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m Fibrinolytics delivered into the general circulation lack selectivity for nascent thrombi,

reducing efficacy and increasing the risk of bleeding. Urokinase-type plasminogen activator
« Unlike platelets, in

vitro—grown
megakaryocytes can
take up and store
exogenous uPA into
their a-granules.

(uPA) transgenically expressed within murine platelets provided targeted
thromboprophylaxis without causing bleeding but is not clinically feasible. Recent advances
in generating megakaryocytes prompted us to develop a potentially clinically relevant
means to produce “antithrombotic” platelets from CD34" hematopoietic stem cell-derived in
vitro-grown megakaryocytes. CD34" megakaryocytes internalize and store in alpha

; granules (a-granules) single-chain uPA (scuPA) and a plasmin-resistant thrombin-
» uPA uptake involves

LRP1 and olIf3
receptors and is

activatable variant (uPAT). Both uPAs colocalized with internalized factor V (FV), fibrinogen
and plasminogen, low-density lipoprotein receptor-related protein 1 (LRP1), and interferon-
functionally available induced transmembrane protein 3, but not with endogenous von Willebrand factor (VWF).
upon platelet Endocytosis of uPA by CD34" megakaryocytes was mediated, in part, via LRP1 and oIIbp3.
activation. scuPA-containing megakaryocytes degraded endocytosed intragranular FV but not
endogenous VWF in the presence of internalized plasminogen, whereas uPAT-
megakaryocytes did not significantly degrade either protein. We used a carotid artery
injury model in nonobese diabetic-severe combined immunodeficiency IL2rynull (NSG)
mice homozygous for VWFR!326H (3 mutation switching binding VWF specificity from
mouse to human glycoprotein Iba) to test whether platelets derived from scuPA- or uPAT-
megakaryocytes would prevent thrombus formation. NSG/VWFR326H mice exhibited a
lower thrombotic burden after carotid artery injury compared with NSG mice unless
infused with human platelets or megakaryocytes, whereas intravenous injection of uPA-
megakaryocytes generated sufficient uPA-containing human platelets to lyse nascent
thrombi. These studies describe the use of in vitro-generated megakaryocytes as a potential
platform for delivering uPA or other ectopic proteins within platelet a-granules to sites of
vascular injury.

Submitted 2 February 2024; accepted 18 May 2024; prepublished online on Blood The full-text version of this article contains a data supplement.

Advances  First  Editon 28  May  2024.  hitps:/doi.org/10.1182/ © 2024 by The American Society of Hematology. Licensed under Creative Commons
bloodadvances.2024012835. Attribution-NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0),
*M.P., S.V.Z,, and H.A. contributed equally to this study. permitting only noncommercial, nonderivative use with attribution. All other rights
Data are available on request from the authors, Victoria Stepanova (vstepano@ reserved.

pennmedicine.upenn.edu) or Mortimer Poncz (poncz@chop.edu).

3798 23 JULY 2024 - VOLUME 8, NUMBER 14


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
https://doi.org/10.1182/bloodadvances.2024012835
https://doi.org/10.1182/bloodadvances.2024012835
mailto:vstepano@pennmedicine.upenn.edu
mailto:vstepano@pennmedicine.upenn.edu
mailto:poncz@chop.edu
https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode
https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode

Introduction

There is an unmet need for safe and effective therapeutics to treat
or prevent thromboembolism in settings such as postextensive
surgery or trauma. Yet, the risk of bleeding often delays the intro-
duction of anticoagulation in the immediate postevent timeframe. In
these settings, there is a need for therapies that distinguish pre-
existing hemostatic clots, leaving them intact, while targeting for
fibrinolysis nascent, potentially occlusive, thrombi.

Fibrinolytic agents, such as the plasminogen (PLG) activators (PA),
tissue-type PA (tPA), and urokinase PA (uPA) are effective at lysing
thrombi'® but permeate preexisting hemostatic fibrin* and can
degrade circulating fibrinogen.” Both PAs have short half-lives,
necessitating continuous intravenous infusions for prophylaxis,®
and have vasoactive and neurotoxic side effects after a stroke
(reviewed in Medcalf’). Therefore, the clinical use of fibrinolytic
agents has been limited primarily to the management of a subset of
patients with acute ischemic stroke or life- or limb-threatening
thromboembolism.®"°

To address these limitations, we found that PAs linked to red blood
cells or platelets (PLTs) provide protracted and safe thrombopro-
phylaxis in several animal models.' """ However, red blood cells are
not rapidly and selectively recruited to sites of incipient arterial
thrombus formation,'® and linking the PAs to the surface of the PLTs
can lead to thrombocytopenia and bleeding in mice and nonhuman
primate models (M. Poncz, S. Zaitsev, and D. Myers, University of
Michigan, unpublished observations, September 2015).

