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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 MKkMPs (n=8). (B) Reticulated (newly synthesized)
platelet numbers were measured 24 hours post antibody injection (16
hours post huMkMP administration) by flow cytometry éosubset 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...........cccccvvverreeernnnn 64

Figure 2.5: In vivo biodistribution of administered PKH26-labeled huMkMPs
in untreated wild-type mice and huMkMP colocalization with
murine blood cells Murine tissues were excisgdlomogenized, and
analyzed for fluorescence (SpectraMax i3x) 4 and 24 hours after
huMkMPs or CHOGMVs administration. (A) Experimental schema for
measuring tissuspecific fluorescence. (B) Mean fluorescence
intensity (MFI) in each excised tissue relativeotal fluorescence in
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all tissues (n=6 mice per MkMP group, n=3 mice in GM® group).
(C) MFI of each tissue per g excised tissue. (D) 82KH26labeled
huMkMPs, or saline control were administered into Balb/c mice.
Tissues, including BM, lung, liveand spleen were collected after 4
hours for singlecell 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 ofPKH26 signal with CD41, CD117, or CDA45 signals
(n=2). Error bars represent the standard error of the mean. Unpaired 2
tailedt test was used to determine statistical significatfées 0.05.
Higher P values of some comparisons are displayed over the.barg9

Figure 3.1: Overview of the synthesis and application of membranerapped
nanoparticles (MWNPs).Mk membrane vesicles, derived from
megakaryocytes or Mkke CHRF-288 cells, can be wrapped around
polymeric nanopatrticles (NPs) loaded with desired cargo to produce
membanewrapped NPs (MWNPSs) that can selectively target, bind,
and enter HSPCs to deliver their CargO............ceeeeiiieisieeeiiiiinns 80

Figure 3.2: Characterization d 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 (MkMVSs), and MKNPs measured by DLS. n =
3. (C) Zetapotential 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+ MNapped NPs
(MKNPs) following seeening of bare DiBloaded PLGA NFonly
(DiD+) and MV-only samples (PKH26+). (F) Schema of determining
proper MV wrapping of NPs via fluorescenttpnjugated antibodies.
(G) CD41a staining of gated MkNPs and Mvly samples shows
high surface expression 6D41a, which indicated proper wrapping
and orientation of the membrane proteins on the exterior of the
MKNPs. (H) Transmission Electron Micrographs of Bare NPs,
MKkMVs, and MkNPs. Scale bars = 100 nm. Error bars-id B
represent standard error of the me@ar0.05 calculated by ongvay
ANOVA with poShoC TUKEY........cuuiiiiiiiiiiiii e ceeeeee e 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
nucleuss 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:16e m. (B) HSPCs cultured with MKNPs
obsered by superesolution 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) an
loaded with DiD fluorophores (cyan). Scale bargtird. For A and B,
stills taken from intermediate-&ack image are presented and yellow
circles indicate internalized MKNPs. (C) Before exposure to either
bare DiDloaded NPs or MkNPs, HSPCs were-preubated with
inhibitors against specific endocytic pathways, including
Dimethylamiloride (DMA), Methylb-c y c | odextrin ( MbCD) ,
Dynasore, and LY29400, which block macropinocytosis, lipid raft
mediated uptake, dynamdependent endocytosis, and
macropinocytosishrough PI3K, respectively. Uptake of bare NPs and
MKNPs was analyzed by assessing the fraction of Bélls via flow
cytometry following 30 minutes of incubation, and NP uptake for each
inhibitor-treated culture is shown relative to either bare NP aXRIk
uptake in untreated (none) HSPC cultures. Data represent the average
of 4 (bare NPs) and 4 (MkNPs) biological replicates + standard error
ofthemean* : p<0. 05 versus untieste.al0kd cont

Figure 3.4.MKNPs exhibit uptake selectivity by HSPCs versus MSCs and
HUVECSs. DiD-loaded MkNPs were incubated with CD34+
HSPCs, mesenchymal stem cells (MSCs), or human umbilicatin
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, HUVECSs, and MSCs incubated with Elidded 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 nontargeted 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 sigals without any associated PKH26 signal,

indicating possible bare NP or released DiD uptake into HUVECs and

MSCs. Scale bars: 30m for HSPCs, 2um for HUVECs and MSCs.

Error bars are shown as the average + the standard error of the mean.
*p<0.10,*: p<0. 05, ** *: ptes?.....0.1....(.S106dent 0s

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 (ICBHM
and CD11b (Ma€l), which are membrane proteins known to help
facilitate uptake in HSPCs, anuinglar expression of CD41a
(ITGA2b), a membrane protein characteristic of mature
megakaryocytes, in CHRE88 (Mk-like) cells (bottom panel) in
comparison to Day 12 cultured megakaryocytes (top panel). (B)
Confocal microscopy (Carl Zeiss LSM880) images Blay 3 HSPC
interacting with CHRF NPs following 2dours of incubation.
AlexaFluor 488stained actin, DiBoaded PLGA NPs, PKH26+
CHRF membranes, and nucleus are shown as green, cyan, red, and
blue, respectively. Yellow circles indicate colocalized PKH26 a
DiD signals within the HSPC, showing successful uptake by HSPCs.
ScalebarrE m. (C) Mean di ameter-loaddd a batch
NPs, MVs collected from CHRF cells (CHMVSs), and siRiWaded
CHRFwrapped NPs (CHNPs) measured by nanoparticle tracking
aralysis showing size increase upon wrapping. (D) Zeta potential of a
batch of bare siRNAoaded NPs, CHMVs, and siRNbaded
CHNPs indicating the surface charge of the particle shifts upon
membrane wrapping. (E) CD34+ HSPCs were incubated with CHNPs
loadedwith siCD34 or nortargeting 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
siCD34loaded 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 oftheméan. p<0. O5-teétBlDudent O

Figure 3.6: Intravenously administered CHPPNPs largely localize to HSPC
rich bone marrow in vivo. (A) Mice were injected with CHPPNPs,
PEGNPs, or saline and humanely sacrificed afted @Gours.
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) Representativ
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, DiDloaded PEGPLGA NPs, and DiEloaded CHPPNPs. (C)
Representative IVIS image of femurs from eaclugroomparing 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 tg<0.01,
calculated by onevay ANOVA. PEG NPs: n=6; Wrapped NPs: n=5.
Errors bars show standard error of the mean..............ccc.eevveeeennns 114

Figure 3.7: DID presence in CD41a+ and CD117+ bonearrow 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), DiBloaded PEGPLGA NPs, or DiDloaded
CHPPNPs and stained for CD41a (plat@lesociated cellsand
CD117 (murine HSPCs). Flow cytometry indicates a significant
difference between PEBLGA NPs and CHNPs in the fraction of
CD117+ cells that contain DID signal, while a rgignificant
decrease in the fraction of Difbntaining 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: 20m and 16um in magnified image. Error
bars are shown as the average of 7 (bare NPs) or 5 (CHPPNPSs)
biological replicates + the standard error of the m&amp<0. 01
(St Ud-BINL.0.S...odie e 118

Figure 4.0 (Graphical Abstract): Native and engineered human
megakaryocytic extracellular vesicles (huMkEVsY¥or targeted
non-viral cargo delivery to blood stem cellsin order to establish
huMKEVs as a transformational cardelivery system to blood stem
cells (hematopoietic stem and progenitor cells, HSPCs) for therapeutic
applications, we used NOgxid IL2R™" (NSGE ) mice in order to
enable prolonged circulation of huMKEVSs. Intravenous delivery of
native huMkEVs enhancetk novplatelet biogenesis by inducing
megakaryocytic differentiation of murine HSPCs, thus demonstrating
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the desirable strong tropism lmfiMKEV's for murine HSPCs. Based
on this tropism, we demonstrated that engineered huMKEVs can
deliver functional plasmidDNA cargo specifically to HSPCs......... 125

Figure 4.1: Experiment schema for assessing the vivo impact of huMKEVs
on NSGE mice. The NODscid IL2R™" (NSGE ) mouse model was
used to determine if the prior observations regarding huMkMP
treatment elicit stronger responseghe 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 NSGM murine HSPCs with huMKEVSs in vitro
induces more effective megakaryopoiesis than treatment with
thrombopoietin (TPO) alone.Murine HSPCs werextracted and
pooled from a set of 3 female N8Gmice, 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) treatmenthva 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 eacmdition were
permeabilized and stained with CD41a and DAPI and measured with
flow cytometry to determine megakaryocytic ploidy. C) Total ceunt
normalized histograms depicting DNA (propidium iodide) intensity of
CD414d murine Mks from control (blushadedleft), rhTPGtreated
(greenshaded; middle), and huMkEWeated (reeshaded; right)
conditions. D) Platelets, prand proplatelets, and microparticles were
counted using calibrated fluorescent beads (3bé&8ads/ mL) and
forward scatter (FSC), side stat(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), TRP@eated (middle row) and huMKEV
treated (bottormow) cultures were immunostained fal 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 bangnio:
p<0.1, **: p<0.05,***: p<0.01,**** p<0. 001, -tBst.uds=Ent 6s
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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 assessingitheivoimpact of huMkEVs
on megakaryopoiesis in N&Gmice. B) Platelets and C)
pre/prglatelets from RB&lepleted peripheral blood were counted
using calibrated fluorescent beads (1%d€ads/ mL), murine CD41a
staining, and forward scatter (FSC), side scatter (SSC) gates set from
previous wild type murine blood counts. All values are shas/n
count, in thousands, per pL blood. Dashed (PBS) and solid (huMkEV)
lines show average counts and trends across each timepoint. n: 3, 4, 4,
4 for PBStreated mice and n: 6, 9, 5, 6 for huMki¢ated mice at
4-, 24, 48, and 96hours, respectively. DMurine CD117 HSPCs
and E) CD4lamegakaryocytecell fractions of flushed, RBC
depleted femoral bone marrow as determined via flow cytometry. *:
p<0.10, **: p<0.05, N .-t8st........n.0.855s i gni f

Figure 4.4: huMKEV biodistribution (MFI: AU/g) in various excised tissues
and immunofluorescence assessment of bone marrow following
huMKEYV intravenous administration to NSG mice. A) Normalized
mean fluorescence intensity (MFI) from each homogenized tissue
reveals that huMKkEVs localize to kidney, RBiibne marrow 4and
24-hours following administration. Overall, with increasing time post
administration of huMKEVs, PKH26 MFI dexases in most tissues
except for peripheral blood, which shows increased MFI with
increasing time. 24hours post treatments, murine tissues from B)
femurs, C) lungs, D) livers, E) spleens, and F) kidneys were fixed
(10% neutrabuffered formalin), sectiork immunostained and
assessed for structure (gr&IC) and presence of CD#4tells
(green), Scd " cells (blue), and PKH26 fluorescence arising from
administered huMKEVs. Colocalization of PKH26 fluorescence with
either CD41 or Scal® cells is shown in hWite-orange in the merged
image and circles in teal in their respective channels. Scale bars: 50
pm. *: p<0.1, **: p<0.05,***: p<0. 01, $Sestud.ent.ds T

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 pMakPloaded huMkEVs via
electroporation for targeted pDNA deliveryrtaurine HSPC#n vitro
andin vivo. B) HSPCs from NSG mice were cultured with either
ofreed p BIRA, difeptiveextroporated with pDNA, or
cocultured with huMKEVs loaded via electroporation with pDNA, and
assessed for GFP expressioh6x1F pDNA-loaded huMKEVs via
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el ectroporation or an equivalent amo
intravenously administered to NSG miece=@, each condition), and

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

PKH26 fluorescence (bottom; huMkEveated on}) after 24hours

of treatmentD) Flushed marrow cells from mice treated either with

0freed p Doaded huMKENMSAor pDNAoaded CHEVs

were assessed for GFP and PKH26 fluorescence using flow

cytometry; background fluorescence was accounted for fedmnaf

untreated (PBS) mic&) Flushed RB&epleted marrow cells from

the two pDNA conditions and a PBfated control were

immunostained for CD1IHSPCs (red) and screened for GFP

(green), CySstained pDNA (purple), and huMkMPs (yellow).

Colocalizationof murine HSPCs and GFP indicated with cyan circles

and nuclei are shown in blue. Scale barspub0 Magnified inset

shows distinct PKH26 and GFP puncta within flushed marrow cells

from pDNA-loaded huMkEWreated mice. Scale bars:-fufn.

*p<0.1,**: p<0.05,***: p<0.0l,****: p<0. 001, -tBst.ulélent s T

Figure 4.6: CHRF EVs (CHEVSs) can be loaded with plasmid DNA via
hybridization with pDNA T loaded liposomes and can be used for
efficient in vitro nucleic acid delivery to murine HSPCA)
Experimental schema for preparing pLifeAntRFP703loaded
liposomes or CHEMiposome hybrids for targeted pDNA delivery to
murine HSPCsn vitro. B) Nanopatrticle tracking analysis (NTA) of
isolated CHEVs and CHElfposome hybrids showing an increase in
diameter following hybridization. C) TEM images of loaded
liposomes, CHEMiposome hybrids (CHEV hybrids), and CHEVs.
Scale bars: 0-pm/ 200nm. D) Zetgpotential of liposomes, CHEV
hybrids, and CHEVSs. E) Fraction of pDNA retained within the
liposome or hybrid particles. F) Isolated NSG HSPCs were incubated
with either o6freed (uedimRERV@3d) pDNA e
pDNA-loaded liposomes, or pDNMaded CHEV hybrids and
assessed for miRFP703 expression. G) Fraction of miRFRBBCs
also exhibiting PKH26 fluorescence, indicating pDNA delivery via
CHEV hybrids. F) Actirstained (green) HSPCs from-86ur cultures
were screened for miRFP703 (red) andH2K fluorescence from pre
stained CHEVs to assess the presence of CHEV hybrids (yelfow).
p<0.1, **: p<0.05,***: p<0.01,****. p<0.001, N.S.: not significant,
St udetedl.0.S.... .o 164
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Figure 4.7: pDNA-loaded CHEV-liposome hybrids can be used for efficient
HSPC-specific nucleic acid deliveryin vivo. A) Experimental
schema for preparing pLifeAchiRFP703loaded liposomes or
CHEV-liposomehybrids for targeted pDNA delivery to murine
HSPCsn vivo. B) NSG mice were intravenously administered either
10 pg of miRFP703&xpressing pDNA complexed with liposomes
(n=3) or pDNA-loaded liposomes further hybridized with ~50%10
PKH26labeled CHEVs (CHV hybrids;n=5), and various tissues
were excised, homogenized, and assessed for PKH26 (gold) and
MiRFP703 (red; top) fluorescence and PKH26 biodistribution
(CHEVsonly; bottom) 72hours post particle intravenous delivery. C)
Flushed RBGdepleted marrowatls from mice treated with either
pDNA-loaded liposomes (pLifeAanhiRFP703) or CHEV hybrids and
a media (IMDMtreated control were immunostained for CD117
murine HSPCs and CD41murine Mk cells and screened for
MiRFP703 expression and CHEV hybrid lozation (PKH26
fluorescent) via flow cytometry. High miRFP7@3pressing mouse
indicated in green. D) Femurs from-Aaur-treated mice were fixed
(10% neutrabuffered formalin), sectioned, immunostained and
assessed for structure (gr&IC) and presencef Scal® cells (blue),
MiRFP703 expression (red) and PKH26 arising from administered
CHEV-liposome hybrids. Colocalization of murine HSPCs and
mMiRFP703 indicated with light green circles. Scale bars: 280
E)Magnified image of sectioned femurs from Bpme and CHEV
liposome hybrietreated mice showing extensive miRFP expression
and colocalization of expression with SEaHSPCs. Colocalization
of Scal® and miRFP703 shown as lavender in the merged image.
Scale bars: 5gm. *:p<0.1:**: p<0.05, ***: p<0.01,****: p<0.001,
St UdetBI.0.S..... i ieeeiirre e 168

Figure 4.8: Infused huHSPCs can develop human platelets in unconditioned
NSG mice, and cenfused huMKEVs effectively localize to both
murine and human HSPCsin vivo. A) Total (murine and human),
B) murine, and C) human platelets were counted from human CD41a
immunogained and murine CD44diemmunostained peripheral blood
of Day O (initial; murine platelets only) and Daytréated NSG mice
treated with either 3xPMay 5 huHSPCs only or 3x$8uHSPCs
and 15x16huMKEVs. D) RBGdepleted bone marrow from NSG
mice treatedvith huHSPCs and 15x$0uMKEVs 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 fractionrdised 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 flusbas

NSG mice treated with either 3>8Day 5 huHSPCs only (top row) or
3x1® huHSPCs and 15x$AuMKEVs (bottom row) for 5 days. Cells
were immunostained for human CD41a (green; circled) and huMkEV
localization was determined from PKH26 fluorescence gyéll*:

p<0.1, **: p<0.05,***: p<0. 01, Sestu.d.e.n.t.0.s..172

Figure 4.9. Platelet, pre/proplatelet, and microparticle counts in NBSGW
mice. A) Count of 78-week female NBSGW mice for assessing
vivo huMKEV-induced megakaryopoiesis at-zfhd 48hours
following intravenous administratioB) Platelet counts from RBC
depleted peripheral blood were counted using calibrated fluorescent
beads (1x10beads/ 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 pL
blood. n: 2, 2 for PB&eated mice and n: 4, 4 for huMiEreated
mice at 24 and 48hours, respective\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 PBStreated miceE) RBC-depleted bone marrow cells from-24
hours (top set) and 4Bours (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: 5. F) Weightnormalized
PKH26 mean fluorescence intensity (MFI) from each homogenized
tissue were used to assess huMKEVs biodistributian.................. 175

Figure 5.1: Graphical overview: Megakaryocytic and megakaryocytdike
membrane vesicles can encapsulate CRISPR CaaSsociated
cargo for cellspecific delivery and gene therapy of hematopoietic
stem and progenitor cells (HSPCs)Genetarget specific CRISPR
Cas9nucleoprotein, discrete Cas9 and sgRNA, or Cas9 plasmids can
be effectively encapsulated within megakaryocytic and/or other cell
membranes foin vivodelivery to HSPCs and other target cells.
Membranewrapped Cas9 and the associated sgRNA(S) improves gene
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editing efficiency over traditional, solely plasridsed Cas9
treatments, and membrane wrapping imparts cell specificity and
bioavailability of the Cas9 therapeutic through targeted delivery to the
SPECITIEA CEIIS.....eeeiiiiiiiiieeee e 182

Figure 5.2: Co-delivery of gRNA plasmids with Cas9 nuclease improves gene
knockout over plasmid-only based systemqA) Percentage of
CD41+ ini) untreated CHRF cells@ cells after electroporation with:
i) plasmid for expression of CasBFP and CD41 sgRNA, iii) Cas9
GFP nuclease and plasmid expressing CD41 sgRNA (locus 1) and a
mTqz2 (turquoise) fluorescent tag and iv) G&PP nuclease and
plasmid expressing CD41 sgRRNlocus 2) and a BFP (blue)
fluorescent tag. (B) Viability of CHRF cells after each Cas9, sgRNA
delivery method as determined via ‘-RRO-3 (far red) viability
staining. No significant differences in viability were found between
any of the Cas8gRNA methds. (C) Presence of Ca€d-P from
each Cas%FP delivery method. Direct electroporation of G&d%P
nuclease led to significant increase in the proportion of cells
containingCasFP, i ncluding a sustained pr e
72 hours after electragpation. (D) Percentage of CD41+ in i)
untreated CHRF cells and cells after electroporation with: ii) plasmid
for expression of Cas@FP and CD41 sgRNA, iii) CasSFP
nuclease and plasmid expressing CD41 sgRNA and a mTq2
(turquoise) fluorescent tag for oleeus and 4) Cas&FP nuclease
with two mTq2tagged plasmids expressing CD41 sgRNA for
different loci each. (E) Viability of CHRF cells after each Cas9,
SgRNA delivery method as determined via-PABO-3 (far red)
viability staining. No significant differeres in viability were found
between any of the Cas@RNA method4: p<0.05, **: p<0.01,;
St UdetBst.0.S.... e 196

Figure 5.3. Cas9CHRFPMA-MVa prepared with PEI 2-kDa, 25-kDa can be
tailored to minimize PEI-induced cytotoxicity while retaining
effective Cas9 uptakeAfter preparation of PEI-RDa and 25Da-
encapsulated Cad6aded CHRF MVs via extrusion, these Gl
MVs were subsequentlyurified via ultrafiltration with 10kDa
centrifugal filters. (A) Fraction of original PERK and PEI25K
removed from washed Ca$®EI CHMVs following ultrafiltration. (B)
Viability and (C) Cas9GFP uptake in CHRF cells incubated with
either unwashed avashed (ultrafiltered) CasREI MVs prepared
with 0.1% PEJI2K as determined via flow cytometry (3 biological
replicates). (D) Viability and (E) CagQFP uptake in CHRF cells
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incubated with washed Ca$#®El CHMVs prepared with 0.01% to

1.0% PE#2K. (F) Viabiity and (G) Cas9GFP uptake in in CHRF

cells incubated with washed CaB&|I CHMVs prepared with 0.01%

to 0.1% PEI2K in comparison to CasBElI CHMVs prepared with

0.01%t00.1% PERSK.* : p<0. 05, **: -tgst<.02001; St u

Figure 5.4: Characterization of Cas9PEI-2K-CHRFPMA MV. (A) Schema for
producing membranerapped Cas®PEF2K CHRF MVs (CHMVS).
(B) Zeta potential of unloaded CHMVs, REkDa, and the final
washed Cas®EI2K CHMVs. (C) Nanoparticle tracking analysis
(NTA) showing the size distribution of unloaded CHMVs and the
final washed Cas®EI2K CHMVs. (D) Transmission electron
microscopy (TEM) of the different components and final CRE®
2K CHMVs. Scale bars: 200M...........ccoooiiiiiiiiiiiieeeiiviieieeeeeeeees 203

Figure 5.5: Comparison of Cas9 uptake and viability with different methods
for Cas9 delivery to CHRF cellsCHRF cells were either i) directly
incubated with purified Cas@FP, ii) incubated with purified Cas9
GFP and an equivaleatmount of 0.1% PE2K used for extrusion or
iii) washed Cas®EI CHMVs prepared 0.1% PEikDa
concentrations and tested for (A) viability and (B) G&P uptake
via flow cytometry. (C) 6 24, 48, and 72hours following
incubation Cas®El CHMVs, CHRFcells 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 Cas&FP (green) into the cell is shown by
extensive Cas&GFP and MV fluorescence win the periphery of
actinstained cytoskeleton. (D) Differentsfack focal planes of 24
hour treated CHRF cells demonstrating extensive {GISR uptake
and Cas9 localization to the nucleus. Scale bargmdO.................. 205

Figure 5.6: Composition of the Cas®PEI MkMVs can be tailored for HSPCs
to maximize Cas9 uptake and minimize cytotoxicityHSPCs were
incubated with Cas®El MkMVs prepared wh a range of different
PEI 2kDa concentrations and tested for (A) viability and (B) Cas9
GFP uptake via flow cytometry. (C) 2¥urs following incubation
with HSPCs, Cas®EI2K MkMVs, cells were seeded and
subsequently stained with phalloidin and DA®Visualize the actin
cytoskeleton and nucleus. Uptake of the MVs (PKH26; yellow) and
Cas9GFP (green) can be visualized within the periphery of actin
stained cytoskeleton. Scale bars: id in magnified view images and
20-pum for wide VIEW IMagES.......ccvviiiiiiiiiiiie e eceeee e 208

XXVili



Figure 5.7. MV-delivered Cas9sgRNA nucleoprotein yields gradual uptake
and effective disruption of CD34 in HSPCs following co
incubation. Prior to assessing CD34 gene disruption in HSPCs,-Cas9
GFPR-sgCD34 ribonucleoproteins (RNPs) were wrapped with D12 Mk
membranes and prepared and purified as previously described. (A)
Incubation of HSPCs with Cas® CD34PEI MVs yields gradual
uptake of he Cas9 RNP over time, thus demonstrating the
applicability of the Cas®EI MV system to facilitate controlled Cas9
delivery. (B) MV-delivered Cas$gCD34 yielded robust disruption of
the CD34 gene with fewer than 40% of Cas9+ HSPCs expressing the
gene incomparison to >70% of HSPCs directly electroporated with
the RNP. (C) Flow cytometry contour plots showing steady increase
of CD34negative HSPC population across all conditions. HSPCs
incubated with Cas8gCD34PEI MVs exhibited greatest increase in
CD34negative population after Z2dburs when compared to Cas9
plasmid DNA and Cas9 RNP electroporation conditions. (D) T7
endonuclease | assay shows cleavage within the CD34 gene in all
CasOtreated conditions. : p<0. 05, **: -tgt<.0.2101; st u

