological tissue analysis and immunofluorescence staining, samples 

collected from 4- and 24-hour huMkEV treated mice were processed at the Nemours 

Histology Core facility (Wilmington, DE). Samples collected from NSG mice treated 

with the pDNA-loaded liposomes and CHEV-liposomes were processed at the 

University of Delaware Histology Core facility (Newark, DE). Briefly, femurs, lungs, 

liver, spleen, and kidneys were fixed with 10% neutral-buffered formalin for several 

days. Next, after decalcification of the femur, tissues were imbedded in paraffin, 

sectioned, mounted on slides, and deparaffinized prior to immunostaining.  

For the prepared samples collected from the huMkEV-only treated mice (and 

PBS control), sectioned tissues were immunostained with rabbit anti-mouse CD41 and 

rat IgG2b anti-mouse Sca-1 to label murine megakaryocytes and HSPCs, respectively; 

cell nuclei were stained with DAPI. The immunostained tissues were secondarily 

stained with Alexa Fluor 488 anti-rabbit and Alexa Fluor 647 anti-rat, to label CD41+ 

and Sca-1+ cells, respectively. Finally, the prepared samples were imaged via confocal 

microscopy (Zeiss LSM 880).  
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For the samples collected from mice treated with pDNA-loaded liposomes or 

CHEV-liposome hybrids, each sectioned tissue was either immunostained with rabbit 

anti-mouse CD41 -or- rat IgG2b anti-mouse Sca-1 to label murine megakaryocytes 

and HSPCs, respectively. The immunostained tissues were secondarily stained with 

Alexa Fluor 488 anti-rabbit -or- Alexa Fluor 405 anti-rat, to label CD41+ and Sca-1+ 

cells, respectively. Finally, the prepared samples were imaged via confocal 

microscopy (Invitrogen EVOS M7000 and Zeiss LSM 880).  
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4.3 Results  

4.3.1 In vitro  studies: huMkEVs effectively interact to deliver their native cargo 

to NSG murine HSPCs as demonstrated by their ability to induce de novo 

megakaryopoiesis and platelet biogenesis 

As interaction with and huMkEV cargo delivery to HSPCs is receptor 

mediated [3], and because NSG mice have aberrant hematopoiesis (notably in erythroid 

and granulocytic lineages [216-218]), it could not be predicted a priori that their HSPCs 

(muNSG HSPCs) will interact with huMkEVs. Thus, prior to in vivo studies, it was 

necessary to test that huMkEVs interact and deliver their cargo to muNSG HSPCs by 

culturing huMkEVs with muNSG HSPCs (Figure 4.1). To collect muNSG HSPCs, 

femurs were collected from untreated female NSG mice (n=3), and bone marrow cells 

were isolated and subsequently lineage-depleted via MACS (Miltenyi Biotec) to 

collect uncommitted muNSG HSPCs and cultured as described in the methods. At Day 

5, each culture was immunostained for murine CD41a, CD45, and CD117, and 

differentiation into megakaryocytic lineage was further tested via immunostaining 

cultured cells for presence of ɓ1-tubulin (TUBB1) and von Willebrand factor (VWF), 

both of which are characteristic of mature platelets and megakaryocytes. [134, 214, 219]   



 

 148 

 

Figure 4.1: Experiment schema for assessing the in vivo impact of huMkEVs on 

NSGÊ mice. The NOD-scid IL2Rɔnull (NSGÊ) mouse model was used 

to determine if the prior observations regarding huMkMP treatment elicit 

stronger responses in the NSG mice. This particular strain of mice was 

chosen due to its immunocompromised state devoid of functional 

macrophages, which could allow for prolonged exposure to huMkMPs 

due to extended circulation times. 
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  Using flow cytometry, both rhTPO and huMkEV treatment resulted in 

significant Increase in the fraction of CD41a+ cells (Figure 4.2A) over the untreated 

control. Furthermore, huMkEV treatment yielded higher ploidy CD41a+ cells (Figure 

4.2B), indicating the development of more mature megakaryocytes in culture. [220] 

Both rhTPO-treated and huMkEV-treated cultures generated significantly higher 

counts of murine megakaryocytes, but less than 20% of the megakaryocytes from 

rhTPO-treated cultures exhibited Ó4N ploidies as opposed to nearly 40% of 

megakaryocytes from huMkEV-treated cultures exhibiting high (Ó4N) ploidies 

(Figure 4.2C).  This was further confirmed after measuring for platelet counts in each 

culture using CD41a+ staining and FSC-SSC gates optimized previously for WT mice 

blood platelet analysis; we observed a nearly 40-fold higher platelet count and 4-fold 

higher pre/proplatelet count with the huMkEV-treated cultures over each other 

condition (Figure 4.2D). Finally, using confocal microscopy, we observed that 

huMkEV-treated HSPCs visibly expressed both von Willebrand factor (vWF) and ɓ1-

tubulin (TUBB1) following 5 days of treatment, which assist with platelet coagulation 

and are found almost exclusively on platelets and mature megakaryocytes (Figure 

4.2E). These data support the hypothesis that, in vitro, huMkEVs effectively interact 

and deliver their native cargo to muNSG HSPCs. 
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Figure caption on next page. 




























































































































































































































































