Figure 5.8: Delivery of Cas9sg-cMyc PEI CHMVs affects the differentiation
and fate of HSPCs following ceincubation. Cas9GFP-sg-cMyc
ribonucleoproteins (RNPs) were wrapped with CH¥membranes
and prepared and purified as previously described. (A) Incubation of
HSPCs with Cas8gcMyc-PEI CHMVs promotes development of
immature CD61 megakaryocytic precursors faster than
thrombopoietin (TPQonly treated HSPCs. (B) Casg-cMyc-PEI
CHMVs yield significantly more CD41cell development than
untreated HSPCs over 12 days of treatment, but at lower levels than
TPOtreated HSPCs. (C) Day 12 HSPCs treated with i) nothing
(contral), ii) TPO, and i) Cas9sg-cMyc-PEI CHMVs were
immunostained for CD41 (red) to screen for development of
megakaryocytic phenotype. CaS8¥P (green), CHMVs (PKH26;
yellow), and nuclei (DAPI; blue) are shown in their respective
channels. Scale bars:-Ln...............oooeveiiiiiie e 214

Figure 5.9: Different combinations of MV-wrapped forms of Cas9, sgRNA
allow for high flexibility and customization of various Cas9
mediated gene therapies. Multiple combinations of Cas9 in either
a (purified) nuclease form, as awucleoprotein complex with the
associted sgRNA, or as a plasmid can be delivered to HSPCs for
gene therapy. For sgRNA, discrete MVs can solely contain a plasmid
expressing for a specific sgRNA, or
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produced by extruding purified Cas9 and the sgRNA plasmid
togetherUsing these discrete combinations would allow for
implementation of different sgRNA gene targets by simply

introducing MVs containing the associated sgRNA plasmid
sequence(s), and thus, increase the scope and simplicity of Cas9 gene

Figure 6.1: Schema for producing SARSCoV-2 S protein and ACE2 receptor
expressing CHRF EVs and MVsCHREF cells were transfected with
plasmids gpressing either th@d) SARSCoV-2 spike protein (S
protein) or theB) ACE2 receptor which were used to generate S
protein and ACEzxpressing extracellular vesicles (EVs) and
membrane VESICIES (MVS)u....coouiiiiiiiiiiiieeee e 222

Figure 6.2: Expression of SARSCoV-2 S protein in transfected CHRF cells.
(A) CHREF cells were transfected with various ratios of a sStGFP
tagged SARSCoV-2 S proteirexpressing plasmid and measured for
S proteinsfGFP expression an8) viability using propidium iodide
(P1). Actin-stained (pink) CHRF cells were imaged and analyze& fo
proteinsfGFP expression (green) aft&)(6-hours, D) 72-hours, and
after PMA treatmentH, F). Nuclei: blue (DAPI). Scale bars: 20m
for C-E, 10pmforF.* : p<0. 05, **: p<0.230, Stud

Figure 6.3: Expression of ACE2 in transfected CHRF cells. (ALHRF cells
were transfected with various ratios of a sf@kg§ged ACE2
receptorexpressing plasmid and measured for @ginsfGFP
expression andd( viability using propidium iodide (PI). Actin
stained (pink) CHRF cells were imaged and analyzed for ACE2
sfGFP expression (green) aft&)(6-hours, D) 72-hours, andK)
after PMA treatmentH) PMA-treated CHRF cells. Nudleblue
(DAPI). Scale bars: 2pm.* : p<0. 05, **: p<ZB1 01, St

Figure 4.4: Characterization of SCHEVs and SCHMVs. (A) Schema for
collecting S proteirexpressing CHRF EVs {SHEVs) and MVs (S
CHMVSs). (B) Size distribution of SCHEVs (red), SCHMVs (green)
and unmodified CHRF EVs (black) and MVs (brown) as determined
via Nanoparticle Tracking Analysis (NTA). PKH26 vsG§iP
fluorescence of@) PBS, D) unmodified PKH26stained CHEVs, and
PKH26-stained E) SCHEVs and F) SCHMVs. PKH26 only
(orange), sfGFP only (green), and both PKH26 and sfGFP (purple)
fluorescent populations are highlighted. Proportion of PKHZ®&)+ (
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unmodified CHEVs, H) S CHEVSs, and ) SCHMVs also exhibiting
S ProteiRSTGFP @XPreSSION. ......uuviiiiiiiiiiiieiei e 234

Figure 5.5: Coculture of CHRF cells with SCHEVs, SCHMVs, ACE2-
CHEVs, and ACE2-CHMVSs. (A) Schema for coculturing-SHEVsS
and SCHMVs with CHRF cells. Proportion of CHRF cells containing
(B) sfGFP and@) PKH26 following coculture with £HEVS, S
CHMVs, ACE2CHEVs, and ACE2CHMVs. Actin-stained (pink)
CHREF cells were imaged and analyzed for uptak®p&CHEVs
and E) SCHMVs after 24 and 48hours of coculture. S protein
sfGFP: green, PKH26: red, nuclei: blue Scale bargura0*: p<0.05,
**: p<0.01,st.St.udent.bs...T..t.e....236

Figure 7.1: PLGA-encapsulated Cas95FP is effectively taken up by CHRF
cells CHRF MV-wrapped (red) Cas@FP (green) is takemp within
the periphery of acthstained (maroon) CHRF cells. Scale bars: 20

Figure 7.2: Cas9 can be electroporated into CHRIEVsS and delivered to
HSPCs.A) Cas9GFP (green) is colocalized with PKH23€&ined
CHRF EVs following electroporation. B) Electroporated CHEVs can
deliver Cas9 to HSPCs. C) Cas9 delivery efficiency to HSPCs after 24
hours. as a function of electroporatiitage and buffer pH........... 246

Fi g é4l.€o-culture of huMkMPs with muHSPCs promotes murine
megakaryopoiesismuHSPCs were eoulturedwith either huMkMPs
only, or 50 ng/ml thrombopoietin (TPO) for 5 days. Cells were
harvested and fixed at day 5, stained for expression of von
WillebrandFactor (VWF), betaubulin | (TUBB1), and nucleus
(DAPI), and examined via confocal and brigield microscopy.
Scale bar..s..00. . 8mM. . . 270

Figure A-2. Co-culture of huMkMPs with muHSPCs promotes the biogenesis

of murine CD41 -cells (megakayocytes). muHSPCs were €0

cultured with either huMkMPs only, or 50 ng/ml thrombopoietin

(TPO), or without any supplements (vehicle control) for 5 days. Cells
were harvested, stained with a@iD41 antibody and examined via

confocal and brighfield microc opy . Scal e...b.ar.2A 10
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Figure A-3. Representative flowcytometry plots for megakaryocytic ploidy
analysis.muHSPCs were cultured wi0 ng/ml thrombopoietin
(TPO)for 5 day and were harvested for flaytometric analysis
Singlet events were first gated on the F&Q~orward Scatter, Area)
vs. FSCGH (FSC, Height) plot, followed by gating the total cell
populaton on the SSC (Side Scatter) vs. Digéntent plot.
Megakaryocytes (Mks) were next selected based on CD41 expression
on the CD41vs. DNA-content plot. The various ploidy classes (from
2N up to 128N) of the Mk population can be visualized on a
histogram oMMKk-cell count vs. DNA content..............ccooeevvviiieeenn. 272

Figure B-1. Analysis of the cytocompatibility and target specificity of
unwrapped DiD-loaded NPs(A) PLGA NPs were added to cells at
increasing doses to ensure cell viability was maintained. (B) Flow
cytometry examination of bare NP uptake by HSPCs, HUVECs, and
MSCs as determined by measurement of DiD signal following NP
culture with the cells for diérent amounts of time. Bare NPs exhibit
no preferential uptake by different cell types. (C) Confocal microcopy
images (Zeiss LSM880) of bare NPs interacting with HSPCs,
HUVECSs, or MSCs. Blue indicates cell nuclei (DAPI), green indicates
bare NP cargo (Dip and purple indicates cell actin cytoskeleton
(phalloidin). Scale bars: 30m for HSPCs, 2um for HUVECs and

Figure B-2. TEM microscopy of siRNA-loaded NPs and CD34 expression in
HSPCs exposed to siRNAoaded bare PLGA NPs(A)
Transmission Electron Micrographs of PLGA siRNaded NPs,
CHMVs, and siRNAloaded CHNPs. (B) CD34+ HSPCs were
incubated with bare PLGA NPs loadeitiwsiCD34 or nortargeting
SIRNA (siNeg) for various amounts of time, then CD34 expression
was analyzed by flow cytometry. Data is shown as the deviation in
CD34 expression from untreated HSPSslid black squares indicate
HSPCs treated with bare siCD&tded NPs and empty circles
correspond to bare siNdggeated HSPCs. Error bars are shown as the
average of 4 replicates * the standard error of the mean. Scale bars:
100nm.* : p<0. 05 {eSt.u.d.en.t.b.s....T.....c....... 275

Figure B-3. Representative hematoxylin and eosin (H&E) staining of tissues
indicate no toxicity. Organs from a representative mouse were
paraffin embedded, sectioned, and stainet W&E to visualize any
morphological changes. Images are 20X magnification. Scale bars:
1001 o USSP 276
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Figure B-4.

Figure C-2.

Figure C-3.

Figure C-4.

Figure C-5.

DiD signal presence irlushed bone marrow cells of mice treated

with saline, PEGPLGA NPs, or CHPPNPs.Bone marrow cells

were flushed from the femurs of mice treated with a saline control,

(A) DiD-loaded CHPPNPs, and (B) Dibaded PEGLGA NPs.

Flushed bone marrow cells westined for CD117, a murine
hematopoietic stem cell marker (green) and DAPI (blue)
corresponding to the cell nuclei. The bone marrow cells were screened
for presence of NPs, indicated by DiD (red). Images outlined in red
were used in main text (Figure 6Ejcale bars: 2m...................... 277

Development of mature megakaryocytes in murine bone marrow
following huMKEV treatment. Select bone marrow flushes from
PBStreated (left column) and huMkEWeated (right 4 columns)

mice from 24hours (top row), 4&ours (middle row), and 9Bours
(bottomrow) were immunostained for murine CD41a (green) to
determine the degree of differentiation of the murine HSPCs to the
megakaryocytic phenotype. Presence of huMkMPs indicated in
yellow (PKH26) and nuclei are shown in blue (DAPI). Scale bars: 50

Impact of liposome, CHEMliposome hybrid treatment on platelet
counts.A) Platelet and B) pre/proplatelet counts in NSG pegral
blood 72hours following treatment with IMDM (media control),
pDNA-loaded liposomes, or CHRF Eiposome hybridsN.S.: not
signi ficantest..St.udent.bs.. . T 280

Flushed marrow (femur) cells from mice treated with pDNAI

loaded CHEV-liposome hybrids exhibit expression of miRFP703
from delivered plasmid. Flushed RB@&epleted marrow cells from
mice treated with either pDNFfoaded liposomes (pLifeAct
miRFP703) or pDNAloaded CHEVliposome hybrids and a media
(IMDM) -treated control were immunostained for CD117+ HSPCs
(green) and screened for miRFP703 expression (red), and CHEVs
(yellow). Colocalization of murine HSPCs and miRBB indicated
with light green circles and nuclei are shown in blue.................. 281

Histological analysis of various Scd immunostaned tissues
excised from pDNAloaded liposome and CHEVliposome hybrid-
treated mice.Lungs, spleen, kidneys, and liver from-fi@urtreated
mice were fixed (10% neutrsluffered formalin), sectioned,
immunostained and assessed for structure {@PHy) and presence of
Scal+ cells (blue), miRFP703 expression (red) and PKH26 arising

XXXili



Figure C-6.

from administered CHEV hybrids. Colocalization of murine HSPCs
and miRFP703 indicated with light green circles. Scale barspg0@82

Histological analysis of various CD41 immunostained tissues

excised from pDNAloaded liposome and CHEVliposome hybrid-
treated mice.Lungs, spleen, kidneys, anddr from 72hourtreated

mice were fixed (10% neutrbluffered formalin), sectioned,
immunostained and assessed for structure {@Hy) and presence of
CDA41+ cells (green), miRFP703 expression (red) and PKH26 arising
from administered CHEV hybrids. Caalization of murine CD41+
megakaryocytes and miRFP703 indicated with light blue circles. Scale
DArs: 200UM. ... ———————————— 284
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ABSTRACT

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 ito 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 tlaay, 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 poiait be ameliorated.

Previously, our lab has demonstrated that extracellular vesicles (EVs) derived
from megakaryocytes (Mks), which are platgdedducing blood cells, can readily
interact with and deliver cargo to HSPi@sitro. In our studies, we desnstrated that
these MKEVs also have the propensity to localize to the H&PCGnurine bone
marrow roughly 24hours after administration vivoin both wildtype (WT; Balbt)
and immunocompromised (NS¥) mice. Upon delivery to the bone marrow, we
obsened robust MKEVinduced megakaryopoiesise(, development of

megakaryocytes), which subsequently promaledovdiosynthesis of platelets.
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Furthermore, through histology, we confirmed that these MKEVs specifically interact
with murine HSPCs and otherdald cells in the bone marrow and lunigwivo, 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 receptonediated endocig pathways to HSPCs using both natural
(MKEVs) and semsynthetic membrane vesicles (MKMVS).

Accordingly, we have successfully loaded membnarapped PLGA
nanoparticles (NPs) with siRNA for homotypic delivery to HSRO&tro and
observed effective dawegulation of a characteristic HSR@ecific gene following
uptake. Next, we observed that the native HSPC tropism of Mk and Q8&Fa
megakaryoblastic cell line) MMWrapped NPs is conservedvivoin WT mice, as the
MV -wrapped NPs preferentially loézéd to HSPCs within the marrow. We extended
this concept by loading fluorescent proteixpressing 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 sequespmecific endonuclease capable of
performing precise cuts to DNA, was successfully delivered to HSPCs via another
membranewnrapped polymeric systeimn vitro which exhibited more efficient gene
knockout and reducedtotoxicity in comparison to traditional plasmdsed Cas9
systems. With this system, we also disrupted a key regulatory geemg(in
uncommitted HSPCs, which ultimately induced HSPC differentiation to

megakaryocytes. Finally, to showcase the vergabh EVs and MVs, we explored the
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potential for using SARE0V-2 spike (S) protekexpressing megakaryoblastic cells

to produce S proteidecorated EVs and MVs, which could function as viral decoys
that could prophylactically prime the immune system pgoa COVID-19 infection.

As bloodderived membrane vesicles exhibit comparably less immunogenic risk than
some other drug delivery vehicles, both unmodified and elaaged megakaryocytic
membrane vesicles could potentially serve as safe and effectikedador

facilitating HSPCspecific gene editing and modulationvivo.

Dissertation Graphical Abstract:

Preparing megakaryocyte (Mk)
EV and MV-based therapeutics

% "?. jv ”":v‘.

g

g Hybr|d ization
Mgmbrane Extrusion “/
Vesicles (MVs)

[ e
3 L !%2’4"" M |
v p %Sproleln— ( (i
]/ > expressmg

Native EVs

HSPC-rich ‘
bone marrow
(in femur)

5 / N l Electroporation
Extracellular M

Vesicles (EVs)

Faulty gene

Intravenous
administration

of membrane- and progenitor cell
wrapped (HSPC)
therapeutics

Hematopoietic stem

In vivo targeting of HSPCs by
cargo-loaded MKEVs/MVs

Repaired blood cells

% Macrophages

Granulocytes
and Leukocytes

Erythrocytes
(RBCs)

= \
Receptor mediated, cell-
specific interaction

Cargo delivery to HSPCs
and other cells

REPAIRED GENE/
EXPRESSION

)
Platelet
projection

Megakaryocytes
and Platelets

XXXV



Chapter 1
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. lmlly, these vesicles were deduced to be rather insignificant
artifacts with one of the earliest accounts of platelet microparticles being described by
Wolfet.alas 6 p | alf. 6hadeadlly, tHaseedicles 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, furteepplanting their importance in
biological circuit® 3.
EVs can be largely divided into either exosomes or microparticles, with each
subclass defined by different intracellular origins and characteristic(sizese 1.1).
Microparticles are naturallproduced membrane vesicles formed through blebbing
andshedsdig of the cell 6s outer memblO@ne and a:
in diamete®4. As they arise from the celayds surf
receptors to specific cell types and could be designated fespmatific delivery of
cargo through receptenediated endocytosis and membrane fuSidh Jiangand

Kaoet. al.,demonstrated thamicroparticles from megakaryocytes are not only among



the most abundant microparticles in circulation but can also specifically interface and
deliver cargo to hematopoietic stem and progenitor cells (HS®Qs)addition,
megakaryocytic microparticles (MKMPSs) haveen able to spur differentiation of
immature hematopoietic stem and progenitor cells (HSPCs) into megakaryiacytes
vitro, implying that endogenous cargo within the MKMP can play a stimulatory role
for determining stem cell maturatién

Exosomes are generally smaller than microparticles ranging between 30 nm
and B0 nm and arise from multivesicular bodies (MVB) from the interior of the cell
rather than the cell surface. Analogous to microparticle formati@soexes are
generated through invagination of intracellular membranesd(i nwar d buddi ngo
the early endosome which evolves into a M¥BDue 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
counterparté 5. While relatively limited in volume in comparison, Ouyaetgal.
found significant levels of miRNA itrophoblastic exosomes and even demonstrated
significant antiviral activity against vesicular stomatitis virus (VI8V)

EVs are shed from a vast majority of cell types and play a vital roldlitoe
cell communication, which can ultimately affect the phenotype and fate of the target
cell following uptak&®. Therefore, unmodified EVs, which contain endogenously
expressed proteinRNA, and DNA, may be used as a therapeutic in itSak
biogenesis and endogenous casgquestered within the EVs themselves are functions

of the extracellular environment of tparent cell, as both Belliveaat. al.and



Thompsoret. al.haveidentified distinct micro RNAs (miRNA) and per cell EV yield
from CHO (Chinese haster ovary) and Mk cells exposed to different levels of stress,
including skear, osmotic, and ammonia stfés8*?. As EVs can natively and
specifically target different cetypes, such as HSPCs, through receptediated
endocytic pathways, they are attractive candidates aspmstific drug delivery
vehicles. Thus, cargladen EVs can facilitate targeted cellular therapies without the
need to engineer cdirgeting moietie on the vesicle surface.

The following sections will explore the various methods EVs have been

engineered and repurposed as therapeutics.
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Figure 1.1: De novobiogenesis of extracellular vesicles from the parent cell.



1.1 Using native EVs as therapeutics

Unmodified EVs can be used to elicit a specific immune response and may play
a rolein cell stimulation. Specific EV presence can often be attributed to various
ilinesses, from infectionsto tumdté. Gwi d bi opsi esd sample bo
be screened for the disease and the disease state of the indifidaalreviewed by
Campost. al.,theseillness s soci at ed EVs al so play a rol
response, as EVs associated with various tumor models activate dendritic cells (DCs)
in the host, providing some degree of antitumor immutityFor anothem vivo
application, exosomes enriched with Rab27a, a RAS oncogene, are capable of
sparking a cascade leading to the peoéifion of CD4 T-cells and retain tumor
growth®%!, Coupled with the tropism of EVs towartteir analogous tumors, these
EVs can direct targeted therapies and thus permit a localized immune re&ponse

For bacterial infections, Chet. al.shows thaBtaphylococcus aurelsVs

(SEVs)can spur antigen presentation on DCs and lead to increased production of pro
inflammatory cytokinesn vitro [, These results also heltlvivo, as mice subjected
to increased doses of SEVs improved their ability to fight off an inducettthdd S.
aureusinfection, which ultimately led tomproved survivability for the mic¢¥!. More
importantly, SEV vaccination yielded no increase in lethality for the mice, thus
showing the potential to stimulate an antiggecific immune response without
requiring an active infection. Similarly, EVs frohycobacteriuntuberculosis
alternatively termed outer membrane vesicles (OMVs) for Gragative bacteria,

were also shown to harbor antigens and impart protective immunity to the host.



On the other end, o6healthyd EVs associ e
cells caralso be used as a therapeutic. As reviewed by Deehaag B-cell EVs
carry MHC clasdl, co-stimulatory and adhesion molecules which could possibly
stimulate CD4 Tcells*”). 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 ofireonic pigs,
spurring antigenic activity in the pi§igl. Camposet. al.review an antitumor
application of nortumor derived EVs, such as dendritic cell EVs, that can be induced
to express a variety of different surface markers (CD40, CD80, CD86 efurintiyg
dendritic cellswithIFNo, and t hese EVs provide antitun
activation of CD8 T-cells*®. 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 regeneratith

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 raative cargo and facilitate targeted delivery to specific
cells. Before exploring thele 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 cargtelivery, allowing for direct transfection into the &ell



18,19 However, earlier viral vectors carried immense immunological and pathological

risk, as remnants of the virus could pose issues with insertional mutafetfesis

Recently, viral vectors have had significant improvements in immunogenicity and

pathogenicity, particularly through the application of adenswagsociated viral

vectors, or AAVEE. AAVs are only capable of integrating at the AAVS1 locus on

chromosome 19, which prevents stochastic mutations arising from the vird€ltself
Despite the efficiency of viral vectors, there are a host of challenges with this

system. More associated with AAVs, these vectors are only capfabkeerting a

small gene within the specified locus, capping the size &bi:¥ 1 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 transanited

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

of smaller nucleic acid cargos, but a larger and more tapgpatific delivery

mechanism is required for Cas9. This limitation is not limited to large plasmitie as

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

proteing'é: 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 vesiéleFhese vesicles have virtually no

immunogenic risk in comparison to viral vectors, as they do not contain any



pathogenic artifact8. However, they are characized by poor transduction

efficiency, with most liposomes cleared prior to delivery into diseased tissues due to a
limited haltlife in circulatior*. Although liposomes to not exhibit native cell

targeting moietiediposomes can be functionalized to containliké components,

such as ligandsyhich can bealecorated on the surface of the vesicle. Zretngl.

were able to design |iposomes with synthet
facilitating liganddriven interaction with other celfdl. Lactoferrin, a globular protein
commonly found in milk, was also anchored to the surface of pegylated|tdol€d
liposomes by Weet. al, whichafforded it targeting capability of hepatocellular
carcinoma due to specific lactofer@sialoglycoprotein binding. However, due to

the need to extensively engineer liposomes to impart cell targstioky procedures

add additional complexities to the system and are lessisupien naturally produced
membrane vesicles whig@ndogenouslgontain the correct mosaic of markers and

receptos (Table 1.
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Table 1.1. Comparison of different drug delivery vectors.

1.3 Using modifed EVsasDrug 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 moietiés 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'é&IEVs from DCs plsed with
tumor peptides have curbed tumor growth in melanoma and lung tumor Mbdéls
Adding a PEG corona or adding a CD47 marker to the surface of EVs afferts the
vivo circulation kinetics by avoiding clearance from macrophages; phosphatidylserine
has the oposite effect'?l.

Due to potential oftarget effects of anin vivoadministered therapeutics,

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



specific delvery can also minimize the effective dose, the desired therapeutic can
interact with the appropriate tissues without risk of premature clearance. Thus, any
cargoeloaded vehicle must be able to discern between different tissue types, including
but not limted 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
proteindelivery without the immunogenicity and pathogenicity associated with other
viral vector$l. In comparison, other vesicle and cagsided carriers have been use

for cellular delivery with varying degrees of successaddition to directly loading

EVs with the desired therapeutic, EVs and isolated cell membranes can be hybridized
with other cago-laden lipid vesicles (liposomes) and polymer nanocarfogrs vivo

delivery.

1.3.1 Synthetic Vesicles, Including Liposomes

There have been several developments involving hybridizing tadgn
liposomes with EVs to produce hybrid vesicles containiegottoper cell markers and
receptors. For example, Let. al.preloaded CRISPRas9expressing plasmids into
liposomes, which were subsequently hybridized with exosomes generated from
HEK293FT cell€4. 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 lipesaiyeand



proteinasdreated hybrid vesicles were significantly less effective at delivering the
plasmid to MSC4Y. This concept was further extended by &inal.to exosomes

from CD4%expressing SKOV-EDDP cells and triptolide (TP) and microRN®7
(miR497}loaded liposomes, which effectively induced apoptosis of ovarian cancer

cells upon delivery to the c&fl.

1.4 Semisynthetic membrane vesles

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 EMlelivered 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 cef€l. 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 thems&R&8. With this
approach, the number of membrane vesicles generated per cell is dygttantial
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 microparticle&€®3? 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 membrane vesicle systefrhese cell

membrane vesicles can be mechanically isolated from the Melfsbranes can be
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isolated from the parent cell through a variety of methwdsuding cell lysis and
through mechanical shear, sonication, itnogen caviation, and the different
organelles can be removed via differential centrifug&fioti!

Natural EVs from healthy tissues deliver tremendous promisevivo
targeting, but EVs associated with cancerous tissue is known to endogenously contain
cargo pertaining to metastas8®'Thus, bypassing the cancer
producing EVs by mechanically separating and forming membrane vesicles adds
additional control over the intravesiculantents 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 membraiteated therapeias than primary cell EVs aloké 71
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 towrappingdifferent therapeuticwith cellular membraneshe desired
cargo must bencapsuladwithin a nanocarrier, such as polymeric solutionsroall
polymeric nanoparticles. Most polymeric nanoparticlessHzeen designed to
disintegrate into harmless components after endocytosis, thereby releasing the desired
cargo directly within the cé#fl. Nanoparticles not only provide a definedisture for

loading cargo but also can facilitate more defined wrapping by the cell mefi8irane
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A commonly used material for using drlaglen nanopatrticles is poly(lactic/glycolic)
acid, or PLGA. PLGA readily disintegrates into lactic and glycolic acid, both of which
are biocompatibl’, When formed as émicrosphereso o
can stably deliver proteins, nucleicids, or other small molecules into the ¢&tFl,

A promising application for PLGA nanoparticlisstheirability to protect and
deliver small RNAs to cells. RNAaterference (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 macropittages
PLGA nanopatrticles are also effective carriers for DNA, proteins, and small molecule
drugs.

Using a polymer nanocarrier not only protects éimcapsulated theraftieu
from exposure to the RNasd3Nasesand macrophages, but also provides a method
of controlling the release dtiie therapeutiéor more modulation in gene contrahd
drug release kineti¥él. Controlled release can be facilitated through two different
methods: 1) passive diffusion tife therapeuticargo through smalls pores on the
surface of the NP or 2) releaskthe therapeutidue to degradation of the nanocarrier
itself*]. For exampleCunet. al.wereable to adjust the release of sSiRNA through
careful design of a PLGAased nanoparticfél.

The following table summarizes the range of therapeutics that have been

successfully loaded into a membramepped nanoparticle system (Table 2):

Table on next page.
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Membrane

Carrier _ Target cell Reference
vesicle source

MPLA PLGA NPs B16-F10 B16-F10 Fanget. al.
CpG PLGA NPs B16-F10 BMDCs Kroll et. al. 1]
ICG PLGA NPs MCF-7 MCF7 Chenet. al. 7
Doxorubicin | Gelatin nanogel| Mesenchymal HelLa Gao et. al. 8l
Paclitaxel PGSC Erythrocyte NCI-H460 Gaoet. al. 19
R837 PLGA NPs B16-OVA B16-OVA Yanget. al. B0
Doxorubicin | Au nanocages | 4T1 471 Sunet. al. B
SIKSP OMVs E. coli HCC-1954 Guijrati et. al.l5!]

PEI25k Rat C6 ,
HSV pDNA _ Glioblastoma | Han et. al.®?

complex Glioblastoma

] Acute myeloid N Johnsonet.
AML Antigen | PLGA NPs _ Dendritic
leukemia al.bl

MHC | CD80 PLGA NPs B16-F10 T-cell Jiang et. al .4
pPZNF580 .

PLGA-PEI NPs | Erythrocyte Endothelial Hao et. al.®
pDNA
TLR4 Antigen| PLGA Macrophage Hepatic Ou et. al 5

Table 1.2: Using cell membrane wrapping for in vivo eepecific targeting
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1.4.2 Using Cancer Membrane Wrapped Nanoparticles

Usingcell membraevesiclesderived from specific cancer cells mprovide
receptormediatedcancer celtargeting fordesigned therapeuti@his has a variety of
applications, ranging from targeting specific, diseased tissues to training the immune
system to mobilize against a sd&cantigen.

An everexpanding application of using membrane vesicles and other targeted
drug delivery vehicles is delivering vital chemotherapies directly to the tumor
vivo [?9: 31, 32,47, 48,50, 382 Many chemotherapies bring unpleasant side effects as a
byprodud of nonspecific delivery of the chemotherapy to healthy tisS§%4#&8Thus,
providing celtspecific 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, pigerine, MPLA, nucleic acibased CpG etc.) can be successfully loaded into a
PLGA nanopatrticles via a double emulsion process and can elicit a strofignaoti
response when administered to cancer cells ibothro andin vivo.[?® 46. 50. 6361 Both
Fanget. al.and Krollet. al.were able to successfully coat the adjudaden
nanoparticles with excised tumor (mouse melanoma) memkfafféBoth of these
membranewnrapped systems weseicceskul in indudng anti-tumor antigen
presentation of dendritic celland subsequentfacilitateddendritic cell maturation
via the delivered adjuvant

Allowing the cancer membn&coated NPs to hone and localize within the
targeted tumors prior to activating the loaded chemotherapy can also provide an

efficient method for tumor ablati&f} 36: 37, 46. 47, 50, €2, 67, 68] This adds an additional
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layer of control and precision whelelivering adjuvants to specific tissues, as many of
these adjuvants can only be activated within the tumor microenvironment and/or
external stimulation-or example, Genet. al.used MCF7 (breast cancer) cells to

coat indocyanine gredoaded (ICG) PIGA nanoparticles (ICNPs) to hone and
interact with MCF7 xenografts in mic¢&!. ThelCNPs, which contained the
photothermally responsive ICG dye, could destroy tumor tissues undenfraezd
irradiation (NIR%. After a period of recirculation within theause the ICNPs were
able to target and localize within the M@Fenografts, and the tumors were largely
reduced after the mice were irragidtunder NI,

Another application for using engineered membrane vesicles is-gproific
delivery of cargan vivo. Several cancers produce vast levels of EVs during
metastasis, and endogenous cargo within many types of cancer EVs are aimed at
aiding cancer proliferan and metastadi¢. Thus, using unmodified cancer EVs to
target tumoin vivomay 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. d. used this approach to target HelLa cells with engineered HeLa membrane
vesicle®. In their study, HeLa exosomes were transfected withtantoral SiRNA
and further hybridized with | iposomes

potential for facilitating tumor propagation.
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1.4.3 UsingHealthy Cell Membranes

Stem cells can also be usedeixtract membranes for tumspecific drug
delivery*®l. These cells, commonly mesenchymal stem cells, are chosen due to their
assortment omultiple recognition sites on its surface, which facilitates high tumor
affinity®® 70 71 Similar to the cancer cetflerived membranes, theem celtderived
membranes can encapsulate gelatin nanogels and PLGA nanoparticles loaded
doxorubicin (DOX), a common chemotheeaic agentgrowth factors€. g.VEGF),
or proinflammatory agents for tumor eradication (FNF -1 168 7% "UIThese loaded
SCMG-DOX vesicles efficiently targeted HeLa ceiltsvitro and were highly
efficaciousin vivoagainst HeLangrafted mice, yielding the gteat reduction in
tumor weight when compared to the control, fresdyninistered DOX, and the
unwrapped DOX nanogétd. This leads to a suggestion that using a tispeific
chemotherapy provides greater vigp and potency of the drug.

Using a similar approach, Gat. al.(in a separate application) also used
erythrocyte membranes to effectively wrap pH sensitive pely(L
oglutamyl carbocistein) (PG$ETheP@®C subseque
nanoparticles were loaded with paclitaxel (PTX), a powerful chemotheatia@gent
which wassubsequently released as the PGEX nanoparticles disintegraten the
acidic environment within tumor celtd. Both the bare and membraweapped
PGSGPTX NPs inflicted less cytotoxicity on healthy cells than equivalent doses of
PTX alone, affirming the improvement driven by the-g¢hsitive nanoparticléd.

However, the membrangrapped PGS@®TX NPs demonstrated the greatest-anti
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tumor cgability when testeth vivoin NCI-H460 tumorbearing mice, with the
greatest reduction in tumarassthan saline, PT>6nly, and bare PGSETX
treatmenté®l. This supportshe claim of greater bioavailability of the chemotherapy

due to extended circulation of the membramrapped and drutaden NP&®: 49

1.4.4 Unconventional membrane soures

Mammalian cells are not the only source of membrane vesicles that can be
repurposed for drug delivery. Gramegative bacteria also possess the capability of
forming extracellular vesicles, which can be repurposed for targeted drug d&fivery.
7274 Multiple groups havextracted the outer membrane from bactestiins with
low immunogenicity to interface and deliver specific cargo to cancer and immune
cellsi®1 72741 Ag the phenotypefcE. coliis relatively easy to modify, Gujragi. al.
created a mutant strain expressing anldiiR?2 affibody (a monoclonal antibody
mimic) on its surface, which can interact with the HER2 receptor commonly
overexpressed in many tumBts Outer membrane vesicles (OMVs) frdncoli
interacted readilyn vitro with canceras HCG1954 cells and HCA954 xenografts
in mice, showing their tumor targeting potenitial SIRNA against expression of KSP,
an oncogene, was loaded into thecoliOMVs. The siRNA HER2MVs lead to a
threefold reduction in tumor weight in mice. Similarly, Chen al.directly fused
function 1gG toE. coliOMVs using an INPScaf3Z scaffold, further approximating
the tropismof mammalian EV3l. Other groups have taken advantage of baeteria

induced activation of@hdritic cells to furthemncreasdhe immune response to

17



tumors, further expanding the arsenal of EVs to include those produced by B&cteria.

74]

1.4.5 Using membrane-wrapped nanopatrticles for extendingin vivo circulation
As reviewed by Alleret.al, o f r e e d withaussadelivery syslemu g s
are not as effectivimm vivofor reasons thahclude butarenot limited to: poor
biodistribution and tissue tgeting, rapid breakdown and/or clearance from the
system, and poor solubilify!. Membranewnrapped nanoparticlesay provide greater
bioavailability due to their ability to evade phagocytosis by macropHé&g&everal
investigatordravetested this concept by wrapping labeled PLGA NPs with
membranes isolated from red blood cells (erythrocytes) and platelets and
administering the particles into mice to gatigeir in vivo half-life.1*% 7#8% The results
were compared against NPs decorated with PEG functional groups, which were
previously determined to increase NP circulation timeetlal.not only found that
the erythrocyte membrasverapped NPs increased tharticlehalf-life from 6.5hours
(PEG NPs) to 9.6 hours but also the fluorescent signature of the membegpped
NPs within the blood 72 hours after administration. More specifically, &.aad.
found that the presence of CD47 on the surface of the erythnacgpped NPs was
critical for macrophage evasiét! This further proves that the membranspped
NPs can déctively camouflage the N protect thenfrom being cleared by
macrophagethus improving theirbioavailability by extending thparticleresidence

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 wrappingnonvo circulation times anthe
resulting biodistributio®.. Confirming the results from Het. al, using the RBE
coated PLGA NPs were still present in circulation 48 hours after administidtion.
However, they detenined that the size of the wrapped nanoparticle not only affects its
pharmacokineticg1 vivo but also its localization within specific tissues. Larger NPs
(200 nm) effectively localized to the liver in mice, with nearly a-feld increase in
liver locaization than their smaller NP (80 nm) counterp&ftdHowever, the smaller
NPs were better at remaining in circulation, with several fold improvements in
retention as the time increased following administratidi.his demonstrates the
tunability of membranenrapped 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 intravenousiygiministered nanopartes to increasm vivo
circulation times. Continuing with blood cells, éf. al.used platelet membranes to
coat Si NPs functionalized withetumorspecific apoptostinducing ligand cytokine,
or TRAIL, to induce apoptosis in circulating tumor cells @Y. TRAIL was
conjugated onto the Si NP using a biedineptavidin linkageAs it was shown that the
platelet membraneoated Si NPs (PMDA\5i) can target fibrin, combining TRAIL
with the PMD\£Si allowed the PMDVSI-TRAIL to affix to fibrin-clustered tumor
cells andnduceapoptosis®*! This system not only allowed for the fuitctalized 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 CT®25 Taken together, these findings suggest
thatusing cell membranes from cells typically associated with the circulation system
stops CTCs from spreading and anchoring, ultimately reducingéetestatic 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 specifar targeting tumors. To make modifications to the
surfaces of the naturalgerived cell membrane vesicles, the desired ligands can either
be directly fused to the surface or overexpressed in the parelitéélfl 8For the
first approach, Chast. al fused targeting ligands specific to orthotropic glioma to
erythrocyte membrane vesicles (RBC MVs), which allowed the RBC MVs to
accumulate within the tumam vivd®’l, Target specificity was provided by the tumor
targeting ligand RGDyK, which was fused to the membrane vesicle by inserting
streptavidin into the membrane followed dgynjugation with tinylated
c(RGDyK)P"l. Docetaxel (DTX), a chemotherapy, was loaded into a nanocrystal and
wrapped by the mofied membrane vesicles through sonication to form the RGD
RBC-NC(DTX)P". Although DTX is acutelyoxic, the intravenouslgdministered
RGD-RBC-NC(DTX) NPs had the propensity to localize to engrafted glioma tumors,

which resulted irreduced tumor size and prolonged mice survival by 30%dhys
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To endogenously produce functionalized stem cell EVs, Krishnameitiay.
overexpressed prolirganineserine (PAS) sequences on the surface of extracted
mesenchymastem cellimembrane vesicl&4. Expression of PAS on MSC membrane
vesicles provided a 90% reduction in macrophage uptake in comparison to unmodified
MSC vesicles, and this resulted inr@ater than -fold increase in the level of
circulating vesicles 48ours after administration to miga.

While not EMb a s e d , eDdl. demanstnates the use of decoy death
receptors to modulate binding to TRAIL (tumor necrosis famtated apoptosis
inducing ligand), aifgand which triggers apoptosis in malignantly formed ¢&llsBy
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
831, This has strong implications in the current SABSV-2 (COVID-19) pandemic,
where the ALE2 receptor on respiratory cells plays a critical role in the infectability of
the virusi®4. The use of EVs or ligands compatible with the ACE2 receptor could
competitively inhibitinfection from SARSCoV-2, as the engineered EVs would
prevent the virus from binding and entering the cell. Thus, engineered EVs could
possibly ameliorate conditions of COMMD9 not only with their
immune system to find against thieal 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 therapeasi, membrane vesicles can also be mechanically isolated from cells
To startthe process cel |l o6ghostsdé6 are formed after t
emptied of their intracellular conterft® Organells 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 hollowadt cell membranes are finally collected
after successive stages of differentiatadentrifugatioH® 8°%, Commonly used
sources for oO6ghostoé cell membr anes have tr
primarily due to their ease in harvesting and lysing and ability to exienudationin
vivo.B587: 89 A5 reviewed earlier, RBCs contain specific surface markers which help
the wrapped cargo from being taken up by macrophiagggo.% %4

Before undestanding the parameters that impact the efficiency of wrapping
nanoparticles and other cargo, the mechanics of forming cell membrane vesicles must
be understood. Yooet. al.fabricated a microfluidic device aimed at shearing and
slicing cell membranes aise cell suspension flows across a multitude of small, sharp
grooved?! If the membrane fragments are greater than 50 nm in size, the fragments
reassemble into spherical membrane vesl€lEShis 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 biglyé@nce 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 vafiifferent cargo, ranging from
solubilized poteins to small polymer nanoparticles. As reviewed byaXledl.,this is
facilitated by a combination of interactions at the interface between the cargo and
membrane bilay&®. As a result, factors including the suspending media, pressnc
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 cardmaded cell membrane micrand
nanovesicles are lestandardied 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 isdhmpatibility between the
nanoparticle and the cell membrane. Using éeyke membranes and nanoporous
silicon nanopatrticles, Parodi. al.determined that the electrostatic attraction between
the positively charged silicon and negatively charged prga@bsurface of the
leukocyte membranes led to safsembly of the leacytewrapped NP2 This was
confirmed throughmeasuring theeta potentialor the surface chargas the wrapped
nanoparticles approximated the same zeta potential of the leukocyte membranes
themselve®?. Thus, the compatibility between the nanocasisi the membrane can
be tailored to improve wrapping efficiency, further expanding the range of cargo that

can be ultimately encapsulated with a M&sed system.
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1.4.8 Endocytosis of MembraneWrapped Nanoparticles

As explained earlier, using membranes deriveth the targebr assciated
cells carstimulate receptemediated 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 uptakéhim cell. To determine the
relationship between nanoparticle size and uptake efficiencyeWai.fabricated
coumarin6-stained PLGA nanoparticles with diameters ranging frord G@0nntSl.
In this study, Wiret. al.found that a nanopatrticle diameter of 498 led to the
highest levels of uptake, with either an increase or decrease in digie&targ to a
reduction in uptak®’l. Using Cace? (epithelial) cells, Zhangt. al.further examined
thefisize vs. endocytosigelationshipusing nanopatrticles of different morphologies
and elasticit{“l. 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 concentratio
past this critical value leads to a steady decrease in endocytosis, as a greater area of the
cellular membrane must contort to encapsulate the paffitlasiditionally, the lipid
and protein coronas that form on the nanoparticle affeet p a biblagical fated s
as Ritzet. al.discovered that enriching lipid and polystyrene nanoparticles with
human serum apolipoproteins improved uptake into NfSICs

Expanding past PLGANd other polymeritlPs, Jianget. al.explored the role
of different sizes wh antibodyconjugated 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, namby @f, provided the

greatest interaction with BB2. Using this range of GNP sizes modesdteseffects

oft he membraneds conformati onal rigidity el
providing improved endocytoswsrerlarger particleel,

The specific geometry of the nanoparticle not only dictates the method of
endocytosis but could also induce different cellular resp8fisaghile the robust
uptake of bare (unwrapped) nanoparticles is ideal, the lack edpesdific selectivity
curbs any bene#tin vivo. Additionally, bare nanopatrticles 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 theuter cell membrane resulting in possible cell d&4th
Additionally, AgNPs can induce apoptosis via a caspiepenent pathway, resulting
in an uptick in cytotoxicity”l. Endocytosed AgNPs reduce the expression oPBah
apoptosis suppressor, and increase the expression of Bax, a known apoptosis
stimulatoP”.. In turn, the relative imease in expression of Bax/B2Iresults in
cytosolic cytochrome c release, ultimately activating caspgapendent apoptoSis.
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 folfreating 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 celkpecific therapies would be hempatietic stem and
progenitor cells, or HSPCs, as these cells are notoriously hard to tréh$fedtor
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 itseBubaéssful application of
Cas9associated and other genetic therapies partially hinges on the effectiveness of the
selected delivery platforniSPCGspecific deliveryof Cas9 and other therapeutics can
effectively treat various hematological disordershesHSPCs can differentiate and
repopulate as healthy blood celBdure 1.2). The next section explores various

applications for hematological gene therapy.

Intravenous administration of Mk In vivo targeting of HSPCs Repaired blood cells
membrane-wrapped therapeutics by cargo-loaded MkMVs
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Figure 1.2: Mk membrane-wrapped therapeutics can target HSPC# vivo.
Wrapping Cas9 and/or other cargo in Mk membranes will facilitate
localization of the cargtoaded MkMVs to the bone marrow and other
tissues where HSPCs reside. This allows for tispezific gee therapy
without the need foex vivotreatment and infusion.

1.5 Gene TherapyApplications for Hematological Diseases

Hematological diseases, or diseases of the blood, are highly pervasive and
negatively affect a | ar ge cnyoithesadseases,o f
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
naturé!® % 1%l 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 hebdthty dell$,

Historically, HSPCs ardifficult 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 singigeotide polymorphism (SNP)
yields defective hemoglobin and ultimately a dysfunctional morphology for the
afflicted red blood cells (erythrocyt&8}. Within oncology, problems arise from
overproduction of cells and/or overexpression of tuagsociated biomarkers, thus
requiring downregulation of these factéts 12 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 differeetl types, including HSPCs and other
stem cell8® % 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 lineddesse 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 déseissues 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 mammafsiens 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. dlikefirst trials
were conducted by Lombarad. al.with zinc finger nucleasesor ZFNs, where gene
specificity is designed through di meric
aFoki domain®?l, In their trials, they were able to correct a framét shutation
within thelL2RG gene, which is responsible for SGKH1-attributed Xlinked

immunodeficiency. While the overall yield of corrected cellgitro was marginal
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(<1% of cells displayed the corrected gene), it was the first demonstration of direct
gene therapy with HSPE®l.

While using ZFNs was a breakthrough in gene therapy due to its ability to
conduct prespecified edits to the genome, it required extensive protaieemgy and
amalgamation of chimeric zinc finger proteins thus adding significant cost
Transcription -activator like effector nuclease§ TALENSs) improved upon the early
success of ZFNs, and like ZFNs, sequence complementarity is facilitated by
assembling ifferent TALE proteins for each specific gene taf§etEven with the
relative improvements in efficiency with the TALEN system, the requirement of
protein engineering for each unigue gene target costs nearly $5000 per application,
thus curbing its viability as broad impact gene therapéltic

In 2007,CRISPR Cas9emerged asrthergenomeediting tool for
introducing point DNA mutations and modi fi
protein 9), an endonuclease originally identified in the bacterial defense mechanism
for Streptococcus pyogenesn be used for precise doubteandé cuts within a
genome, and dCas9 (6deadd Cas9 with no nuc
downregulation of different gen&&* 191 Cas9 isimplerand quicker to use than
other methods, includingFNs and TALENSwhich requirel protein engineering for
each unique etihg applicatiof? 194 Cas9drastically simplified the proces$ o
providing site specificity for the nuclease, as modifications to the assosiatge
guide RNA (sgRNA) permitted gene targeting in lieu of protein engineer@iher

CRISPR nucleases, such as Cpfl, 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
choicé!®l, Cas9 genomediting has already been demonstrated in human cells

through the deletion of genes required for surface expression in HSRGs andin

Vivgl0s. 107]

1.5.2 CRISPR Cas9 Mechanism

The Cas9 nuclease first locates-bade pair (bp) PAM (protospacer adjacent
motif)se gu e nc e (SopMaGergsmrhediately downstream from the edit
region. This serves as a binding signal for Cas9, which is required to initiate the gene
editing processHigure 1.3)12%, In engineering applications, sipecifidty 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 sequéte Once these components are present,
the nuclease cleaves the DNA sequendenBupstream of theAM sequence, thus
causing a double stranded break in the DNA.

The DNA is subsequently mended through: 1)-homologous end joining
(NHEJ), which is prone to indel formation, or 2) homology directed repair (HDR),
which requires a donor template andeisd efficient but higher fidelity than the NHEJ
pathway*®¥. 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 nonnative gene through the HDR pathway.
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Figure 1.3: CRISPR-Cas9 mechanism and DNA epair following CasSfacilitated
DNA double-stranded break (DSB)

1.5.3 Prior Gene Therapy Trials for HSPCs

CRISPR Cas9 has been demonstratedtro, in vivo,andex vivofor
hematopoietic tissues in recent years, and multiple trials using other gene therapies
have laid the groundwork for recent successes. Matdal.were some of the first
scientists to successfully trial Cab8sed gene therapies for CD3I19*° %2 For
their trial, they successfully ablated tBER5gene in cord blooelerived CD34 cells,
which has implications in protecting blood cells against HIV infectrerall

efficiencies were significant, with nearly 27% editing efficientyitro and 46%
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efficiencyin vivo (following BM transplantatio® 1°21 The number oiin vitro, ex

vivo, andin vivotrials 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 CRISPBased gene therapies have been approvedirfioradl

trials and have i ncl udbhalassemiptp myelormasand ns r angc

lymphoma&°l.,

1.5.4 Clinical Applications of CRISPR for Hematological Diseases

Multiple potential gene targets for possible correction have been identified and
successfully addressed in {abalein vitro andin 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 MRtSER
gene therapies are nearing the clinical stage, which can ultimately lay the groundwork
for other applicationsThese CRISPRased therapies encompass batbckdown of
faulty or oncogenic genesa NHEJmediated gene disruption or a complete HDR
facilitated replacement of the gene viadmivery of the corrected gene template.
Successfuapplications for HSPCs include various cancers of the blood and genetic

disordersand aresummarized beloyTable 1.2):

Table on next page.
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Disease Gene Repair Method Clinical Stage
Acute Myeloid Lymphoma | IDH2, RUNXI etc. HDR, NHEJ Preclinical
‘D-thalassemia HBB HDR Enrolling
CD19* Leukemia and CAR-T based HDR Phase I/11
Lymphoma

HIV (protection) CCR5 NHEJ Enrolling
CHIP (Clonal DNMT3A, TET2 NHEJ Unknown
hematopoiesis disruptions)

Sickle Cell Disease CTX001 HDR Approved

Table 1.3: CRISPRbased gene therapy advances for HSPCs (2019).

1.5.5 Using CRISPR for Gene Disruption

Using CRISPR talisrupt 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 withinthevéub s DNA, t hus di srupt #%g trans
This exact same mechanism can be repurposed within the hematopoietic system (and
other cells) to produce the same dotdil@anded breaks, which ultimately perturbs
translation of the gene into a functional protein. There are several hematblogic
diseases and disorders that could benefit from downregulation or disruption of faulty
genes, ranging from artimor therapies to improved defense against pathogenic

viruses:
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1.5.5.1 Treating Blood Cancers with CRISPR Through Disruption

Many applications of CESPR 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 tharnune systeH?’.. This is particularly useful for
aggressive chemotherapies, where the administered drugs often cannot discern
between diseased (tumor) and healthy tissues.-CAghimeric antigen receptor)
based therapies have provided more ijgég by targeting cells which contain a
specific surface antigen, thus limiting treatment to only specific tissues containing a
prespecified mark&f” 1% By ei t her o6t r-eellsnoiexpgessaor modi f
specific CAR, blood cancer cells can be discriminated against and targetedeibr T
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, Kimet. al.utilized Cas9 to remove a tissapecific marker from healthy
HSPCs, further improving the astancer efficacy of Telld*°l. Using Cas9, CB3
was effectively ablated from HSPCs through NHEJ, yielding healthy, G283
differentiated blood celf¥’l. As tumors are not derived from healthy HSPCs, an anti
CD33based CART treatment can occur.

Continuing with the theme of disrupting expression of specific surface
markers, immunity to HIV can be achieved by eliminating@@R5gene from

HSPC§%, CCR5 is the main coreceptor associated with HIV infection of T cells and
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other immuneassociated blood cells. Natural mutations leading to lower CCR5
expression has provided immunity to HIV for certain populations, thus making it an
effectivetarget for ablatiof®?. As mutation at th€ CR5gene was the main objective,
Pankajet. al.used a dual guide RNA approach and endogenous IgetEways to
impart CCR5gene disruption within HSPE®!. Multiple combinations of gRNAs
were selected at varying positions witlB€R5 with combinations of gRNA targets
with the greatest offset providing the greatest disrupff@nwith this approach,
Pankajet. al.disruptedCCR5expression 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 deletiohpmrtions of the ger®?. TheCCR5KO HSPCs
retained multilineage potential and can proddG&R5KO CD4' T cells etc.,
ultimately producing different blood cell lineages immune to HIV infe€t#éh

CRISPR Casf%nduced gene disruption can also be used to increase protein
expression by affecting regulatory-el ement
U i ntergenic Hbet)alsiHemaoglrgbiwhi (c-diobiban st em
a n dglobn®, Patients suf f e4globmgtemmmgfromtedam | e v e |
b-thalassemias, sickle cell, and other anemias, however, can be remedied through
di sruption of the HbF silencer, wh4 ch wil/l
globin and improve the function of erythroid cBi8. The i nglobirmase i n 2
expression improves the chain imbalance in erythroid cells which associates with anti

sickling of he celf*°9,
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The HbF silencer gene cluster sipans 13.
intergenic regiorand a 7.2 kb Corfu regifi®. Antonianiet. al.used CRISPR to
facilitate deletions for the two smaller, consiitetregions along with the entire 13.6
kb cluster. Mul tiple Cas9 gRNA pairings coc
genomic locus were delivered into K562 cells, with indels and excisions
corresponding to a silenced gene. It was determined thiarges, 13.6 kb deletion in
the HbF silencer gene c o rgloeirsegpoesst® t o s ub s
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 coritf8l) 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 geilrdocus of HSPCs, all of which

can be transferred to differentiated cells.

1.5.6 Using CRISPR for Genelnsertion

One of the main benefits of CRISPR is its versatility for both gene addition
and disruption. To utilize CRISPR for gene insertion, the insertiusles determined
through the specificity of the guide RNA, and the actual inserted gene is supplied as a
donor template. Rather than using famologous end joining, or NHEJ, the cleaved
DNA is repaired when homologous sequences flanking the excisiooirm®mith the

homologous sequences of the donor DNA. This provides a far greater level of control

36



when compared to NHEJ, as the gene modifications are predetermined through design

of the insert and homol®d¥y o6armsoé within t
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 morpholod¥Yl. With HDR, a template containingtbeor r ect ed gene f

globin can replace the mutated gene, thus introducing the correct function and

morphology to the red blood ¢t These templates can be introduced as plasmids,

and standard transfection techniques can bé'd8e8imple gene disruption through

NHEJ is ineffect i v eglobirdhas direadyrbeeqmutdtéd d pr ot e
Hobanet.alt r ansduced K562 3. 21 gileingere) ( har bo

with vectors expressing both CRISPRO and the corresponding gRIFA. After

transfection of the plasmiceetors, the translated Cas9 and sgRNA were able to

compl ex 1intracel kglobinagenke was alsb bupplied asrarl.é kbt ed b

plasmid: homology arms flanking the gene corresponded to sequences flanking the site

of cleavagB®. With HDR, up to 64% of the K562 clones exhibited modification at

t h eloktin locu®. They were also able to screen-t#fget effects using a GFP

expressing integrasdefective lentiviral vector assay (IDLV) where IDLV is

entrapped at the site of any double stranded Bfélakvith this assay, there were no

detectable oftarget effects with any of the Cas§RNA pairs tested. Furthermore,

each of these tests were duplicated with a TALBNsed system, and each test
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deemedhe CRISPR system as more efficient and efficacious with a greater than two

fold increase gene modification and better gene targ€tihg

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 mussbe addressed if it is to be established as an efficacious gene therapy tool.

In addition to potential offarget effects of Cas9, there are other potential
issues with using Cas9 for editing HSCs (excluding progenitors). The issues primary
arises from th quiescent nature of HS&S 111112 As the growth kineticsra
slowed, there is an increased chance of mutagenesis for the DNA of the cell. This is
particularly problematic for HD®ased methods of repair, which are generally slower
than NHEJmediated repdit! 1121 Genoveset. 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 HSE® 111 1121 This can be partially ameliorated through
stimulation and allowing the HSC ¢utes to mature, but this lengthens the procedure
for gene editing'!. Genoveset. al.also found that gene editing efficiencies
significantly improve as HSCs begin to commit to progenitors and differentiate into

different cell Ineages, with efficiencies inversely proportional to the hierarchy of the
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celll***, However, this undermines a key feature of H&f26ed gene therapy, where
edits are conserved as the HSCs commit and expand into the differegedéin€hese
tests were conducted with ZFNs, but the conclusions remain the same fdyaSad9
gene therapies.

The HDR | imitations are rooted in t
safeguarding mechanism, HSCs (excluding progenitors) and otherligellacivate
apoptosis if it senses any mutation or disruption within its BNIAThe
corr espondp53 gan sesse doskdEranded breaks and trigger ASPP1
dependent apoptosis; HSCs are subject to enhancegbppbotic stimulation from
p53, further compounding this is$té. While useful in preventing stochastic
mutations in the quiescent HSCs, CRISEP&ed disruptions may lead to cell death if
the HDR process is not efficient. As a result, many HSCsdssliruct before thgene

correction can firmly take root in the

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 interfefeNée).
With this method, diseases stemming from excessive gene expression can be
ameliorated through targeted degradation of mMRNA following transcription of the

suspect gene.
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RNA silencing therapeutics are commonly delivered as short hairpin RNA
(shRNA)or precleaved small interfering RNA (siRNA); if delivered in its ShRNA
form, Dicer proteins will cleave the shRNA into siRNA prior to procesdigufe
1.4)1131 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 degradedyhich ultimately represses translation of the mRNA to a functional
protein, thus disrupting gene expressibig(re 1.4)13,

As explored in Seain 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 éhmalignant upregulation of cellular growth factors through
HSPGtargeting RNAI therapies, these diseases can be temporally treated without
risking the basal growth rates of other healthy cells. The following (ablde 1.4

outlines a few possible RNAiased therapies of HSPCs:

Table on next page.
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DiseasdCondition Gene DeliveryMethod Reference
HIV (prophylactic) CCR5 Lentiviral vector | Shimizuet. al. 214
HSPC proliferation MEK1 Transfection Sunet. al. 11

. ) . Krohn-Grimbergheet.
Myocardial infarction Sdfl Nanopatrticle L
al.
Chronic myeloid Alox12-12- _
Transfection Gaoet. al. 117
leukemia HETE
HSPC engraftment AKT1 Transfection Chenet. al. 8l
Acute myeloid leukemia | AML1/MTGS8 Liposome Rothdieneret. al. 1

Table 1.4: PotentialsiRNA-based therapies of HSPCs.
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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 rt&hnera case
study regarding gene therapy of patients suffering from SCID, edits to HSPCs were
doneex vivobefore to transplantation back to the pattéft This allows for
additional controls for gene editing, and any complications can be shielded and
sequestered prior to implementation in the patient. Thus, future CRI&8Hl trials
are expected to mimic this strategy, &xdvivoCRISPR Cas9 or siRNA gene
therapies can andill 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 cellBigure 1.5). As with other exogenous
biomolecules and nucleases, there are challenges regardiaggeff effects and
induced apoptosisfguiescent 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.

42



Therapeutic Dose Hematopoiesis
Needed
Hematopoietic
Stemand
Progenitor Cells
(HSPCs)

Treating HSPCs ~
directly %
. Oo;:

Granulocytes, Erythrocytes = Megakaryocytes =~ Macrophages
Leukocytes (RBCs) platelet producers

»e. B

Treating terminally-
differentiated blood
cells

Figure 1.5: Gene therapy of HSPCs provides multiplicative benefit via
hematopoiesisTreating and correcting genetic disorders in HSPCs can
ultimately create different lineages of healthy blood cells as the HSPCs
differentiate. This requires a smaller effective #pautic dose, as fewer
overall cells need to be treated to produce a healthy population of cells.

1.7  Key Benefits of Proposed EVbased Therapeutics
Oneof the hallmarks of the presented research is its comparatively higher
HSPC transfection efficiency ovexisting 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 theraptic. First, the use of a natural cellular
membr ane may help O6cloakd the delivered tF

maximizing circulation and minimizing clearance of the therap&tic: 76 121, 1221
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Additionally, the natively expressed membrane proteins on the outer membrane help
facilitate receptomediated endocytosis, thus improving the uptake efficiency of the
membranewnrapped therapeutic.

In this dissertation, we will demonstrate that these tEatsand 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 immunogenicityekample,
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 delil#é#y?%. Ex vivoHSPC therapy and
subsequent engraftment of the edited HSPCs also requires some potentially toxic
irradiation and preconditoni ng t he patientds existing ma
the engrafted HSPE8 124 1261 Eyven among the few trials using lentiviral vectors to
deliver therapeutics to HSP@svivo, <<0.5% of the HSPCs in patients treated with
an antiHIV therapyexhibited any gene modificatiBl. Ot her o6safer o6 vir
and vesicles exhibit severe deficiencies in uptake and cargo delivery efficiency in
comparison to our EV/M\basesystems. The foamy virus vector, which avoids the
pitfalls of immunogenicity, are instead plagued by low transduction efficiencies (15%)
following direct treatment of HSP@s vitro*?8. Some engineered liposorbased
systems did not fare better, as Heddsial.observed only 3.5% d in vitro cultured
human CD34 exhibiting traces of the cocultured liposomes following incubation
Some liposomdased systems, such as a DOTi#d3ed liposome carrier designed by
Martino et. al, did achieve nearly 60% uptake into HSPCs, but the engineered

liposomes lacked the specificity presented by our syst8m
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With theseexisting 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 wi 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 botinative therapeutic and as an HS§gecific
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 slow that the huMKEVSs 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
phenomenoim vivo, where we werelde to promote development of murine platelets
in both thrombocytopenic and healthy Balbiice. Additionally, we determined that
huMKEVs retain their HSPC tropisim vivo, as we observed robust huMkEV
localization to the HSP@ch bone marrow shortly aftéreatment.

In Chapter 3, we demonstrate that megakaryocytic membrane vesicles
(MKkMVs) can be extracted from mature megakaryocytes and can be used to directly
encapsulate cargoaded polymeric nanoparticles. As before, we determined that the

MKMYV coating affords homotypic targeting to HSPCs bettvitro andin 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 megakaryobles€CHRF288 cell line also exhibit tropism to
HSPCs, thus providing an additional and esfé¢ctive method for preparing
membranewnrapped therapeutics.

In Chapter 4, we revisit the therapeutic potential of unmodified huMkEVs by
applying huMKEV to an immuwcompromised 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 witgle mice. In this study, we continued to
observe robust localization of huMKEVs tairme 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 ultimgitizcilitated targeted
delivery and subsequent expression in murine HSR@so.

In Chapter 5, we extend the concepts developed in Chapter 3 by devising a
method for wrapping Cas9 for HSPpecific delivery. After demonstrating that direct
delivery of the Cas9gRNA 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 theembrane wrapped RNPs by CHRF cells and HSPCs,
and we observe effective localization of the RNPs to the nucleus. Finally, we

demonstrate that the Mdlelivered RNPs can perform specific gene edits to HSPCs,
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where we show the ability to affect the differiation and fate of the HSPC through
di srupti onswift ah& I|riengewalgeet ory gene.
Finally, in Chapter 6, we explore the potential for using modified CHRF EVs
as a possible vaccine against the SARS/-2 virus. By expressing the antigenic
SARSCoV-2 spke (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 take 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 COMID.
Taken together, Mk and CHRterived EVs and MVs are highly \gatile

tools for various hematological therapies.
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Chapter 2

HUMAN MEGAKARYOCYTIC MICROPARTICLES INDUCE DE NOVO
PLATELET BIOGENESIS IN A WILD -TYPE MURINE MODEL
Christian Escobar, Chelvuan Kao, Samik Das, and Eleftherios T.

Papoutsakis

2.1 Preface:

This project was initially started by Christian Escobar as a part ohhis t er 0 s
thesis.A majority ofthe work involving induced tlembocytopeniand initial
microscopy was completed by Christian. Gheran Kao and tlesigned and executed
additional experimentassessing the impact of MkMRduced megakaryopoiesasid
MKMP biodistribution and we analyzetthe original and newhkgenerated dat&hen
Yuan and wrote a substantial portion of the manuscript, andegsponded and

addressed the comments of reviewers prior to publication.

Key Points
1. huMkMPs target and program megakaryocytic differentiation of muH$®PCs

vitro.
2. Intravenous administt@n of huMkMPs enablede novaplatelet biogenesis

Vivo.
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Chapter Abstract

Platelet transfusions are used to treat idiopathic or-uhaigced
thrombocytopenias. Platelets are an expensive product in limited supply, with limited
storage and distributiocapabilities due to the inability to freeze them. We have
previous demonstrated that,vitro, megakaryocytic microparticle (huMkMPSs) target
human CD3% hematopoietic stem & progenitor cells (huHSPCs) and induce their
megakaryocytic differentiation and platelet biogenesis in the absence of
thrombopoietin. Here, we show that,vitro, huMkMPs can also target murine HSPCs
(muHSPCsj}o induce them tdifferentiate into megakaryocytes in the absence of
thrombopoietin. Based on that, using wiyghe Balb/cmice,we demonstrate that
intravenously administering 2L0° huMkMPs triggerde novamurine platelet
biogenesis to increase platelet levels up to 49%, 16shpmst 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 anissse
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 Mbrogenitor) cells were quite frequent in
lungs, spleen ahespecially liver. In the liver, infused hlMPs colocalized with Mk
progenitors and muHSPCs, thus suggesting that huMkMPs interact with muHSPCs
vivoto induce platelet biogenesis. Our data demonstrate the potential of huMkMPs,
which can be stored fren, to treat thrombocytopenias and as effective carriers for

Vivo, targetspecific cargo delivery to HSPCs.
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2.2  Introduction and Background

Megakaryocytes (Mks) are large polyploid@N) cells derived from
hematopoietic stem and progenitor cells (HSRGstained within the CD34cell
compartment), which upon maturation under the action of thrombopoietin (TPO), shed
pre/proplatelets (PPTs) and plateléte particles (PLPs), which mature quickly into
plateletd?®+133 Mks also shed CD4CD42I5CD62P Mk Microparticles
(MkMPs) 134 1381Cell-derived microparticlesiembrane/esicles (MPs/MVs) are sub
micronsize extracellular vesicles that are emerging as pateherapeutic agents®
13711t has been known since 2009 that MKMPs are the most abundant MPs in
circulation, and that they are distinct from platelet derived MPs (PN#Ps).

In Transfusion Medicineplateletsare an expensive product in limited supply
due to the collection and processing steps from donated blood and the inability to
freeze them®l. In the US alone, there are 2.4M platelet do3e6x(10™ platelets
each)administered at a cost of ca. $524 per désehey cannot be frozen, platelets
have a useful life of-& days. As a result, they are not easily available in remote
locations. Also, there is the possibility of bacterial or viral contamination of platelet
products from blood collection$l. Thus, a safe, manufactured product that can
substitute for platelets and that can be kept frozen is most desirable. deltunexl
platelets hold a great potential for providing an abundanélet suppl§*® 14 put
many problems remdii?. 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 cafié®r or excessive bleeding due to trauma.

We have previously shown that human MRM(huMkMPs; which can be
stored frozen without loss of functidy specifically target human CD3#SPCs

(huHSPCs)n vitro, leading to fate modification of huHSPCs towards megakaryocytic
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differentiation in the absence of TR, Specifically, ceculture of MKMPs with
huHSPCs lead to formation of mature Mks displaying characteristic PPT structures
and synthesizing both alphand densgranules without exogenous TG4 Based
on these findings, we hypothesized thatlkiviPs are able to maintain their vitro
biological activityin vivoand can thus serve as potential therapeutic agent in
Transfusion Medicine. To pursue this hypothesis, here, we first demonstrate that,
vitro, huMkMPs can target murine HSPCs (muHSPGgjigger murine
megakaryocytic differentiation. Using a witgdpe murine model, we further
demonstrate that infusion of huMkMPs promadesnovamurine platelet biogenesis

and can ameliorate antibodlyduced 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 Reamevitso
human megakaryocyte (MK) culture derived from mobilized peripheral blood (MPB)

CD34" HSPCs; and isation 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 a@gieement with the
guide for the care and use of laboratory aniffdlsAll mice were housed with
day/ night stimulation at UDG6s Ani6bmal Faci |l
weeks old female Balb/c mice (Jackson Laboratory) were euthanized yia CO
asphyxiation followed by cervical dislocation to confirm death. Mice were prepared
for organ colletion by spraying with 70% ethanol. Femurs were extracted and placed
in RPMI 1640X (Thermo) with 10% FBS and 1% Antibiefiatimycotic (Thermo) to
prevent neutrophil activation. Femurs were decontaminated by triple washes with PBS
containing 1% AntibiotieAntimycotic. 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 espparation filter (30 microns,
Miltenyi). This process continued untiie 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 MGIHLO
mM KHCOQOs, 0.1mM N&EDTA, pH 7.2 7.4) for 5 minutes at 4°€*41, After that,
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cells were washed twice with PBS (containing 1% Antibicdistimycotic). To
isolate murine hematopoietic stem & progenitor cells (muHSPCs), lineage cells were
depleted using the Lineage Depletion Kit (

protocol.

2.3.2 Co-culture of muHSPCs with huMkMPs
Co-culture of huMkMPs and muHSRQvas perform in a 2dell Transwell
plate for enhancing the interaction between huMkMPs with muHSPCs. Transwell
membr ane insert (Costar, #3470) was insert
medium (I MDM, 20% BI T, 50 ng/atthebottoh hSCF)
compartment. 60,000 mMuHSPCs in 200 L | MDN
insert. After 20 minutes, huMkMPs were added onto the membrane at a ratio of 30
huMkMPs per muHSPC. Both shadgrm (35 hours) or longerm (5 days) co
cultures were p#ormed.
For shoriterm cocultures, huMkMPs were pigtained with the lipophilic dye
PKH26 and cytosolic dye CFSE. After 3 or 5 hours etuatiure, cells were harvested,
and huMkMPs uptake by muHSPCs was examined via confocal microscopy (Zeiss
LSM880).
For longterm cocultures, cells were cultured for 24 hours in Transwell
platé!* for 24 h, followed by transferring to the lower compartment of the plate.
MuHSPCs without huMKMP adtbn 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 ploidydid@@metric

analysi§#4: some other cells were stained with aBB41 antibody for livecell
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confocal microscopy. Some cells were fixed and stained fortbetdin | (TUBB1),
von Willebrard factor (vWF), and nucleus (DAPI) imaging, as descHB€dmages

were acquired using a ZEISS LSM 880 multiphoton confocal microscope.

2.3.3 Chinese Hamster Ovary (CHO) ceHlderived empty vesicles (CHGMIVS)
CHO-MVs were generated from CHO membranes using the protocol of Fang
et. al, which yields uniform membrane velgis with minimal loss to membrane
functionality?® &1 Briefly, CHO cells were collected from a standard CHO cufttfte
at day 2, were stained with PKH26 and lysed with a Dounce homogenizer (Kimble)
and hypotonic lysis buffer with protease inhibitor (p8340, Sigma). PKs#@iéed cell
membranes were isolated using differential viteatrifugation. The final embrane
pellet was resuspended in 700 ul filtered PBS and extruded throughrend00
polycarbonate membrane (Avanti Lipid Extruder) at 55°C. The concentration of

extruded CHGMVs was quantified using flow cytometry as for MkM4.

2.3.4 Murine experiments: in vivo impact of intravenouslyinjected huMkMPs

We chose to usé-6 weeks old female Balb/c mice, since the variation of
platelet levels of female mice is smaller than in male #ée This would allow to
reach statistical significance of the data faster. To evaluataidfogical effectiveness
of huMkMPs, huMkMPs were injected into untreated mice or mice treated to induce
thrombocytopenia. For untreated mice1ef, 6x1¢ huMkMPs, or 6x10CHO-MVs
in 100nL saline or saline only were injected intravenously via thev&ail. CHO

MVs were used as an additional control-héur post huMkMP injection, 18L of
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blood was collected retrorbitally, and platelet counts were measured by flow

cytometry: platelets were gated using the forwsgdtter and sidscatter gates and

ss andardized using microbeads ( 0.2 em to
utilizing FITC rat animouse CD41(BD 553848) to distinguish between noise and

platelet events. Control experiments confirmed that platelet counting is not affected by

the presencef huMkMPs.

In another set of experiments, 6RBKH26-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 sicglésolatiort*8!
followed by RBC depletion. Harvested cells were stained with@D#1 antibody,
ant-rCD117, or ati-CD45 and analyzed via flow cytometric analysis.

To induce thrombocytopenia, LEAF rat antouse CD41 antibody
(MWReg30,BioLegend, at the dose of trg per g murine body weight, was injected
once intraperitoneally to induce thrombocytop&fik Eight hous postantibody
injection, mice (untreated or thrombocytopenic) receivetD2huMkMPs in 1007L
saline or saline only via intravenous tedin injection. 10rL of blood was collected
retro-orbitally, and platelet counts were measured by figtometry 24hour post
antibodyinjection. Reticulategblatelet levels were measured as deschb@dusing a

thiazole orange assay (BD Re@ount).

2.3.5 Biodistribution experiments
1°PKH26st ai ned huMkMPs or CHO MVs in 100
injected intraenously into the tail vein of the mice along with salamdy 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-@S8phyxiation and the following
tissues were surgicallgxcised from each mouse: blood, bone marrow (BM)/femur,
brain, heart, kidney, liver, lung, and spleen. The net weight of each mouse and alll
tissues, except blood, were recorded and tissues were storedLinf3PBS on ice.

This procedure was repeated witiice collected 24ours post injection of huMkMP,
CHO-MV, or salineonly 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 hypotonisi/buffer (20 mM TrigHCL, 10 mM
KCl, 2mM MgCl 2, 0.5% v/v p8340 protease ir
homogenate were added to a well of a black, opagweeltplate, and absolute
fluorescence levels was measured with a SpectraMax i3xrpkder (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 normalzeg bverall

tissue weight and (b) tissue weight as a fraction of the mouse weight. Normalization
by tissue weight accounted for tisssggecific weight variation within each mouse.

Mean fluorescence intensity (MFI) of each tissue was divided by thegataap

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
Student6s t test of alll data wastpPperfor mec

0.05, **p<0.01, ***p<0.001
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2.4 Results

2.4.1 Invitro, human megakaryocytic microparticles (huMkMPSs) target murine
hematopoietic stem & progenitor cells (mMuHSPCs) and induce their
megakaryocytic differentiation and expansion in the absence of
thrombopoietin

We have previously shen 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 gratuleater, we
showed that huMkMPs target only huHSPCs and no other physiologically or
ontologically related celf8. Here, to test if huMkMPs target and induce muHSPCs to
differentiate into murine Mk cells, we first examined uptake of huMkMPs by
MuHSPCs via shotterm cocultures. We generated huMkMPs from €/ primary
Mk cultures started with frozen, human MPB CD8dlls as describeé 4
huMkMPs were stained with CFSE, a green cytosolic dye staining surface and
cytosolic proteins by covalently binding to amines, and PKla2pophilic,
membranestaining dye, and were @ultured with muHSPCs. Confoealicroscopy
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 fFigure 2.1A), and were taken up by muHSPCs within 5 hokigure
2.1B). At 3 hous, 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 murigells 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 theagn fluorescent regions within the murine cells at

different z planes, e.g., plane 16/38 versus 20/38. These patterns of release of
huMkMP greerstained content into target cells resemble the previaeslgrted

patterns of huMkMRecontent release into hul?€$®l. We conclude that huMkMPs
recognize and are internalized by muHSPCs in an apparently similar fashion that they

recognize and are internalized by huHSPCs.

A CFSE PKH26 DIC Merge B CFSE PKH26 DIC Merge

8/38 12/38

11/38 16/38
14/38

20/38

17/38 24/38

Figure 2.1: Co-culture of huMkMPs and muHSPCsin 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 ceoulture setup, and fluorescent images wekenaat
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/muHSRCs co
cultures (without TPO) for 5 days. Our previous data have shown that, based on our
culture protocol, murine Mk cellgeach the highest polyploidy state afte$ days of
in vitro culture with TP@44 149 Here, day 5 cells were fixed and stained for-beta
tubulin | (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 huMkMgultore
and TPO culture. Furthermore, strong CD41 expression was detected on cells using
live-cell imaging in huMtMPs caculture 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 thecatture with
huMkMPs increased significantly by 6780 fold compared to vehicle control.
Notably, while similar numbers of total M k
wi t h A TP Gigure2®B),tmuMks frotn huMkMPinduced culture exhibited
less mature characteristics§2N) than TP@nduced culture (1-828N)(Figure
2.2C). Representative plots of ploidy analysis via flow cytometry are shown in
Supplemental Figure S3. Previously, we have shimahhuMkMPs 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
megakaryopoiesis60,000 muHSPCs were -@uiltured 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 engssion of von Willebran&actor (VWF),
betatubulin I (TUBB1), and nucleus (DAPI), via confocal microscopy,
and also brighfield imaging. (B) Some cells were analyzed by flow
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cytometry for counting Mk cells, or (C) to measure-b&dl distribution
invarous pl oi dy c¢cl asses. Scale bar =
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 vitro biological activity of MKMPsthat is, their
ability to target and program muHSPCs towards Mk differentiation, is retaineeb.
To test this hypothesis, we first examined the biological effect of intravenous
administration of huMkMPs in healthy witype (WT) Balb/c mice. Brieflytwo
different doses of huMkMPs (210°or 6 1(CP) 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
timepoirt based on the assumption that three days would be a reasonable period to see
the impact ofle novaplatelet biogenesis from muHSPCs. Upon administration of
2 10°huMkMPs, murine platelet levels were elevated by 18.5% but not in a
statistically significantly wayRigure 2.3A), but injection of 6 10° huMkMPs
significantly elevated murine platelet levels by 26. Fgre 2.3B). These data (Fig.
3) suggest that huMkMPs target muHSPCs to induce murine Mk differentiation and
platelet bigienesis. As an additional control, to exclude the possibility that the effect
of huMKkMPs on murine platelet counts possibly derives from a secondary reactive
thrombocytosis due to the injection of cell membranes, 5&hinese Hamster Ovary
(CHO) cellderived empty membrane vesicles (CHOY/s) were injected into the
Balb/c mice. As shown iRigure 2.3C, CHO-MVs did not increase (in fact decreased)

platelet levels at 2hour post injection.
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Next, we investigated the potential of huMKMPSs in treating murine
thrombocytopenia. Based on our previous stitfifésmice were intraperitoneally
administrated an an€D41 antibody (1 pg/g of body weight) to induce
thrombocytopenia. Platelet levels drop dramatically within 24 hours and do not fully
recover until day 5%, We close to examine if huMkMPs would ameliorate the drop
in platelet concentrations by intravenous administration via the tail veiniif2
huMkMPs 8 hours post thrombocytopenia induction. We chose the lower of the two
doses examined in the experiment&igure 2.3 for practical reasons, namely the
ability to cost and timeeffectively 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 induettstorrbocytopenia protocBf®)), as shown in
Figure 2.4A, platelet levels dropped 47% in thrombocytopenic mice. Administration
of 2 10° huMKkMPs 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 untated mice. It was somewhat unexpected that administration of
the lower dose of 210° 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 huMkMPsdaoce 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 increasein vivo platelet
concentrationsin a wild-type mice 72 hours pst administration. (A)
2 1CPor (B) 6 10° huMkMPs were administed 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 10° huMkMPs (n=8) or 6 10° CHO-
MVs (n=2), or saline control (n=10) were admieisd intravenously
into wild-type mice viahetail vein, and murine plateleumbersvere
measured at 24 hours. Error bars represent the standard error of the mean.
** P<0.01

To test the hypothesis that huMkMPs inddeenovdbiogenesis of murine
platelets (rather than increasing their stability and-lifalin circulation), we
examinedf injection of 2 10° huMkMPs into thrombocytopenic or untreated mice
would increase the percent of newly synthesized (reticulated) platelets. As shown in
Fig. 4B, administration a2 10° MkMPs into untreated mice significantly enhanced
the percent of retulated platelet from the steagyate 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. 8 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.
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Figure 2.4: Intravenous administration of 2 10° 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 antCD41 antibody. After 8 hours, 20° huMKMPs
were administred intravenously into untreated or thrombocytopenic
mice viathetail vein. (A) Murine platelet levels were measured 24 hours
post antibody injection (16 hours post huMKMP administration) of
untreated (n=7), or mice treated wittMkMPs (n=5), thrombocytopenic
mice (n=9), or thrombocytopenic mice treated with MkMPs (n=8). (B)
Reticulated (newly synthesized) platehetmbes were measured4
hours post antibody injection (16 hours post huMkMP administration) by
flow cytometry fora subset of mice in the four murine cohorts of panel
A, and the data are presented as % of the total platelet &t bars
represent the standard error of the meaR<%).05, **, P<0.01, ***
P<0.001

64



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%x10
PKH26-stained huMkMPs or 6x£@PKH26-stained CHGMVs in filtered PBS via the
tail vein. Again, a the properties of the CHMV membranes are very distinct from
those of huMkMPs, CH®1Vs were used here as a control to huMkM&sthese
biodistribution studies. Another control group of mice were administered PBS only.
To examine thén vivobiodistribuion of the PKH26huMkMPs or PKH26CHO-
MVs, two sets of mice injected with huMkMPs (for collection of tissues at 4 and 24
hours) and one set of mice infused with GMY's (for tissue collection at 24 hours)
were sacrificed and the PKH26 signal from varitissue (liver, BM, femurs, blood,
spleen, kidney, brain, lungs, and heart) was examirigdire 2.5A). The relative
mean fluorescent intensities (MFI) of PKH26 for each tissue are shawgure
25B. PKH26MFI was greatest in the liver and spleen 4 hmst administratioof
PKH26-stained huMkMPs. As both of these tissues directly interact with circulating
blood, temporary localization of PKHZ8ained huMkMPs was expected in these
tissues, and thus, this result was expected basbmbdistribution data of liposomes
administered to Balb/c mig&® %1 These findings also mimic the results of other
biodistribution studies involving liposomes and nanopatrticles, where the liver, kidney,
and spleen exhibited the greatestiahitiptake of labeled particlé¥ 1% After 24
hours, the relative MFI was reduced in the liver but increased (relative to t=4 hours) in
the BM, kidney, lung and heaby 2-5 folds Figure 2.5B), indicating possible target
specificity of the huMkMPs. Unlike huMkMPs, CHRAVs exhibited a different
pattern at 24 hourg{gure 2.5B), with ~70% of stained CH&Vs in liver and ~30%

in kidney. The biodistribution of the CHMVs largely mimicked the patterns
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exhibited by other membrane vesicles and liposomes in published biodistribution
studie§>#1%%] These results also suggest that the surface moieties on MkMPs vs those
of CHO-EVs phly 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 werghinalized MFI from huMkMPs
infused group was significagtgreater 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 significancp< 0.06 (Figure 2.5C). Among all tissues,
only thedbz demonstrated a large increase in the normalized MFI; the heart exhibited
a slight increase in normalized MMAigure 2.5C). Similar to Fig. 5B, higher
normalizedMFI from CHO-MVs was shown in liver, kidney, spleen, and circulating
blood (Fig. 5C). Note #it storage of tissues in 3 ml of PBS for a few hours before
processing would to some extent deplete the tissues edditerent blood cells.

Based on the different pattern of biodistribution exhibited by huMkMPs and
CHO-MVs (Figure 2.5B) and the fast respse ofde novagplatelet biogenesig-igure
2.4), we hypothesized that huMkMPs are able to target muHSPCs or more
differentiated cell$n vivo. To examine this hypothesis, 6XIPKH26-labeled
huMKMPs, or saline control were administrated into Balb/c midé. IBng, liver and
spleen were chosen for examination based on the higher relative RMIH2& 24
hours shown irrigure 2.5B. Tissues were collected after 4 hours, stored in 3 mL PBS
and then processed for singlell isolation and RBC depletion. Harvest@ngle cells
were stained with arttD41,ant-CD117 or andCD45 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 CIDMIk) cells (Figure 2.5D), desjite
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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 CD#ie
would assume that these are circulating CDbgfogenitors 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 CD41cells generally increased in eatdsue, especially in the

liver and lung (Figure 5D). Furthermore, we examined the colocalization of signal
from the PKH26 huMkMPs and murine HSPC (CD11#dT ™), CD41 and
hematopoietic (CD49 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 CD41cells were CD41PKH26". This

fraction is one fourth (25%) of the CD4gells in the liver, which was calculated as
follows: 5% of single cells from the liver processing were CIPKH26, while 20%

of single cells from the liver processing were CDdédlls Figure 2.5D). 5% is one
fourth of the 20%. Similarly, there were significant numbers of cells that were
CD117PKH26" (ca 8% of single cells from the liver processing; 45% of the CD117
cells) and CD43PKH26" (2%; 6% of the CD45+ cells). These data indicate that
CD117, CD4T, and generally immature hematopoietic (CD4%lls were targeted

by huMkMPs. We were not able tentify colocalization of PKH26 signal with
CDA41" cells in the BM. This is likely due to the low frequency of CDdélls in the

BM (Figure 2.5D) and relatively low number of PKH26lUMkMPs in the BM
(Figures2.5B & C), thus rendering such colocalizatioreats below the flow

cytometric detection limits, similarly for colocalization of PKH26 signal with CD117
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41+ (%)

or CD45 cells in the BM. Nevertheless, these results, and notably the data of Figs. 5D
& E, suggest that huMKkMPs target CDI1ZD41", and CD45 cels (collectively:
progenitor cells), and, together with the dat&igiures2.5B & 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 PKH28uMkMPs infusion.

MKMPs stained PKH26-MkMPs delivered Excised tissueslysed Tissuesscreened for
with PKH26 to BALB/C mice and homogenized PKH26 fluorescence

b
2

Relative MH per tissue

Rt_el atiVETISSU_e Huorescence C Huorescence of Tissue, Compiled
90% (Relativeto total tissue fluorescence) 0 Normalized by tissue weight (g)
()
MKMPs (4-hr) S o MKMPs (4-h
80% B MkMPs (24-hr) S 9 S = mvkum PSEZ4-:1)r)
70% } B CHO MVs (24-hr) iqf; 8 |19 W CHO M Vs (24-hr)
x
60% g '
=] 6 *
50% %
© 5
40% =2
% g ¢
0% 0.08 007 2 T 3
20% = I = B I I
10% 1 : i
0% o L= i = = Z
Blood Heart Lung Brain Liver BM SleenkKidney Blood Heart Lung Brain Liver BM Spleen Kidney
E " Liver
2 B (ontrol B huMkMPs
20 B huMkMPs 8
)
S
15 < 4
10 2
. 0 . - &
& S
0 o of o
. Q Y Q
BM lung Spleen Liver © & ©

Figure caption on next page.

68



Figure 2.5: In vivo biodistribution of administered PKH 26-labeled huMkMPs in
untreated wild-type mice and huMkMP colocalization with murine
blood cells Murinetissues were excised, homogenized, and analyzed for
fluorescence (SpectraMax i3x)phd 24hoursafter huMkMPs or CHO
MVs administration(A) Experimertal schema for measuring tissue
specific fluorescence. (B) Mean fluorescemtensity(MFI) in each
excised tissue relative to total fluorescence in all tissues (n=6 mice per
MKMP group, n=3 mice in CH®AV group).(C) MFI of each tissue per
g excised tisse. (D) 6x16 PKH26-labeled huMkMPs, or saline control
were administred into Balb/c mice. Tisssgncluding BM, lung, liver,
and spleen were collected after 4 hours for siagleisolation.

Harvested cells were stained with a@41 antibody and analyzed via
flow cytometry(n=2). (E) Single cebisolated fromtheliver were
analyzedoy flow cytomary for colocalization of PKH26 signalith

CD41, CD117, or CD45 signale=2). Error bargepresenthe standard
error of the mean. Unpairedtiledt test was used to determine
statistical significance’P < 0.05. Higher P values of some comparisons
aredisplayed over the bars.
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2.5 Discussion

We demonstrated than vitro, huMkMPs can target muHSPCs in a way
similar to that of targeting huHSPJsigure 2.1). This targeting induced
megakaryocytic differentiation of muHSPCs and was comparafle@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
Bl Based on BLAST analysis, CD11b, CD18, CD54 and CD43 show piletaih
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 iderdd two mechanisms of how into huHSPC internalize
huMkMPs: membrane fusion and endocyt8siSimilar mechanisms may be engaged
for the interactions between huMkMPs with muHSPCs.

Based on ouin vitro studieswe then demonstrated that intravenous
administration of huMkMPs into healthy or thrombocytopenic mice resulted in
enhanced total platelet levels with newly synthesized platelets aftesur§ost
huMkMPs injection Figure 2.4B). It was somewhat surprisiigat huMKMP can
inducede novamurine 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 currentdimdin
Figures 25D & E together with our published finding that huMkMPs target and can
induce megakaryocytic differentiation and enhanced survival of day 1 and 3 cultured
human CD3%celld!34. We also demonstrated thit,vivo, huMkMPs localize
quickly (4 hours) and are highly enriched in the BM, lung, spleerkigingy 24 hours
after injection Figures2.5B & C). It has been previously reported that lungs and

spleen are important reservoirs of Mk progenitors producing proplatelets/pla@lets
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Ourdata suggest that huMkMPs retained in the spleen and lung (Figure 5B & C) may
target hematopoietic or Mk progenitofadure 2.5E) to rapidly inducele novo
platelet biogenesis. It has been shown HBPCs are also found in the adult [¥&H,
and although Mk cells could not be detected in the adult liver @spigpton intravital
microscopy (2PIVM)%® given the presence of HSPCs and the production of TPO in
liver, Mk cells would be logically expected in the adidet. Our dataKigures 25D
& E) seem to confirm the presence of muCDddlls 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 e=liated by the
delivery of huMkMPs RNA as in the case in huMkMPs targeting huHSP@%e
have recently reported that two of the most abundant microRNAs (miRs) in
huMkMPs, miR486-5p and miR22-3p, are likely imprtant in triggering
megakaryocytic differentiation in huHSPE&S. These two miRs are identically
conserved on the murine genohté, and their role appears be conserved as well
[159]_

Several methods have been exptbfor delivering therapeutic cargo to
specific cells or tissudn vivo, but tissueor cellspecific delivery remains a
challenge, particularly for HSPE3. Viral vectors have high transfection efficiencies
but could be toxic due to insertional mutagenesis, and could elicit an immune eespons
from the hogt®. Other carriers, such as liposomes, have demonstrated effective
delivery of cargo to different tissu@svivo, but target specificity is only attained by
engineering t hEé® Usead B\bkadedses semenffthe c e

shortcomings of liposomes and viral vectors. \Wealhave demonstrated the innate
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targeting ability of intravenously administered 4T1 and 67NR exosomes to target
breasttumor cellsin vivo!*®! Tian et al.demonstrated specific targeting cerebral tissue
using exosomé&$®. Similar to our findings, prior studies have reported initial
localization of labeled EVs in liver, kidneys, and spleen, with improved tgseefic
targeting occurring after a Zdbur circulation® %% However, Tiaret al.observed
significant retention in the liver with extended circulation, with a sevfetdlincrease

in liver localization compared to the targeted ti§$tleHere, huMkMP localization in
the BM was significantly or near significantly higher than all other ¢issxamined.

As discussed, platelets are an expensive product in limited supply due to
limitations in platelet preservation and donor sout#sOne unit of platelets for
transfusion contains-8 x 10! platelets and is able to enhance platelet levels by
~10%!% Wanget al showed that culturderived human platelets, or PLPs, were
quickly clearedn vivoby macrophages after injection into mté&. However, infused
human Mks were able to produce functional platetetsvo 142, Our data support the
idea of using huMkMPs to induce platelet productiomivo. Our study demonstrated
that 2 x 16 huMkMPs can increase platelet levels in WT mice by 49% (Fig. 4A) &
27% (Fig. 3B) at 24 andZ/our, respectively. It is most likely that the effect of
huMkMPs on muHSPCs in promotigig novaplatelet biogenesis is less effective than
on huHSPCs. Even so, the platelet boost from 2RUMKMPs far exceeds the
platelet boost in humans from one uriiplatelets. In Table 1, we estimdkee human
equivalent dosage (HED) of MkMPs that would be needed clinically based on FDA
guidelineg1®l]

(1) HED (mg/kg) = Animal Dose (mg/kg) (Animal Kn/Human Ky)
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Km is a correction factor defined as the ratio of average body weight to body
surface area of the species. Hadculated human dosagesis 10° MKMPs for a 66
kilograms adli.

In vivo, Mks can produce between 2,000 and 11,000 platelets lifto only
few Mk cells can produce platelets and typicallylDD per Mk62164 with current
optimized practices, it is possible to produces@®Mks per input HSPC (CD34
cell) %% Thus, a single platelet transfusion unit will require almo&tCQD34' cells,
which is 50 fold higher than the number contained in a single Umbilical Cord Blood
(UCB) collection (2x18), or 50% of a single apheresis of MPB, typically 210
CD34' cells. The availability and cost of such large numbers of Cb8ls and the
small numbe of platelets or PLPs generated per CD&4I 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 $é#ale and coseffective. Table 2 shows calculations of
MkMPs yields per input Mk or CD34ell collected from UCB or MPB, based on
current performance metrics including the use of biomechanical forces (shear) to
enhance MKMP biogenesis by-fald comparedo static MKMP productidi?,

These calculations suggestttpeoduction of therapeutic doses of MkMPs are
practical. With process optimization and the development of-Ecgle EV
manufacturing process&8!, MkMP vyields per input CD34cell would be expected
to improve by at least 5@ 100fold.

Based on these proof-concept findings and engineering analyses, huMkMPs
appear to hold a gogzbtential 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 fr6esuch a MKMP
product could also resolve the issue of availability on demand at any location
worldwide. Furthermore, based on our recenttfgtahowing thatin vitro, MKMPs

can beused to effectively deliver exogenously loaded plasmid DNA and small RNAs
to huHSPCs, our data here demonstraitingvo effectiveness of huMkMPs in

targeting HSPCs would open up the possibility of using modified MKMPs for gene

therapy applications to adeks hematologic abnormalities.
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Chapter 3
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3.1 Preface

Dr. Jenna C. Harris and | share equal authorship of this manuBuriptarris
primarily designed andptimized the process for preparing catgaded PLGA and
PEGPLGA nanoparticlesErica, Dr. Kagandl generatd the cell membranes and
contributed tadhe optimization of the membrane wrapping procébs. coaltures
were carried out by both Erica and I, and Dr. Harris gmeépared and analyzed the
data from all the murine experiments. Thigial draft and subsgient revisions were

carried out by Dr. Harris and | under the supervision of Dr. Day and Dr. Papoutsakis.
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regulationhematopoietictem cells
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Chapter Abstract

Hematopoietic stem and progenitor cells (HSPCs) are desirable targets for
genetherapybut are notoriously difficult to target and transfect. Existing viral vector
based delivery methods are not effective in HSPCs due to their cytotpbnitgd
HSPC upakeand lack of target specificity (tropisnBoly(lacticco-glycolic acid)
(PLGA) nanoparticles (NPs) are attractive, nont@siriers that can encapsulate
various cargo and enable its controlled rele@seengineer PLGA NP tropism for
HSPCsmegakaryoyte (MK) membranes, which possess HSR@eting moieties,
wereextracted and wrapped around PLGA NPs, producing MKNPs. In vitro,
fluorophorelabeled MKNPs are internalized by HSPCs within 24 hoursaaand
selectivelytaken up byHSPCs versus other phgtigically-related cell typedJsing
membranefrom megakaryoblastic CHRE88 cells containing the same HSPC
targeting moieties as Mks, CHR#apped NPs (CHNP#$)aded with sSIiRNA
facilitated efficient RNA interference upodelivery toHSPG in vitro. HSPC
targetingwasconserved in vivo, aBEGPLGA NPs wrapped in CHRF membranes
specifically targegdandwere taken up bynurine bone marrow HSPCs following
intravenous administration. These findirsggygest thatlkNPs and CHNPs are

effective and promising védies for targetedargo delivery tatHSPCs.
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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 toregléw or differentiate into
cells of allblood lineaged:®”! Their ability to differentiate into all bloetklated cells
make HSPCs ideal candidates for gene regulation, but enabling effective delivery of
nucleic acid cargo to HSPCs is a lestgnding problem whose solution has
iformidabl e pr omi se éne dh aali®hTaug, bycfacititatimgt o
HSPGspecific 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 bbd cellg16%172

Naked nucleic acids (plasmids, small interfering RNAs (SiRNAs), microRNAs
(miRNAS)) cannot effectivelgnterinto cells without a carrier or be used clinically
because they are rapidly degraded by serum nucleag®®s, thusresulting in a short
blood drculation halflife [}”3 Current delivery meibds using viral vectors (e.g.,
based on lentivirus or adessociated virus) are hampered by limited loading
capacity, poor DNA insertion, and considerable cytotoxiétyFurther, these
materials are not well suited for use in HSPCs because the cells lack expression of
appropriate adenoviraeceptors®® To successfully deliver nucleic acid cargo to
HSPG, a delivery system must specifically target HSPCs while also protecting the
cargo. Here, we demonstrate that poly(lacbeglycolic acid) (PLGA) nanoparticles

(NPs) can be |l oaded with nucleic acids
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megakaryocytic (Mk) mebranes that facilitate HSP€pecific cargo delivery
Membranewrapped NPs were pioneered by étwal and Parodet al, who wrapped
red blood cell and leukocyte membranes around NPs for improved circulation time
and immune evasion, and the concept wasmeded upon by Farej al.who showed
that cancer cell membraweapped NPs could facilitate homotypic tumor targetifig
78 174Here, we exploit this concept to enable targeted cargo delivery to HSPCs.
Humanmegakaryocytienicroparticles (MkMPs) are 160000 nm naturally
occurring extracellular vesiclé®! that bud off theytoplasmic membrane of Mk cells
(derived from cultured HSPCE$4 They have been shown to specifically target and
deliver their cargo to HSPCs, bathvitrol*’® *"landin vivd'’®, through recepter
meditated endocytosis and cytoplasmiembrane fusidt/®. Micropartides (MPs)
from CHREF cells (termed CMPs) also effectively target and deliver cargo to HSPCs
with similar if not better effectivene§/] CHRF cells are a weltharacterized model
human megakaryoblastic cell line used to study megakaryopBiésighus, CHRF
membranes are simil&w 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 cellslmouised to
produce membrar@rapped NB(MWNPs)and poduce a semisynthetic carrier that
can specifically target and deliver cargo to HSE&gure 3.1). Here, wegenerated
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
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Tracking Analyss (NTA). After incubating fluorophormaded MkNPs with HSPCs,
internalization was observed within 24 hours primarilydynamindependent
endocytosis, determined using endocytic pathway inhibitors. Further, we demonstrate
that these MKNPs preferentiallyteract with HSPCs over other physiologically

related cell types of the BM microenvironméfft, namely mesenchymal stem cells
(MSCs) and endothelial cells (human umbilical vein endothelial cells, HUVECS).
Next, PLGA NPs laded with siRNA targeting the HSPC marker CBf4were

generated using doubmulsion synthesis and wrapped with membrane vesicles from
CHREF cells to generate CHR##rapped NPs (CHNPs) loaded with siCD34. Upon
delivery to HSPCs, these CHNPs decreased CD34 pmtpiession levels on

HSPCs, indicating successful delivery of functional siRNA cargo.
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Figure 3.1: Overview of the synthesis and application of membranerapped
nanoparticles (MWNPs).Mk membrane vesicles, derived from
megakaryocytes or Mkke CHRF-288 cells can be wrapped around
polymericnanoparticle (NPs)loaded with desired cargo to produce
membranenrappedNPs(MWNPs)that can selectively target, bind, and
enter HSPCs to deliver their cargo.

Finally, we show that CHNR®tain their ability to target HSP@s vivo. After
intravenous administration to Batlvhice, CHPPNPs (CHR#wrapped poly(ethylene
glycol)-coated PLGA NPs) exhibited significant, tissue weigttmalized,
localization in the HSP@ich bone marrow. Additically, CHPPNPs were directly
taken up by murine HSPCs within the marrow, further confirming the target
specificity of CHPPNPs. Control PERLGA NPs (poly(ethylene glycehoated
PLGA NPs) exhibited significantly less accumulation in the &M uptake by
HSPRCs. Taken together, the data presented here demonstrate that MidNEBINPs

are promising vehicles for specific and effective cargo delivery to HSPCs.
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3.3 M aterials and Methods

3.3.1 Materials and antibodies

All chemicals were purchased from Fisher Scientific @iggna Aldrich unless
otherwise indicated. HSPC and Mk culture media, BIT 9500, was purchased from
STEMCELL Technologies. All recombinant human interleukins (#8JlthIL-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 €&CF mobilized human peripheral blood CD84lls were
obtained from the Fred Hutchinson Cancer Center (Seattle, WA) from anonymized
healthy donors. Me&enchymal 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 Polapids. Fluorescently conjugated antibodies
(monoclonal mouse 1IgG2b allophycocyanin (AR&Jged anthuman CD34) were

from BD Lifesciences. All siRNAs (siCD34 and nontargeting siNeg) were purchased

from Dharmacon.

3.3.2 Megakaryocytic (Mk) and CHRF-288-11 cutures

Human CD34 D0 (Day 0) cells were cultured in IMDM supplemented with
20% BIT 9500, rhSCF, rhTPO, rig, rhIL-6, rhiL-11 and human LDL to produce

Mks and incubated in a hypoxic (5%,8% CQ) humidified (95% rH) environment
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at 3PC as described byanugantet all*®! After a Day5 media exchang®ay 7
CD61" cells(Mks) were enriched using affiD61 magnetic microbeads (Miltenyi
Biotec) and were cultured in IMDM containing 20% BIT 9500. rhSCF, rhTPO, human
LDL, and nicotinamide as described by Panugeinil[*6°!, and incubated in a 20%
02, 5% CQand 85% rH environment 87°C. On Day 12, Mks were collected, and
membranes were isolated as explained in Se@ti2A.

For the siRNA andh vivoexperiments, CHRR288-11 cell$'"®! were used in
lieu of Mk cells due to their comparatively fasteitureand lower costWhen treated
with phortol 12-myrsitate 13acetate (PMAJ’" 171 CHRF celldifferentiate into Mk
cellsthat alsgproduce microparticle€ells were initially expanded in CHRF medium
(IMDM, 10% FBS, NaCQs, and antibiotic/antimycotic). Next, CHRF cells were
seeded (200,000/mL) in static T flasks with CHRF medigplemented with.1 nmol
PMA. After a 3day incubation, the adherent and suspension GPRRR cells were
harvestedo produce CHRF membrane vesgl€HMVSs) following the same
collectionprocedure as Mk cells described in Sec8ah3.

To characterize specific membrane protein expression of mature Mks and
CHREF cells, 100 pL of cell culture (approximate density:-800k cells/mL) were
incubated wih 5 pL (all monoclonal mouse IgG2b anti human) PE-@mil1lb, PE
ant-CD41a, or PE amCD54 antibody (BD Lifesciences) at 4°C for 15 mins, 204
pL filtered PBS was added to each sample prior to analysis by flow cytometry
(Beckman Coulter CytoFLEX S).X@ression was gated against unstained Mk or

CHRF controlg!34 176]
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3.3.3 Preparation and isolation of Mk and CHRF membrane vesicles

Mk and CHRFmembrane vesiclgd1Vs) were generateftom mature Day 12
Mk cells orDay 3, PMA treate@HRF cells, prepared as described in Sec@iarR.
To generate the membranes for NP wrapping, s&elan estimate of 2,080000
MVs generated per cell.rigfly, 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 (BXA). N
cells were washed and suspended in a hypotonic lysis buffer (20 mM Tris HCI,
10mM KCI, 2mM MgCl) containing0.5% v/vprotease inhibitococktail (p8340,
Sigma)prior to disruptiorusing two differently sized Dounce homogenizers with
tight-fitting pestles (Kimble) as describ&dl The entire solution was subjected to 30
passes with each pestle before spinning down at ¥2d0r 5mins at 4°C. The
supernatants were collected and spun down at 2&,@d0r 20 mins at 4°C, after
which the pellet werediscardedor used for protein analysiand subsequently
centrifuged at 100,000 g for 90 mins at 4°A?%l. The supernatant was discarded, and
pelleted cell membranes were resuspended in Biology Grade Molecular Water
(Corning). To generate MkMVs, isolated membranes were extruded througmen400
polycarbonate membrane (Avanti) for fdsses (Avanti Mini Extruder). Final MKkMV
and CHMVconcentration was measured using Nanopatrticle Tracking Analysis (NTA,;
Malvern NanoSight NS300) for subsequent characterization and preparation of

membranewnrapped nanoparticles.

83



3.3.4 Synthesis and characterizabn 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 HSPCsBriefly, 50:50 PLGA (LACTEL Absorbable Polymershfierent
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 ofi¥2 This mixture was then added
dropwise to water in a 1:3 ratio, and the solvent allowed to evaporate ovenmagint
continuous stirring at 800 rpm at room temperature. The resultario@d2d PLGA
NPs were purified by 10 kDa MWCO centrifugal filtration (Sigma) at 3200 x g for 30
min at room temperature.

Prior to membrane wrapping, the size and concentration of lRseahd
extruded MkMVs were determined by NTA. Each sample was diluted in molecular
biology-grade water to an optimal concentration of Bb®%Bx10 particles per
milliliter. Three technical replicates for each sample were analyzed and each video
was analzed 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
MKkMVs determined by NTAthe NPs and MVsverepremixed together at a wrapping
ratio of 1:2 NPs:MkMVsand ceextrudedthrough a 400 nm polycarbonate membrane
(Avanti Polar Lipids) for 711 passes within a heating block set at 58®CThe
MKNP suspensiorwas thercentrifuged at 20,000 g for 20mins at 4°C to pellet, and
the supernatant was removed. MkNPs were resuspended in water for characterization

and further use. The size and zet@ential of bare PLGA NPs, empty MkMVs, and
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wrapped MKNPs were determinedth 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 mlame 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 pL ofaeture was stained
with monoclonal FITC mouse 1gG2b aiiman CD41a with the protocol described
in Section3.22 and analyzed by flow cytometry (BD FACS Aria Il). Before
guantifying CD41a presence on MkMVs and MKNPs, 0.1 uL streptacioijugated
T1 DynabeadS (Invitrogen) were incubated with 2 pL biottonjugated monoclonal
mouse IgG1 arthuman CD41a (Invitrogn) prior to adding to each sample. The
volume of each sample was brought up to 500 pL with filtered PBS, and the samples
were mixed via rotation (LabQuake® Shaker) for 2 hours at room temperature. Next,
the samples were washed wiilkered PBS containin@.1% BSA, and the washed
DynaBeadt -coupled MkMVs and MKNPs were resuspended in 300 pL filtered PBS.
Finally, the samples were incubated withpglOmonoclonal mouse IgG2b FITC anti
human CD41a antibody (BD Lifesciences) at room temperature {86 1Bins pior
to analysis via flow cytometry (BD FACS Aria Il). Scatter plots using forward and
side scatter were used to exclude cell debris and dead cells and create a realh live
population gate. Signal was adjusted to reduce overflow between channels and
addtional gates were created based on unstained cells and single stain controls.

MKNPs were selected from a populatmntaining both PKH26 and DiD; presence of
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CD41a on the MkNPs was determined from thisgapulation. Analysis presented

are the averagd d replicates.

3.3.5 Incubation of HSPCs with MKNPs for microscopic analysis of cellular
interactions

Cells from Day 3 CD3%cell cultures were resuspended in culture medium
(IMDM + 20% BIT serum substitute + 1% antibicicn t i mycoti ¢ ( UU) ,
rhTPO awl rhSCF) and added to Transwell membrane wellssf0@ por e si ze,
3470) in a 24well tissue culture plate (Falcon 353047, Corning) as deséribéd
1771 After 30mins, MKMVs, bare NPs, or MKNPs were added in each Transwell
membrane insert, and the plate was centrifuged ak@Xor 30 mins to maximize
interaction between the particles and HSPCs. The plate was subsequently incubated at
5% CQ, 20% Q, 95% relative humidy (rH), and 37°C. After incubating for
24 hours, cells were stained with AF488 phalloidin and DAPI to visualize the actin
cytoskeleton and nucl eus,-slide8chpmneberedi vel vy,
coverslip with polyL-lysine (Ibidi 80826). Live céd were examined using confocal
microscopy with a 40X oil objective (Carl Zeiss LSM880 multiphoton confocal
microscope). For supeesolution structured illumination microscopy (SRV, Carl
Zeiss Elyra PS1), cells were fixed with 4% paraformaldehyde (RFRBS, stained
with Alexa Fluor 488 (AF488phalloidin, mounted on slides with SlowFade with

DAPI (Thermo Fisher) and visualized using a 63X oil objective. The DiD cargo,

PKH26-labeled membrane, phalloidstained HSPC cytoskeleton, and DAdined
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HSPCnuclei were imaged in their respective channels. For assessing the interaction
between CHRFwrapped DiDloaded PLGA NPs and HSPCs, the previous protocol
was repeated with PKH2&ained CHRF membranes used in lieu of Mk membranes.
To analyze HSPECHRF NP nteraction, the culture was fixed with 4% PFA in PBS
following 24-hours of incubation, stained with AF4@8alloidin, 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 exaine the route of MkKNP uptake by
HSPCs

To elucidate the mechanism by which bare PLGA NPs and MkNPs might enter
HSPCs, cells from Day 3 CD34ell cultures placed in centrifuge tubes were
pretreated with various endocytosis inhibitors prior to incubatiom pare NPs or
MKNPs according to our previous stliid§l. Specifically, 16 M di met hyl ami | or
(DMA, Sigma), 8 M Dy nas or enMM8&thykpbt€@y | oslext ri n ( MbCL
Sigma),or5& M LY29400 (Sigma Aldrich) were incu
macropinocytosis, dynamigependent (clathridependent) endocytosis, lipid raft
mediatedendocytosis, and macropinocytosis, specifically blocking PI3K, respectively.
Cells andnhibitors were vortexed for 38econds and incubated at 37°C, 20% O
85% humidity for 45min prior to administering either bare NPs or wrapped MKNPs.
The samples were vortexed in the tubes fos&k, transferred to 42ell plates and
incubated at 37°C for 3@ins. After incubation, cells were washed with PBS and

pelleted at 50& g for 5 mins. Cells were rguspendedin300L PBS and analy
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by flow cytometry (BD FACS Aria Il)The intensity of the DID dye within the NPs

was detecte 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 DIiD positive cells in
each treatment groupuld be established paired studenttest 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 S&etmn
Mesenchymal stem cells (MSCs; Lonza) and human umbilical vein endothelial cells
(HUVECSs; Sigma) were cultured in nafifferentiaing serurasupplemented
mesenchymal stem cell growth media (Lonza) and VEEG@plemented endothelial
cell growth media (ATCC), respectively, and expanded at 20%% CQ, and an
85% rH environment at 8T in their respective media and passaged severastim
prior to incubation with NPs and MkNPs. Both MSCs and HUVECs were seeded at
roughly 4660% confluence and ~130,000 of the prepared Day 0 CE8K were
seeded in the 0:@gm Transwell inserts before adding Dibeled PLGA NPs 2 hours
later. Five wellorresponding to 5 timepoints-(48-, 12-, 18, and 24hours) 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 arzklls. 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 Nffeated MSCs and HUVECS, cells were db&at
from the wells using Accutase (Sigma) and resuspended ipnl260the respective
cell media. For confocal microscopy, approximately i0®f the cell suspension was
seeded onto separate palylysine coated coverslips and incubated at 37°C for 15
mins; 50 pL 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 AR488jugated phalloidin for 30 mins
to stain actin in theytoskeletoR®Y. 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 LSM880and measured using their respective fluorescent channels.

To assess the optimal dose of bare NPs to cell, unwrappethbélzd PLGA
NPs were incubated with CD34ells, MSCs, and HUVECS at ratios of 1£10x1(,
and 1x16 NPs per cell in a Hvell plate(2 biological replicates) and stored at 37°C,
20% Q, 85% humidity. After 24hours, 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 evdren 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 Diive cells under the APC channel.
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3.3.8 Generation of siRNA-loaded CHNPs

To encapsulatbydrophilic SIRNA cargo in PLGA NPs, a previously
established double emulsion wabeoil-in-water procedure was adapt&! Briefly,
the first water phase was created by addingitdl siCD34 or siNeg to 100 pL of
1% poly(vinyl alcohol) (PVA) in deionized (DI) water. The siRNA/PVA solution was
then added dropwise, while stirring, tonlL of a 4mg/mL PLGAin-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 wateT-oil emulsion that was then added dropwise while stirring
to 0.1% aqueas PVA at a 1:3 ratio, to produce the watepil-in-water solution. The
solvent was evaporated overnight under continuous stirring at 800 rpm and the
resultant NPs were purified by 50 kDa molecular weighto¢ufMWCO) centrifugal
filtration (Sigma) aB200 xg for 30 minutes at 4°C. siRNAPs were wrapped as
described in SectioB.24 using CHRF membranes and the final product characterized

by TEM, zeta potential, and NTA.

3.3.9 Treatment of HSPCs with siRNAloaded NPs for analysis of CD34
knockdown

Frozen CI34" DO cells were thawed and prepared in a modified culture
medium as described in Secti8r25. The modified medium did not include rhTPO,
as it induces differentiation of HSPCs into a megakaryocytic lineage, which would

accelerate CD34 downregulationdarwould thus confound results. Approximately

9C



130,000 CD34cells were seeded into multiple ua 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 ai@HNPs 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 mef#¥ane.
After 24 hours, cells were aspirated from the Transwell inserts, spun atg3@d ¥0
mins, and resuspended in fresh modified culture media (corgdMiDM + 20% BIT
serum substitute + 1% antibioicnt i mycotic (UU), and 100 ng.
remove any excess siNPs and siMKNPs from suspension.
To measure the cellsbé6 CD34 expression &
hours), 75.L of the samplerd a negative control consisting of solely CD34 cells in
the modified culture medium were incubated withL5monoclonal APC mouse
lgG2b antthuman CD34 antibody (BD Lifesciences) at 4°C for 15 mins. Then, 220
uL of filtered PBS was added and the APC isignof 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 &84
between the experimental conditions (siCB8dsiNegloadedNPs and CHNPs) and
the untreated negative control-tesatwaseach tin

performed to compare both siCHNP conditions to the untreated negative control.
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3.3.10 Synthesis of membranenrapped poly(ethylene glycol) (PEGPLGA NPs
for in vivo biodistribution

Forin vivoexperiments, PE€RLGA NPs were used as a biocompatible base
for the MKNPs. Poly(lactideo-glycolide)b-poly(ethylene glycol) methyl ether (PEG
PLGA) (Nanosoft Polymers) was dissolved in dichloromethane at 2 mg/ml aed mix
at a 1:3 ratio with the acetof.GA solution (Sectio3.24). DID was added at a
concentration of 1AM 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
evaporatevernight under continuous stirring at 800 rpm at room temperature and the
resultant PEGPLGA NPs were purified by 10 kDa MWCO centrifugal filtration
(Sigma) at 3200 x g for 30 min at room temperature. NPs were left unwrapped or
wrapped with CHRF membraséollowing the steps of Section 5.4 and characterized
by NTA, zeta potential, and TEM. These patrticles are referred to as CHPPNPs,
(CHRFwrapped PEGLGA NPs) as they are different from the CHNPs described

above.

3.3.11 Assessing biodistribution of CHPPNPs to dermine targeting of murine
HSPCs

Animal studies were performed in accordance with institutional guidelines
under a protocol approved by the Institutional Animal Care and Use Committege. 1
of CHPPNPs suspended in 100 uL sterile saline was intravenadisiyistered to
Balb/c miceviathe tail vein; equivalent amounts of unwrapped (bare)PEGA

NPs and saline were used as controls. Aftet8®ours, the mice were euthanized via
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CO; asphyxiation and cervical dislocation, and the following tissues werseel and
added to PBS with 1% antibiotantimycotic: femurs, lungs, liver, spleen, kidneys,
heart, and brain.

Immediately posextraction, whole tissues were imaged using a PerkinElmer
IVIS Lumina Il with excitation and emission filters of 640 nm/#i@ to capture DID
signal in tissues. After imaging, tissues were weighed and homogenized in PBS using
PotterElvehjem PTFE pestle and glass tubes (Sigma Aldridhprescence signal
from three wells containing 100 ul each of homogenized tissue (exclietmgs)
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 withl00 ul 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 ohie endtrimmed femurs preand postflushing 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 antHaiotimycotic.

Next, the epphyses were trimmed, and ar. syringe equipped with a 20G needle
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and filled with the RPMHFBS tissue storage buffer was used to flush the bone marrow
out of the bone. The bone marrow cells were subsequently added atqprep3e
separation filter (Miltayi 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 thegaearation filter, and the marrow cells

were spun at 30@xfor 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
pL of the marrow cell suspension was incubated with 2.5 pL of fluergke
conjugated monoclonal rat IgG2b 2B8 amibuse CD41a and antiouse CD117
antibodies (Becton Dickinson) and incubated®& #br 15 minutes prior to analysis;
separate aliquots of each sample were used with each antibody. For the preparation of
slides for confocal microscopy, 100 pyL of each bone marrow cell suspension was
seeded on glass coverslips pretreated with-pelysine and subsequently fixed with
4% paraformaldehyde (Electron Microscopy Services). Next, the seeded and fixed
coverslips were bicked 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 pL blocking buffer
containing 5 pL of fluorescentigonjugated monoclonal rat IgG2b 2B8 antbuse
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 SlowFambeinting media with DAPI
(Invitrogen), sealed with nail polish, and stored‘& grior 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 andCharacterization 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 (Du8ported a mean diameter of bare
NPs around 105 nm with an increased size upon wragpiggre 3.2A, 3.2B). The
NTA readings Figure 3.2A) showa 1315 nm shift in peak size between the bare NPs
and the MKNPs and there remains a secondary, smalleipdakMkNP 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 MkN@&gure 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 éf46anV, while MkNPs and
MKMVs have similar zeta potentials of ¢®0mV (Figure 3.2C). This demonstrates

that MKNPs &ke on the charge of the membrane vesicles following successful
wrapping.To confirm wrapping efficiency via flow cytometri?LGA NPs were

loaded with DiD fluorophores and the Mk membranes were labeled with PKH26
strongly lipophilic membrane dyprior to extrusion. Flow cytometry analydigther
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 extrusior-{gure 3.2E).
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Figure 3.2: Characterization of MKNPs. (A) Representative nanopatrticle 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 potentibof 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+ MMrapped NPs (MkNPs) following
screeningf bare DiDloaded PLGA NFRonly (DiD+) and M\tonly
samples (PKH26+). (F) Schema of determining proper MV wrapping of
NPs via fluorescenthgonjugated antibodies. (G) CD41a staining of
gated MKNPs and M\bnly 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® represent standard error of the me&@ar0.05
calculated by onevay ANOVA with pogdtoc Tukey

To determine the proper orientation of the Mk membrane, flow cytometry was
used to determinthe expression of CD41a (a characteristicmembrane marker)
detected on whole Mk cells, empty MkMVs, and wrapkNPs 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 membranesdAltGA NP
surface Figure 2FY76l. CD41a levels were similar, with only a slight, but not
statistically significant, reduction in CD41a detected on MkNPs and MkMVs
compaed to whole cellsKigures 3.2D, 3.2G). This confirmghat the MkNPs retain
the characteristic Mk membrangarkers and their proper orientation durthg

wrapping process. To visualize the membrane layer, bare PLGA NPs, MkMVs, and
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MKNPs were imaged with transmission electron microscopy (TEidute 3.2H). In
these images, bare NPs appear as-lighired spheres, MkMVs appear as hollow,
empty shells, ad 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 partickegure 3.2H) and the size and charge changes

between bare and wrappBi#s, the NPs were considered successfully wrapped.

3.4.2 MKNPs are readily taken upby HSPCs

We next investigated the interaction between MKNPs and H8P@so.
MKNPs were added to HSPCs that had been cultured for three days as described in
Section5.5. For these studieBjD-loadedPLGA NPs and th®KH26-labeledMk
membranesvere preparegrior to extrusion. MkNPs are visible by the signal
colocalization of thé®iD cargo in the NPs and the stained Mk membraRegi(e
3.3A). Using confocaimicroscopy, we observed that more than 90% of the HSPCs
contained overlapping NP and membrane signals across multiple levetdaufka
after 24 hours of incubation, suggestihat MKNPs were internalizedtact by the
HSPCs. To further confirm that the MKNPs were inside the ¢¢88Cs were stained
with AF488-conjugated phalloidin, labeling actin in the outer HSPC membrane and
analyzed using supeesolution structured illumation microscopy (SFSIM). As
before, minimal MkNP signals were observed along the HSPC membrane at the
peripheral Zstacks; the colocalization signals were well inside the cells in the medial

Z-stacks, thus confirming that the MKNPs were indeed inteethby HSPCsHigure
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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 uptakeby HSPCs Figure 3.3B). Quantitative uptake of MKNPs by HSPCs

is presented in Sectidh2.3.

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 gditkMPs[*76 177IHSPCs were preincubated
with endocytic inhibitors including dimethylamiloride (DMA), metHylcyclodextrin
(MbCD) , Dynasore, or LYZ294Q0idraftwnediaedh bl oc k
uptake, dynamuuependent 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 Sezfion
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 (igure 3.3C). Among all the inhibitors, Dynasore treatment significantly
decreased MKNP uptake by 21% in comparison to the untreated céingroie(
3.3C), with less than 60% of Dynasetreated HSPCs exhibiting DiD fluorescence
following incubation with MKNPs. This gigests that uptake of MKNPs involves
dynamindependent endocytosis, indicating MKNPs would be taken up primarily
through either clathritoated pits or caveosomes. Among HSPCs incubated with bare

NPs, Dynasore treatment also reduced NP uptake, but thendrptake was less
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pronounced and not statistically significant compared to their Mikid&bated

counterpartFigure 3.3C).
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Figure 3.3: MkNPs are internalized by HSPCs predominantly by dynamin
dependent endocytosigA) Confocal microscopyGarl Zeiss LSM880)
images of an HSPC interacting with MkNPs followingl#3urs of
incubation. Mk membranes are visible by PKH26 staining (red) and NPs
were loaded with DiD fluorophores (green). The HSRCleus is stained
with DAPI (blue). Both PKH26 and DiD gnals are present in the HSPC,
and colocalization of signals (yellow) indicates the wrapped MKNPs are
intact following uptake by HSPCs. Scale barself. (B) HSPCs
cultured with MkNPs were fixed and observed by supsolution
microscopy using Zeiss ElgPS 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-um. For A and B, stills taken from intermediatestack image are
presented and yellow circles indicate internalized MkNPs. (C) Before
exposure to either bare Dibaded NPs or MKNPs, HSPCs were-pre
incubated with inhibitors against specific endocyathpvays, including
Dimethylamiloride (DMA), Methylb-c y c | odextri n ( MbCD) ,
and LY29400, which block macropinocytosis, lipid rafediated uptake,
dynamindependent endocytosis, and macropinocytosis through PI3K,
respectively. Uptake of bare NPsdaMikNPs was analyzed by assessing
the fraction of DiD cells via flow cytometry following 30 minutes of
incubation, and NP uptake for each inhibitaated culture is shown
relative to either bare NP or MKNP uptake in untreated (none) HSPC
cultures. Dataepresent the average of 4 (bare NPs) and 4 (MkNPs)
biological replicates + standard error of the mé&ap<0.05 versus
untreated co4esdr ol (Student 6s t

3.4.3 MKNPs exhibit interaction specificity with CD34* HSPCsin comparison to
Mesenchymal Stem Cells (MCs) 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)yeside in the BM mi@environment with
HSPCs, angbrovide stroma functions for HSPE#&! Mature and immature blood
cells, including HSPCs and megakaryocy&der the systemic circulation through
gaps of the endothelium of BM sinusdids % 18where 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 HUVECSs. Both flow cytometry and cahfo

microscopy were used to examine and characterizegélihteractions.
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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 thiacould 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 8 Based on the results of a cytotoxicity
assay Supplemental Hgure B-1A), we applied a ratio of 40,000:1 NPs per cell as
this yielded high NP uptake with minimal tradeoff in viabiliys expected, bare DiD
NPs were indiscriminately taken up by all examined cells, as >90% of the HSPCs,
MSCs, and HUVECs were DiD+ aft 8 hours of incubation as measured by flow
cytometry Supplemental FigureB-1B). This result was confirmed with confocal
microscopy Supplemental FigureB-1C), as most HSPC, MSC, and HUVEC cells
contained DiD signal, indicative of baNP uptake. DiD sigal was found both at the
periphery and in the interior of actgtained HSPCs, MSCs, and HUVECSs, further
confirming that bare NPs were taken up indiscriminately by all cells examined
(Supplemental FigureB-1C).

In contrast to bare NPs, MkNPs exhibitedatiéntial uptake by HSPCs,

MSCs, and HUVECSs, supporting our hypothesis that Mk membrane coatings impart
target specificityto the NPs. Flow cytometric analysis revealed that, after just 8 hours
of incubation, over 80% of HSPCs were positive for DiD, intiicgMKkNP 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 MKNigare 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 0 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 fronethPs 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 Diidtil approximately 1218 hours

following incubation with MkNPs; upke of MKNPs by HUVEC cells were highly
variable until approximately 18 hours of incubati®igre 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 cedttia desired
colocalization of DID and PKH26 signals within the boundaries of the cell. This is
consistent with the expectation that recognition of the HSPC tangetdsted by

surface antigens (notabG§D54 (ICAM-1) & CD18/CD11b (Mag€l)) expressed on

Mk membranes as detailed in the study of Jietng. using natively produced Mk
microparticle87®l. To summarize, we found that coating PLGA NPs with Mk
membranes enalddheir preferential interactiomith and uptake by HSPCs versus

HUVECs and MSCs.
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Figure 3.4. MKNPs exhibit uptake selectivity by HSPCs versus MSCs and
HUVECSs. DiD-loaded MkNPs were incubated with CD34+ HSPCs,
mesenchymal stem cells (MSCs), or humammbilical vein
endothelial cells (HUVECS) in Transwell inserts(A) Percent DID
positive cells were measured by flow cytometry to reveal MkKNP uptake
by HSPCs, HUVECSs, and MSCs at multiple incubation timepoints (B)
Confocal microscopy (Carl Zeiss LSM880)ages of HSPCs, HUVECS,
and MSCs incubated with DHdaded MKNPs for 24 hours. NPs are
visualized by their DID cargo (green) and MkKkNPs membranes are labeled
with PKH26 (red). The cell nuclei are indicated by DAPI stain (blue) and
the actin cytoskeleton byhplloidin (purple). MkNPs are found within
HSPC cytoplasm but not within naargeted HUVECs or MSCs. Yellow
circles indicate colocalization between DiD and PKH26 signals, which
indicate uptake of MkNPs into HSPCs, while white circles indicate
intracellula DID signals without any associated PKH26 signal,
indicating possible bare NP or released DiD uptake into HUVECs and
MSCs. Scale bars: 30m for HSPCs, 2um for HUVECs and MSCs.
Error bars are shown as the average + the standard error of the*mean.
p<0. 10, **: p<0.05, testy *: p<0.01 (Stud
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3.4.4 Mk-like CHRF-wrapped NPs facilitate deliveryof siCD34 to HSPCs in
vitro

To determine if membranerapped NPs could be viable cargo delivery
vehicles, we needed to test if functional cargo could be suctigsdlivered and
deployed to HSPCs. We selected small interfering RNA (siRNA) as a model cargo for
our proofof-concept studies. In previous studies, siRNA has proven stable when
encapsulated in PLGA NP 43 188l\we chose to load the NPs with siRNA designed
to disrupt the expssion of CD34 (siCD34) since CD34 is a characteristic surface
marker of immature, undifferentiated HSP#8 Thus, the effectiveness of siCD34
delivery could be quickly assessed by flow cytometry. Importantly, reducing CD34
expression with siCD34 should have ngpact on HSPC viability, as HSPCs display
gradually reduced expression of CD34 as they differentiate into different blood cell
lineagesd'®® 2% For these experiments, ntergeting siRNA (siNeg) was used as a
control.

For these experimentSHRF288-11 cells a megakaryoblastic cell lineere
used to generate membranes for wrapping sifddled NPs as describedSactions
5.4 and5.7. We first confirmed that the CHRF Mk membranes express the surface
proteins CD54 (ICAM-1) & CD18/CD11b (Magl))*"8 important for HSPC
targeting. As the membrane vesicles are generated from the cytoplasmic membranes,
CHREF cells and cultured primary Mk cells were immunostaine@€ R4 andCD11b,
as well CD41 expression (to assess the degree of Mk commitment). Interestingly,

CHREF cellsexpressed 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%
and59% for Mk cells Figure 3.5A). Asa visible confirmation of uptake proficiency,
DiD-loaded PLGA NPs were wrapped with PKH&&ined CHRF membranes and
cocultured with HSPCs for 2dours prior to screening via confocal microscopy. As
expected, the CHRF NREHNPs) were effectively takeup by the HSPCs as both
DiD and PKH26 signals present with the periphery of the Eaufe 3.5B).

Next, the CHNPs were prepared with siCD34 or siNeg. TEM images confirmed
successful membrane wrapping around siRbaded PLGA NPsSupplemental
Figure B-2A). Per NTA measurements, siRNdadedCHRFwrapped\Ps
(siCHNPs)had a mean hydrodynamic diameteapproximately 120 nnHjgure

3.5C) and a zeta potential of approximates mV (igure 3.5D), which matches

that of the empty CHMVsHigure 3.4D). By comparison, bare siRNWaded NPs
had a diameter around 100 nm as determined by TEM and NTA and atestagh

B35 mV (Figure 3.5C, 3.5D). The difference in the surface charge between-DiD

loaded PLGA NPsKigure 3.2C) and siRNAloaded PLGA NPsHigure 3.5D) is
attributed to the 0.1% PVA surfactant used during synthesis to help encapsulate
siRNA. Notably, his 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 siNe@HNPs or siCD34CHNPs, flow cytometry data are displayed as

percent deviation from the CD34 expression of untreated culture controls. This makes



it possible to account for the natural losses in CD34 expression that occur in HSPCs as
they mature, and to account for differenoce€D34 expression between different

HSPC donor&%®! As expected, HSPCs treated with bare siNeg NPs demonstrated
insignificant deviations in CD34 expression from the untreated cosupplemental
Figure B-2B). In contrast, siCD34oaded bare NPs yielded a significant reduction in
CD34 expression, indicaig that the siRNA cargo remained functional in HSPCs
following delivery Supplemental FigureB-2B). Like the results for bare NPs, we

found that HSPCs treated with siNle;dedCHNPs exhibited no loss of CD34
expression, as anticipated, and that HSPCsetlegith siCD34loadedCHNPs
exhibitedsignificant loss of CD34 expressidrigure 3.5E). Specifically, siCD34

loaded CHNPs achieved 12.9% CD34 knockdown at 72 hours, and 15.6% knockdown
at 96 hoursKigure 3.5E). Unwrapped bare NPs achieved 16.9% and%8.9

reductions in CD34 expression at these time ppistgpectively $upplemental

Figure B-2B). The reduced CD34 knockdown of CHNPs relative to bare NPs may be
due to suspectezhrgo losghat occurs duringhe extrusion technique used to wrap,
leading to dbwer levels of RNA irCHNPs. While theaCHNPs yielded slower rates of

CD34 disruption in HSPCs than bare NPs, they offer the advantage of specific
targeting afforded by thilk-like CHRFmembranes. This specificity is expected to
enable improved delivery @fargo to target cells if implemented in a heterogeneous
environment (more than one cell type present) and is explor@d o work in

Section2.5.
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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 (ICAMand CD11b
(Mac-1), which are membrane proteins known to help facilitatake in
HSPCs, and similar expression of CD41a (ITGA2b), a membrane protein
characteristic of mature megakaryocytes, in CFIBB (Mk-like) cells
(bottom panel) in comparison to Day 12 cultured megakaryocytes (top
panel).(B) Confocal microscopyGarl Zeiss LSM880) images of a Day 3
HSPC interacting with CHRF NPs following -2#urs of incubation.
AlexaFluor 488stained actin, DiBloaded PLGA NPs, PKH26+ CHRF
membranes, and nucleus are shown as green, cyan, red, and blue,
respectivelyY ellow circles indicag colocalized PKH26 and DiD signals
within the HSPC, showing successful uptake by HSPCs. Scale-bar: 5
em. (C) Mean di amet er-loanddNRs, Mvat ch of
collected from CHREF cells (CHMVs), and siRN#aded CHRF
wrapped NPs (CHNPs) measured byaoyaarticle tracking analysis
showing size increase upon wrapping. (D) Zeta potential of a batch of
bare siRNAloaded NPs, CHMVs, and siRNibaded CHNPs indicating
the surface charge of the particle shifts upon membrane wrapping. (E)
CD34+ HSPCs were inculst with CHNPs loaded with siCD34 or ron
targeting siRNA (siNeg) for extended periods of time, then CD34
expression was analyzed by flow cytomefgta is shown as the
deviation in CD34 expression from untreated HSPCs. Solid black squares
indicate HSPCs ¢ated with siCD34oaded CHNPs, and empty circles
correspond to b siNelpaded CHNPsData 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 mMear0.05
(X u d ettest)d s
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3.4.5 Intravenously administered CHRF-membrane wrappedPEG-PLGA NPs
in wild -type Balb/c mice localize to HSP@ich tissues and target murine
HSPCs in vivo

After demonstrating robust interaction@HNPs with HSPC vitro, we
wanted to testfIHSPC targetingemains validn vivousing10-12-weekold female
Balb/c mice. Forthese studies, the core of the particle was altered to be comprised a
1:3 ratio of PLGAb-poly(ethylene glycol) (PELGA):PLGA instead of the solely
PLGA core used in the prior experiments. PEG is widely used for stealth coating of
circulating particles. Saline, Dilbaded PEGPLGA NPs (112 nm average diameter
by NTA measurement,30 mV zetgootential), or their CHRfnembranewnrapped
counterparts (referred to as CHPPNPs, 126 nm average diameter as calculated by
NTA, - 30 mV zeta potential) were administered intravenously. Aftet8 Bours,
femurs, lungs, heart, liver, spleen, kidneys, andhbresire excised via necropsy
(Figure 3.6A). Tissues were fluorescently imaged using an IVIS to examine DiD
presenceHigure 3.6B) and the fluorescence signal in the femurs of mice treated with
CHPPNPs was greater than that of PEIGGA NPs Figure 3.6C). However, as VIS
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 analizggi(e 3.6D). The
average signal in the flushed bone marrow from a femur of CHRRs#d mice was
2.4 times higher than that in the bone marrow of FEGA-treated mice, indicating

the potentl of the membranarapped 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 tice as high foCHPANPs than PE&LGA (Figure 3.6E). This

indicates thaCHPMNPs outperform PEPLGA 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 mohpip of CHPANP-treated mice

(Supplemental FigureB-3), indicating theCHPRNPsare biocompatible under the

conditions, administered dose, andH@ir timepoint examined.
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Figure 3.6: Intravenously administered CHPPNPs largely localize to HSP€ich
bone marrow in vivo. (A) Mice were injected with CHPPNPs, PEG
NPs, or saline and humanely sacrificed afted@Gours. Tissues (liver,
heart, lungs, brain, spleen, kidneys, and femurs) a@tected and VIS
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) Representa¢ilVIS image of various tissues: (i) brain, (ii)
spleen, (iii) lungs, (iv) kidneys, (v) heart, (vi) femurs, and (vii) liver, of
mice treated with saline, Dilbaded PEGPLGA NPs, and DiEloaded
CHPPNPs. (C) Representative IVIS image of femurs from eaalpgro
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 onevay ANOVA. PEG NPs: n=6; Wrapped NPs:
n=5. Errors bars show standard error of the mean.

As the bone marrow is comparatively HSHEh, we flushed and collected the
bone marrow cells from the femur for further analysis via flow cytometry and confocal
microscopy. Wholdone marrow cells were stained with fluorescently conjugated
ant-rCD117 and artCD41a antibodies, which correspond to murine HSPCs and
megakaryocyt@associated cells, respectivefD117 was specifically chosen to
determine if HSPC targeting by MKNPs aBHNPs observeih vitro translatedn
vivo, while CD41a would allow us to assess if the MKNPs/CHNPs could target their
murine megakaryocytic counterpamdter staining, the whole bone marrow cells
were gated for presence of CD117 and CD41 against nadtaontrols, and the
subpopulations of CD11and CD41 cells were further screened and gated for
presence of DiD against the sahtneated mouse control. From our flow cytometry

and confocal microscopy analysis, a significantly larger fraction of CDdarrow
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cells frommice treated with th€EHPRNPs contained DiD fluorescence than their
unwrapped PEEPLGA NP counterpartg{gure 3.7A, Supplemental FiguresB-4A,

B-4B); nearly 26% of CD117marrow cells fromCHPRNP-treated mice werBiD-
fluorescent in comparison to under 13% of baretidBted mice. The higher fraction

of DID* CD117 marrow cells fromCHPRNP-treated mice could indicate that the Mk
membrane affords some HSPC targeting ability to the NP, in agreement wiith our
vitro findings. Surprisingly, there was no significant difference in the fraction of DiD
CD41 marrow cells, which implies that the Mkrived CHRF membrane does not
provide any targeting to megakaryocytes. This further supports the suitability of using
MKNPsor CHPPNPdor targetedielivery toHSPCs.

To confirm these results, the whole bone marrow cells were fixed onto
coverslips and stained for CD117 for analysis via confocal microgodpyk forDiD
fluorescenceand colocalization of DiD and CD117 signals,iethwould indicate NP
containing murine HSPC§igure 3.7B, Supplemental Figures S4A, S4B As
shownin Figure 3.7B, marrow cells from CHPPNPReated mice contained various
degrees of DIiD fluorescence, which is consistent with the findinggafe 3.6. In
addition, there was a greater degree of colocalization of the DiD signal with €D117
stained cells, indicating that the CHRF membranes enable H8B€& specificity.
Impressively, CHPPNPs were almost exclusively bound to CDddll& within the
flushed lmne marrow, with virtually no presence of CHPPNPs observeéeDd 7
cells (which are not HSPCs). This further supports that the contention that CHPPNPs

maintain their specificity and preferentially interact with HSHO&vo. PEG-PLGA
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NPsexhibited less overall accumulation in the marrow and less specificity for CD117
cells than th&€€HPRNPs. Coupling these phenomena, we concludeGR&RNPs
synthesized usinGHRF membranes asgpromising candidate for targeted cargo

delivery to HSPC# vivo.
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Figure 3.7: DID presence in CD4l1a+ and CD117+ bone marrow cells of mice
treated with PEG-PLGA NPs and CHPPNPs(A) Bonemarrow cells
were flushed from the femurs of mice treated with a saline control (not
shown), DiDloadedPEGPLGA NPs, or DiBloaded CHPANPs and
stained for CD44a (plateletassociated 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, whilea nonsignificant decrease in the fraction of Dddntaining
CD41a+ cells was seen, possibly demonstrating a level of HSPC affinity
afforded by the membrane in contrast to other cell typash black
diamond corresponds to one moy&). Flushed bonenarrow 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: 20m and 16um in magnified image. Error bars are
shown as the average of afb NPs) or 5 (CAPNPS) biological
replicates * the standard error of the méaf.: p <0 . O fLtes) St udent
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35 Discussion

PLGA has emerged as an attractive choice for harboring therapeutics for drug
delivery, largely due to its stability and broad bioceauiglity .28 40 41 191P| GA NPs
may be loaded with broad range of therapeutimlecules, from small molecules to
miRNAs andDNA with minimal loss of functionality*® 66 188 192However, bare or
PEG-coated PLGA NPs administeredvivolack tissugropism thuslimiting the
potency of the encapsulated therap€ei¢®!! PLGA andother NPscan bemodified
to target specific tissues by coating them with different types etleeNed
membrane&® For example, Xt al.used HepG2 liver cancer cell membranes to
target doxorubiciHoaded PLGA NPs to liver cancer; Kreft al. wrapped B16~10
murine mehnoma membranes around adjuviaided PLGA cores to activate an anti
cancer immune response by presenting the memin@unad antigens to dendritic
cells, and; Jiangt al.created hybrid NPs wrapped with a mixture of erythrocyte and
MCF-7 breast cancer tenembranes to both targetmors and extend circulation
time [46: 194, 19%1Beyond PLGA carriers, many other materials have been used to create
membranenvrapped NP&3 %I 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 phregponsive propertié¥ In
this work, PLGA was chosen due to its wide application in nanomedicine, ability to
encapsulate both hydrophilic and hydrophobic caegse of synthesis, and proven use
in membranevrapped 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
micropartices) can recognize and fuse with HSR&@sHSPCspecific cargo
delivery*"6.1771 As MkMPs bud off the cytoplasmic cell membrane, Mk membranes
and vesicles preserve the membrane proteickiding those that mediate cell
specific binding. We thus expected that PLGA or PEGA NPs wrapped in Mk
membranes would maintain the HSPC recognition and target specificity of their
MKMP counterparts. Accordingly, MKNPs could combine the benefit$SRC
targeting specificity with the versatility of PLGA NPs as a nanocarrier for therapeutic
delivery.Thein vitro studies reported here confirm that MKNPs can facilitate cargo
delivery to HSPCs while minimizing interactions with other cell types présené
BM environment. This specificity and tropism is maintaimedivo, as HSP&ich
tissues and HSPCs isolated from these tissues contained a significant presence of
CHPPNPsseveral hours following their intravenous administration. One potential
confaunder 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 (
vitro: Figure 3.3A, B, Figure 34B, Figure 3.5B, in viva: Figure 3.7B) do show
colocalization othe 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 releasedye.

Receptoimediated interactions play anportant role in the ability of MkMPs

(and thus of Mk membranes) to recognize and target HSPCs with great spétificity
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Here, we show that MkNPs enter HSR&rgelyvia dynamirdependent endocytosis.
Next, we chose MSCs and HUVECSs to probe the targeting abitityHSPC
specificityof MKNPs as was previously done with MkMB$! Unwrapped NPs were
readily taken up by all cell types, but MkNPs were effectively and specifically
internalized by HSPCs witvery few HUVECs and MSCs displaying signs of MKNP
uptake. By extension, MkNPs also exhibit targeting of HSR®@8/0, further
supporting the potential for MKNPs to be efficacious HS&IpEcific cargo delivery
vehicles. In addition to demonstrating MkN&e 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 theviuture
membranewnrapped NP system.

While we demonstraterobust and preferential uptake of MKNPs into HSPCs
bothin vitro andin vivo, additional work will beneeded tdurther validateMkNPs as
a full-fledged targeted drug delivery systedur data indicate that siRNkaded
CHPPNPs successfully disrupted egsion of CD34 upon delivery to HSPCs.
However, as we were unable to quantify the specific amount of sSiRNA encapsulated
within the CHNPs, our dosing strategy was based on CHPPNP patrticle counts and
particle to HSPC ratios rather than the total amouniRifi& 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 sirRidvddedCHPPNPsn vivowith

a murine disease model could further showcase their potential for facilitating-HSPC
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specific RNAbased therapies for a variety of genetic hematological dise¥s89.
As mentioned earlier, future studies could also explore the compatibility of MKNPs or
CHNPs with various classes of therapeatego rather than the model (ron

therapeutic) cargo we used as a proof of concept here.

3.6 Conclusion

In conclusion, wénave shown that MkNPand CHNPspecifically and
robustly interact witthardto-transfectHSPCs bothn vitro andin vivoand can be
used to deliver functional nucleic acid cargo to HSR@#h further development and
optimization, these tools may be use@nable théreatment of a broaspectrum of

blood disorders.
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Chapter 4

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 celdHRF
(CHEVSs) 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 NOBscid IL2Ronull (NSGE ) mice, they induced a nearly 50%
increase iMmurine 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 HSR¢h bone marrow
preferentially interactingvith murine HSPCs. Using engineered huMKEVs or CHEVS,
their receptommediated 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. Thesdaldemonstrate the potential of these EVs as
a nonviral, HSPGspecific cargo vehicle for gene therapy applications to treat

hematological diseases.
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Key Words: hematopoietic stem & progenitor cells (HSPCs), targeted delivery, gene

therapy tropism, megakaryocytes, platelets, biodistribution
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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 cellsIn order to establish huMKEVs as a
trangormational cargalelivery system to blood stem cells
(hematopoietic stem and progenitor cells, HSPCs) for therapeutic
applications, we used NOBxid IL2R™" (NSGE ) mice in order to
enable prolonged circulation of huMKEVs. Intravenous delivery of native
huMKEVs enhancede novplatelet 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 plasmieDNA 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, pkgieddticing
megakaryocytes and comandogenous RNA that play a role in the differentiation of
hematopoietic stem and progenitor cells (HSPC) into megakaryo€ytesd 4.1).
(134, 201\\e have previously shown that MKEVs (enriched in MKMPs, which are
amongst the most abundant micropatrticles in circulation) interact with HSPCs with
specificity/tropism and elicit megakaryopoiesisvitro, without the need for the
lineage specific growtfactor, thrombopoietin (TPOY: 134 201 Tropism for, or
specificity of targeting of, HSPCs is mediated by specific huMKEV receptoit/e
have also demonstrated that huMKEVs (human MKEVS) indageovaplatelet
biogenesis following intravenous administration to wild type (WT; Rlinice 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 atarance in WT micé?°? Despite fast clearance of labeled
huMKEVs resulting in low label intensity, biodistribomi studies demonstrated that
administered huMKEVs preferentially localized in HSR¢&h organs and notably the
bone marrow 2hours post huMKEV administration. This suggested that some degree
of huMKEV tropism to HSPCs in preserviedvivo. Fast clearancef huMKEVS in
WT mice prevented biodistribution studies beyond 24 hours.

Based on our studies summarized above, we aimed to developvaaiand

norrimmunogenic system for delivering cargo, including nucleic acids and proteins, to
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HSPCs for gene thapy 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 heé¥: 1"X\We hawe 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 uptakeé® 4 201As an initial aim,
we wanted to determine if unmodified huMKEVs could localize to and affect the
phenotype of HSPCs and lay the groundwork for huMkieged HSP&pecific
delivery of therapeutics. Thuthe ultimate goal of this study was to examine if loaded
huMKEVs can functionally deliver with specificity/tropism for HSPCs, plasmid DNA,
bothin vitro andin vivoand demonstrate their potential for targeted therapy of genetic
hematological disorders.

Given the fast clearance of huMKEVs in WT mice, the immunodeficientNOD
scidIL2Ra™" (NSGE ) mouse model offered the best option for our studi&s2°3:
2041 As NSG mice are largely devoid of functional macrophages, we hypothesized that
the administered huMkEVs wid reside longer in circulation and/or in murine tissues
compared to immunocompetent WT miéé 203 295]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 hematemis such as lower frequencies of
myeloid lineage cells compared to other humanized ,nadest goal is to test the

hypothesis that huMKEVs interact with murine NSG HSPCs to inthuaiéro



megakaryopoiesis and thrombopoiesis as with WT murine H$¥&<This would be
demonstratetdy higher numbers of platelets (PLTs), pre and proplatelets (PPTSs),
megakaryocytes (Mks), and MKEVs. Following positive outcomes frormtiagro

studies of this first goal, our second goal was to examine if huMkEVs also imduce
vivo megakaryopoiesisna thrombopoiesis and if they demonstrate tropism in
interacting with murine NSG HSPCs. The success of tineggo studies suggested
successfuin vivodelivery of the native huMKEV cargo to murine HSPCs. Based on
that, a third goal was to examine if hklENVs loaded via electroporation with plasmid
DNA coding for a fluorescent report could deliver the plasmid to murine HSPCs, both
in vitro andin vivo, the latter with tropism, to demonstrate fluorescent protein
expression?’” 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 electroporatf8f 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 teatttently reported

method for loading pDNA via the formation of hybrid liposemeévkEV

nanovesicles leads to successful functional delivery of pDNA to murine NSG HPSCs,

bothin vitro andin 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 Milli&iggma

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 cels

Humanmegakaryocytic extracellular vesicles (huMKEVsS) were generated
from Day 12 cultured megakaryocytes deriving from primary human CBS#Cs
using the protocols detailed by Panugantal. *¢° Briefly, CD34" from different
healthy donors (Fred Hutchinson CanCenter) 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 (SGB) IL-6, IL-9,
and IL-11). On Day 7, CD61megakaryoblasts were enriched from the culture via
MACS using aniCD61 magnetic microbeads (Miltenyi Biotec), and the selected cells
were recultured into flasks containing IMDM, BIT9500, TPO, SCF, and
nicotinamde. On Day 12, MKEVs were isolated by first pelleting out any cells and
debris at 2,000xg for 10 mins, and the supernatant was ultracentrifuged at 25,000xg
for 30 mins at 4C to collect the MKEVs.

Following isolation of the huMKEVs, the EV pellet was rgmrgded in 500 pL

Diluent C and combined with a mix of 500 pL Diluent C and PKH26 @8 After 5



minutes of incubation at ambient temperature, the EV suspension was quenched with
1.5 mL of 3% BSA (bovine serum albumyisolution, and the stained EVs were
ultracentrifuged at 25,000xg for 30 mins & 4followed by a second wash with 1X

PBS. The PKH2&tained huMKEVs were resuspended in 100 pL 1X PBS and stored
at-80°C prior to then vitro cocultures anéhtravenous administration to mice.

To prepare CHRF EVs (CHEVs), CHRXB8 cells were expanded in CHRF
media containing IMDM, 10% (v/v) heatactivated fetal bovine serum (FBS), 3.023
g/L NaHCQ (sodium bicarbonate), and 1% (v/v) 100x antibiaitimycotc ( UU) ,
and incubated at 3€, 20% Q, 5% CQ, and 85% relative humidity (rH}:"® To
induce a megakaryocytic phenotype, CHRF cells weriiteired in CHRF media
supplemented with 1.5 ng/L of phorbol-@r®/rsitate 136 acetate (PMA), seeded at a
density of 34x1 celldmL, and incubated at 3 for 3 days?°® 21%0n Day 3, cells
and debris wre pelleted from the treated culture at 2,000xg for 10 mins, and EVs

were isolated from the supernatant using the protocol used for isolating MKEVSs.

4.2.3 Preparation of NSG HSPCs for in vitro cocultures

To collect lineageegative HSPCs from NSG mice, femuw@h untreated
NSG mice were collected and stored in tissue storage buffer comprising of RPMI
1640X buffer supplemented with 10% (v/v) hesctivated fetal bovine serum (FBS)
and 1% (v/v) 100x antibiotia nt i mycoti ¢ (UU) ealPdescribed

Next, muscles, connective tissues, and fat were cleared from the femur bones, and the

cleaned bones were washed with 1X PBS cont
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dish. After cleaning, the epiphyses were sliced from eadlotthe femur, and-B1L

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 transfeaemiical tube
through 30 um 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 300xg for 10 mins, and the marrow cells were
resuspaded in ACK (ammoniurthloride-potassium) buffe®? to lyse any red
blood cells (RBCs). After lysing, the RB@pleted marrow cells were washed
multiple times with PBS. Next, the pelleted marrow cells were incubated with direct
lineage cell magnetic microbeads as described by Esetlalr?°? (Miltenyi
Biotec), and the lineageegative NSG HSPCs were collected after MACS depletion
of the lineagepositive marrow cells. After several washes with IMDM, the isolated
NSG HSPCs re prepared in eoulture media (80% IMDM, 20% BIT9500, 100
ng/ mL SCF, 1% v/ v C@% @,5n% Co, and 85BoaH) entl a t

re-culturing.

4.2.4 Exogenous loading of huMkEVs with plasmid DNA

3.2 pg of pMaxGFP pDNA (Lonza) was labeled with C{irus) and
premixed with 5x1®CHEVs and resuspended in up to 100 pL kgsmolar buffer;
the pDNAEV premix was transferred to ani2m electroporation cuvette and

incubated at 3C for 15 minutes. After incubation, the pDN&V/-loaded cuvettes
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were electrporated at 200 V, 100 mA and immediately placed on ice. Next, the
electroporated EVs were centrifuged at 1,000xg for 10 mins to remove any
agglomerates, and the pDN#aded EVs were isolated from the supernatant
following centrifugation at 25,000xg for 3fins at 4C. Finally, the pDNAloaded
EVs were resuspended in a small volume of filtered 1X PBS and stog#@tuntil
use.

To prepare the pDNAoaded liposomd=V hybrids, pLifeActmiRFP703 was
first loaded into liposomes (Lipofectamine 2000) usingpttetocol adapted from
Thermo Fisher?'? Briefly, 1 ug of pDNA and 2 pL of the Lipofectamine 2000
reagent were each diluted in 25 uL IMDM each. Next, each diluted akepsmixed,
and the 50 pL mix was incubated at room temperature for 5 minutes. To hybridize the
pDNA-loaded liposomes with PKH2&ained CHEVs, the hybridization protocol
developed by Liret. al.was adopted and modified* After preparing the 50 pL
pDNA-liposome corplexes, 5x1DEVs were dosed into each mix and incubated at
37°C for 12 hours. Following incubation, the CHHigosome hybrids were stored at
4°C until use. Separate 50 L liposome complexes were prepared with 1 pg of pDNA
and 2 uL of Lipofectamine 2000 as additional liposomenly control condition.

To characterize the liposomes, CHEVs, and CHipgsome hybrids, samples
were diluted in Milliporefiltered water, and 3 technical replicates of each diluted
sample was measured using nanopatrticle trackiatysis (NTA; Malvern NanoSight
NS300). The patrticle size distribution was calculated using the NanoSight NS300

software. To measure the zeta potential, approximately 350 uL of each sample was
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loaded into an Anton Paar Omega cuvette, and three technilichtrepwere

measured using the Litesizer 500 (Anton Paar). To quantify plasmid DNA loading

efficiency, the loaded liposomes and CHRF-Ebsome hybrids were pelleted at

25,000x%g for 30 mins at’@, and the pellets were resuspended in lysis buffer

(Qiagen ; t he supernatants were retained to qt
the lysate and supernatant were applied to pDNA binding columns, washed with PE

wash buffer (Qiagen), and eluted using biolggsde water. Final pDNA

concentration was determinading the Qubit DNA quantification kit (Invitrogen).

TEM (transmission electron microscopy) images were prepared by the University of

Delaware Bioimaging Center as describéd

4.2.5 Coculture of huMKEVs with isolated NSG HSPCs and ploidy, platelet

After collecting the NSG muHSPCs from the femurs of untreated mice,
mMuHSPCs wereultured in media containing 80% (v/v) IMDM, 20% (v/v) BIT9500,
1% antibiotieantimycotic, and 100 ng/mL rhSCF and incubated &E3vith 20% Q,
5% CQ, and 85% rH for 24 hours. The following coculture conditions were used:
i) Untreated control: ~7.5x$@nuHSPCs in 750 pL of coculture media only
(80% | MDM, 20% BI T9500, 100 ng/ mL rhsS
i) +rhTPO: ~7.5x1OmuHSPCs in 750 pL of coculture media supplemented
with 100 ng/mL rhTPO
iii) +huMKEVs: ~7.5x16muHSPCs in 750 L of coculture media incubated

with 30:1 (huMKEVs: muHSPCs), or 2.25x1@KH26-stained huMKEVs
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Following 5 days of incubation at 27, 50 uL of each culture was incubated
with FITC rat antimouse CD41a, APC rat antiice CD117, or APC rat antnice
CD45 to measure levels of murine megakaryocytes, atehprogenitor cells, and
nonterythrocyte 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 FAC8Ai using FSESSC
gating previously optimized for counting platelets in R€ed murine peripheral
blood 22 Total platelet concentration was determined after diluting 10 pL of
AccuCount beads (Spherotech), which were used as a standard.

To quantify the ploidy of megakaryocytes, the protocol of Linddegl.was
used 2131 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 af@. Next, the permeabilized megakaryocytes were
stained with FITCat anttmouse CD41a and the nuclei were further stained with 50
png/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 fluoresnce.

To assess the degree of megakaryopoiesis of the Day 5 cultures via confocal
mi croscopy, each cul t dubuin (TWdBB)andeomu nost ai nec
Willebrand factor (VWF), which are highly abundant in platelets and critical for
platelet adhesiorgnd thus, characteristic of mature megakaryocstes$SBriefly,

100 pL of each culture was seeded onto fiolysine 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 serubuanin) for 1 hour at room temperature.
Next, the coverslips were incubated with a 1:100 dilution of rabbi\aNF (Abcam)
and 1:100 mouse antiUBB in blocking buffer at room temperature for 2 hours. After
washing with PBS, each coverslip was subsedyéntubated with a 1:1000 dilution
Alexa Fluor 488 antrabbit IgG and 1:1000 Alexa Fluor 647 antouse IgGa a't
room temperature for an additional 2 hours. Finally, the immunostained coverslips
were sealed onto glass slides with SlowFade mounting metthidAPI, sealed with

nail polish, and stored at@ until imaging.

4.2.6 Coculture of pDNA-loaded huMKEVs and CHEVs with NSG HSPCs in
vitro for assessment of HSP&pecific cargo delivery

To assess the efficiency of using electroporated huMKEVs to delivex-pMa
GFP pDNA, the following cocultures were set up:

i) Untreated control: ~1.0x2@nuHSPCs in 750 pL of coculture media only
(80% | MDM, 20% BI T9500, 100 ng/ mL rhsS

i) pDNA electroporation: ~1.0x2@nuHSPCs electroporated with 1 pg
pMax-GFP pDNA in 750 L of coculture media

iii) +pDNA-loaded huMKEVs: ~1.0xPmuHSPCs cultured with 3x40
pDNA-loaded huMKEVs (30:1 huMKEV: muHSPC) in 750 uL of coculture

media
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Following treatment, 50 uL of each sample and replicate were collected after
6-, 24-, 48, and 72hours of incubation and measured for GFP fluorescence via flow
cytometry (BD FACSAridl) and gated against untreated controls.

To assess the efficiency of using CHiiposome hybrids to deliver pLifeAct
MiRFP703 pDNA, the following cocultures were set up:

iv) Untreated control: ~1.0x2@nuHSPCs in 750 pL of coculture media only
(80% IMDM, 20%B | T9500, 100 ng/mL r hSCF, 1%
V) +Liposomes: ~1.0xFOmuHSPCs incubated with 50 pL containing 1 ug
pLifeAct-miRFP703 liposome complexes in 750 uL of coculture media
Vi) +CHRF E\tliposomes: ~1.0xTmuHSPCs cultured with 50 uL CHRF
EV-liposome hybrids containg 1 ug pDNA in 750 pL of coculture media
To measure pDNA uptake and expression, 50 pL samples were collected,after 6
24-, 48, and 72hours of incubation and measured for miRFP703 fluorescence using
flow cytometry (Beckman CytoFLEX S). miRFPZf8orescent populations were
gated against untreated controls to exclude background fluorescence.

To prepare samples for screening via confocal microscopy, 100 uL of each 72
hour culture was seeded onto pahlysine coverslips, fixed, and washed as described
above. Next, to label the cell cytoskeleton, each coverslip was incubated with 500 pL
filtered PBS containing 5 pL Alexa Fluor 4&8®njugated 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 &iCtuntil imaging via confocal microscopy (Zeiss LSM

880).

4.2.7 Preparation of Day 5-culture human CD34+ HSPCs for ceinfusion with
huMKEVs in NSG mice

To determine if huMKEVs could interact with-cfused human HSPCs
(huHSPCs)n vivo, primary, single donor CD34+ cells were cultured using Day 0
HSPC media as described by Panugental!*®®, After culturing the huHSPCs at 37
5% O, 5% CQ, and 85% rHor 5 days, the cells were counted (DeNovix CellDrop
FL) and centrifuged at 300xg for 10 mins. Next, multiple aliquots 8raBISPCs
were each resuspended in 75 pL filtered 1X PBS and placed on ice until
administration to the NSG mice. To prepare the huMkEr cainfusion, PKH26
stained huMKEVs were prepared as 75 pL aliquots containing 25xmMKEVs 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 NSEBid NBSGWmice, PKH26
stained huMKEVs were thawed, immunostained with FEBGjugated mouse 1gG
antrhuman CD41a (BD Lifesciences) and counted via flow cytometry (BD FACSAria
). Next, aliquots containing 5x£®uMKEVs were each resuspended in 150 pL
sterile filtered PBS and loaded into sterile 50 cc insulin syringes. After preparing the

huMKEV samples, iB-weekold female NSG mice were briefly warmed and were



administered with either 150 pL sterile PBS only or witd @huMKEVs in PBS via
the tail vein. The mice were then grouped by treatment and housed in a sterile
environment until necropsy and analysis24, 48, or 96hours following treatment.

After euthanasia using G@sphyxiation and cervical dislocatiohgetfemurs,
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 FIESY Next, each tissue was
trimmed of any connective tissue and fatand rinsedwh 1 X PBS cont ai nin
(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 tubadetsinto 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 HirL tissue storage buffer until analysis.

To measure PKH26 biodistribution, 2x200 uL of each tissue homogenate was
loaded into an opagtlottomed 96éve | | pl at e and cheiedhed for
n m,em: 57 Nm) using a mioplate reader (SpectraMax i3x). Tissue autofluorescence
was accounted for by subtracting the mean fluorescence of each tissue fremnl?BS
treated mice. After tabulating the net tissue mean fluorescence intensity, fluorescence

values were normalized byehissue 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, approximately2@uL of murine blood
was extracted via cardiac puncture and collected in-BBPA microtainer (BD
Lifesciences). Next, 10 pL of the chelated blood was drawn into a capillary tube and
placed in 990 pL ammonium oxalate RBC lysis buffer. After RBC lysis, 100 pL of the
depleted blood was incubated with 2.5 pL FITC rat-amiuse CD41a at°€ 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
(BDFACSAtria 11), 10 pL of AccuCountl@iorescent beads (Spherotech) was added to
each depleted blood sample following CD41a antibody incubation. Next, platelets and
pre/proplatelets were gated on CD41a+ populations usingF=8Cgating previously
optimized for counting platelets in murine btbm 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 pPDNA-loaded CHRFEVs to NSG mice to
determine in vivo cargo delivery to murine HSPCs

Prior to intravenous administration, PKHE®Heled huMkEVs and CHEVs
were loaded with pMaGFP and pLifeAcimiRFP703, respectively, as described

above. Next, several aliquots of 6210 the electroporated huMKEVs were



resuspended 150 yL PBS; separate 5 ug aliquots oldbyed pMaxGFP were
prepared in 150 yuL PBS to serve as an additional control. After preparing the samples,
6i 8-weekold female NSG mice were intravenously administeved either PBS
only, pDNA, or pDNAloaded 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
homogeaized and loaded into microplates as described above. Microplates were then
measured for botek: PAKHRHEE0GBNMIBOGECENCH @
assess the huMKEV biodistribution and GFP expression, respectively. As before,
tissue autofluoresceneathin both spectra was accounted for by subtracting the raw
fluorescence of each tissue collected from Rig&ted mice. RB&epleted bone
marrow samples were seeded, fixed, and blocked onteLplylgine coated coverslips
as described above. Coverslipsre subsequently immunostained with Alexa Fluor
594-conjugated rat IgG2b anthouse 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, sealadd stored at®€ until imaging.
To treat NSG mice with the CHENposome hybrids, the protocol described
above was scaled to prepare doses comprised of 48KHP6-stained CHEVs and 9
Hg pLifeActmiRFP703 in 250 uL 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 yL IMDM (tiega

control), pDNAloaded liposome complexes, or pDN#aded CHEVWIiposome

14C



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 aedared as described
previousl y. edidex5t5 lenPnlKBl@ B () ang 6MNMRFP703 (
2em 703 nm) fluorescence were measured via a microplate reader (SpectraMax i3x)
were assessed to determine CHEbrid biodistribution and pDNA expréass,
respectively; the raw autofluorescence of the IMDMy treated mice was subtracted
for each tissue in each of these respeathannels. 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 fRB€Ed as described in
Section 5.2. Next, flushed bone marrow cells were seeded ontd fpdne
coverslips, fixed, anahitially 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 antnouse CD117 for 2 hours at room temperature.

Next, the primary antibodgtainal coverslips were secondarily stained with a 1:1000
dilution of Alexa Fluor 594conjugated arviat for an additional 2 hours at room
temperature. After immunostaining and washing, each coverslip was mounted on glass
slides with SlowFade mounting media WwDAPI, sealed, and stored &CAuntil

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 PKH&&ined huMKEVs were first prepared as
described previous)yand NSG mice were dosed with either 310HSPCs only or
dosed with both 3xBthuHSPCs and 15x$@uMKEVs. Prior to administering the
doses, a small 10 pL aliquot of blood was used to count initigrpagment platelet
counts. For the huHSPC only tted mice, a 75 pL aliquot of the huHSPC suspension
was diluted with an additional 75 pL PBS, and the 150 puL dose was intravenously
administered to the tail vein of&weekold female NSG mice. For the -@ofused
group, mice were first dosed with a 75 plgaot of the huHSPCs and were given a
30-minute rest prior to the second 75 pL 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 asseshuMKEYV biodistribution, the protocgreviouslyoutlined 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 oudarédr, and
human platelets were countesing FITGconjugated mouse (HIP8) aftuman
CD41a (BD Biosciences) to label humanly platelets; Day 0 blood was previously
measured with both aathurine and anthuman antibodies to count initial platelet
counts and ensure no cross reactivity betvaagrhuman antibodies and murine

platelets.
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For the bone marrow analyses, bone marrow flushes were prepared using the
protocolpreviously describedithout lineage depletion. Briefly, murine
megakaryocytes and HSPCs were labeled with 5 pL each witla Alieror 488
conjugated rat IgG1 antouse CD41 and ARCy7-conjugated rat IgG2b anthouse
CD117, respectively and incubated &C4or 15 mins. Likewise, human
megakaryocytes and huHSPCs were labeled with 5 pL each with-éd@mgated
mouse (HIP8) artihuman CD41a and ARConjugated mouse IgG1 attuman
CD34, respectively and incubated &C4or 15 minutes. Antmurine and arthuman
labeling was done on separate 50 pL aliquots of the same flushed marrow sample.
After incubation, samples were measuusthg flow cytometry (BDFACSAria ll); 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 blockedw#l be described in theaxt sectionTo label human
megakaryocytes, each coverslip was primarily immunostained with a 1:100 dilution of
rat IgG1 anthuman CD41a in blocking buffer and incubated at room temperature for
2 hours. Following the primary antibody staining, the coyggsiere secondarily
stained with a 1:1000 Alexa Fluor 488njugated artiat 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, amedtat 4C 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 anpéage depletion. After collecting the marrow
cell flushes, each flush was resuspended in an equivalent volume of tissue storage
buffer, and approximately 50 uL of each suspension was retained for flow cytometry
immunostaining prior to lysis. Next, to asseahe fraction of murine megakaryocytes
and HSPCs in the bone marrow, 50 pL aliquots of marrow cells were immunostained
with 5 pL Alexa Fluor 488&onjugated rat IgG1 anthouse CD41 or APy 7-
conjugated rat IgG2b anthouse CD117 (BioLegend) and inculzhtd £C for 15
minutes. The immunostained marrow cells were next analyzed via flow cytometry
(BD FACSAria Il). Positively immunostained populations were gated against
unstained controls. To determine uptake of huMKEVs by the marrow cells, cells were
alsoanalyzed 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 RB@epleted bone marrow cells were wash&litBneswith 1X
PBS at 300xg for 10 minutes. After preating each coverslip with 200 pyL 0.1%
poly-L-lysine for at least 30 minutes and washing, 100 pL of each bone marrow
sample was seeded, fixed onto coverslips, and blocked with blocking buffer using the
proto®l| described above. Next, the fixed cells were immunostained with a 1:100

dilution of rabbit aniCD41 and rat IgG2a ar8cal (Abcam) in blocking buffer to
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identify murine megakaryocytes and HSPCs, respectively. After incubating with the
primary antibodymix for 2 hours at room temperature, each coverslip was stained
with a secondary 1:1000 dilution of Alexa Fluor 4&hjugated artiabbit and Alexa
Fluor 64 7conjugated antiat for an additional 2 hours at room temperature. Finally,
following several wahes with PBS, each coverslip was sealed onto glass slides with
SlowFade mounting media with DAPI, sealed with nail polish, and storé@ atnil
imaging.

For histological tissue analysis and immunofluorescence staining, samples
collected from 4and 24hour huMKEV treated mice were processed at the Nemours
Histology Core facility (Wilmington, DE). Samples collected from NSG mice treated
with the pDNAloaded liposomes and CHHE\posomes were processed at the
University of Delaware Histology Core facilifiNewark, DE). Briefly, femurs, lungs,
liver, spleen, and kidneys were fixed with 10% netit#fered formalin for several
days. Next, after decalcification of the femur, tissues were imbedded in paraffin,
sectioned, mounted on slides, and deparaffinizent o immunostaining.

For the prepared samples collected from the huMkBl treated mice (and
PBS control), sectioned tissues were immunostained with rabbihaotse CD41 and
rat IgG2b antimouse Scd to label murine megakaryocytes and HSPCs, otispdy;
cell nuclei were stained with DAPI. The immunostained tissues were secondarily
stained with Alexa Fluor 488 antabbit and Alexa Fluor 647 antat, to label CD41
and Scal’ cells, respectively. Finally, the prepared samples were imaged viacabnf

microscopy (Zeiss LSM 880).
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For the samples collected from mice treated with pElbkled liposomes or
CHEV-liposome hybrids, each sectioned tissue was either immunostained with rabbit
antrmouse CD4Z%or- rat IgG2b antimouse Scd. to label murine ngakaryocytes
and HSPCs, respectively. The immunostained tissues were secondarily stained with
Alexa Fluor 488 antrabbit-or- Alexa Fluor 405 antrat, to label CD41and Scal*
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 Invitro 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®!, and because NSG mice have aberrant hematopoiesis (notably in erythroid
and granulocytic lineagdd%28) it could not be predictea priori that their HSPCs
(MUNSCHSPCs) will interact with huMKEVs. Thus, prioritovivostudies, it was
necessary to test that huMKEVs interact and deliver their cargoN\&°H8PCs by
culturing huMKEVs with miS®HSPCs Figure 4.1). To collect mYS¢HSPCs,
femurs were collected from untreated female NSG nmie8); and bone marrow cells
were isolated and subsequently linedgepleted via MACS (Miltenyi Biotec) to
collect uncommitted M{*®*HSPCs and cultured as described in the methods. At Day
5, each culturgvas immunostained for murine CD41a, CD45, and CD117, and
differentiation into megakaryocytic lineage was further tested via immunostaining
cul tured cel | qubuinTUBRL) amdvemllebraad factorIVWF),

both of which are characteristié mature platelets and megakaryocyte. 214 21°]
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Figure 4.1: Experiment schema for assessing tha vivo impact of huMKEVs on
NSGE mice.The NODscid IL2R™" (NSGE ) mouse model was used
to determine if the prior observations regarding huMKMP treatment elicit
stronger responses in the NSG mitkis 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 huMKEYV treatmegsuited in
significant Increase in the fraction of CD41a+ ceflig(ire 4.2A) over the untreated
control. Furthermore, huMKEYV treatment yielded higher ploidy CD4#&#s Figure
4.2B), indicating the development of more mature megakaryocyiastime 22
Both rhTPQOtreated and huMkEMreated cultures generated significantly higher
counts of murine megakaryocytes, but less than 20% of the megakaryocytes from
thTPOt r eat ed cul tures exhibited O4N ploidies
megakaryocytes fromuMKEV-t r eat ed cul tures exhibiting
(Figure 4.2C). This was further confirmed after measuring for platelet counts in each
culture using CD4ZIastaining and FS&GSC gates optimized previously for WT mice
blood platelet analysis; we olvged a nearly 4@old higher platelet count andfdld
higher pre/proplatelet count with the huMk&Mated cultures over each other
condition Figure 4.2D). Finally, using confocal microscopy, we observed that
huMKEV-treated HSPCs visibly expressed bothry Wi | | ebr and factor (
tubulin (TUBB1) following 5 days of treatment, which assist with platelet coagulation
and are found almost exclusively on platelets and mature megakarydagia® (
4.2E). These data support the hypothesis thatijtro, huMKEVs effectively interact

and deliver their native cargo to M$HSPCs.



Figure caption on next page.
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