As an alternative approach, we ectopically expressed single-chain
(sc) murine (m) uPA in megakaryocytes (MKs)/PLTs of transgenic
mice. The m-scuPA was stored in PLT alpha granules (a-granules)
without causing systemic fibrinolysis. The transgenic mice had a mild
bleeding diathesis during parturition,'* ameliorated by tranexamic
acid, which inhibits plasmin and uPA activity.'®> These mice simu-
lated human Quebec platelet disorder (QPD), which is caused by a
duplication of the uPA gene (PLAU), also characterized by storage
of uPA in PLT a-granules,'®"® absence of systemic fibrinolysis, and
a mild bleeding diathesis mitigated by tranexamic acid.'* We have
previously shown that infusion of the uPA-containing PLTs (uPA-
PLTs) into wild-type mice prevented nascent thrombus growth in a
microemboli infusion model.'* This raises the possibility that deliv-
ering uPA packaged within PLT a-granules inverts PLT function from
prothrombotic to fibrinolytic and does so in a manner that does not
lyse mature clots that are no longer recruiting PLTs.'*

Recent advances in the generation of PLTs from in vitro—grown
MKs have been made, especially beginning with induced pluripo-
tent stem cells.?° %> A recent paper describing the infusion of PLTs
generated from induced pluripotent stem cells into a patient as a
PLT transfusion had been described.?® We wondered whether in
vitro—grown MKs can endocytose uPA from the media as the MKs
are grown in defined media and thus lack the normal array of
endocytosed proteins. Prior studies have shown that these in vitro—-
grown MKs can endocytose added fibrinogen and factor V (FV).%*
Here, we show that scuPA or a thrombin- but not plasmin-
activatable uPA (UPAT)"" added to the media were readily endo-
cytosed by maturing MKs. We define receptors involved in their
uptake and the interaction of these uPAs with other endocytosed
and with endogenous a-granular proteins. Using an in vivo murine
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carotid artery photochemical injury model, we show that the uPAs
studied can effectively prevent thrombus development. We discuss
potential uses of this approach for targeted thromboprophylactic
fibrinolysis and the application of this strategy for delivering other
ectopic therapeutics via PLTs.

Materials and methods
Supplemental methods

Please see supplemental Methods for additional methods,
including western blotting (WB) and agonist activation studies, and
a description of reagents and antibodies.

Generation of uPA-containing MKs (uPA-MKs)

Granulocyte colony-stimulating factor-mobilized human CD34*
hematopoietic progenitor cells, purchased from the Fred Hutch-
inson Cancer Research Center Hematopoietic Cell Processing
and Repository Core, were differentiated into MKs (CD34% MKs),
as we have previously described.?® Day 10 or 11 CD34" MKs were
incubated for various times in complete growth medium containing
various combinations of the following fluorophore-conjugated pro-
teins: scuPA, uPAT, noncleavable PLG (ncPLG),Q6 recombinant
receptor-associated protein linked to human immunoglobulin G Fc
fragment (FCRAP),?” and FV. The CD34" MKs were washed once
with phosphate-buffered saline and immobilized on microscopic
slides using Shandon CytoSpin Il Cytocentrifuge with the M964-
20FW-CytoSep for 15 minutes. Please, see details of immunoflu-
orescent staining and confocal laser-scanning microscopy in the
supplemental Methods.

Flow cytometry studies of protein uptake

CD34" MKs differentiated for 10 to 11 days were incubated in
complete growth medium containing a combination of the following
fluorophore-conjugated proteins: scuPA, uPAT, and FV. Unlabeled
FcRAP?” or the blocking allop3 monoclonal antibody ReoPro?®2°
were used as lipoprotein receptor—related protein 1 (LRP1) and
allbf3 antagonists, respectively. The uptake of endocytosed fluo-
rescent proteins was analyzed in CD42b* population using a
CytoFlex S flow cytometer (Beckman). Please see supplemental
Methods for more details.

In vivo murine studies

Nonobese diabetic-severe combined immunodeficiency IL2rynull
(NSG) mice were originally purchased from The Jackson Labora-
tory. The transgenic NSG/VWFR'32%H mice, homozygous for a
CRISPR/CRISPR-associated protein 9 mutation in murine von
Willebrand factor (VWF), has been described previously.>%'
Before infusion, MKs were or were not preloaded with recombi-
nant scuPA or uPAT as follows: day-10 CD34" MKs were left
intact or incubated with recombinant scuPA or uPAT (600 nM
each) for 24 hours in the culture media. The cells were washed and
resuspended in phosphate-buffered saline at a concentration of
3 x 10”7 CD34* MKs per mL. Please see supplemental Methods
for details of the thrombosis model.

Measurement of endocytosed scuPA in MK lysates

scuPA protein concentration in the untreated and scuPA-treated
MK lysates was measured using the huPA Quantikine enzyme-
linked immunosorbent assay kit (R&D Systems) per manufacturer.
Please see supplemental Methods for details.
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Statistical analysis

Means * standard deviation are shown. For data obtained by
flow cytometry, differences were analyzed by ordinary 1-way
analysis of variance. For in vivo studies, differences in carotid
blood flow in the photochemical carotid injury studies were
analyzed by ordinary 1-way analysis of variance using Graph-
Pad Prism 5. For all studies, differences were considered sig-
nificant with a P value of < .05 compared with the indicated
control.

Institutional approval of studies

Approval was obtained from the institutional internal review board
for the volunteer blood samples. These studies were conducted in
accordance with the Declaration of Helsinki. Murine studies had
institutional animal care and use committee approval. Euthanasia
was performed as approved by the Panel on Euthanasia of the
American Veterinary Medical Association.

Results
Endocytosis of uPA by in vitro-grown MKs

We, and others, have shown that in vitro—generated MKs differen-
tiated in defined media can endocytose fibrinogen, FVIII, and FV until
the late stages of differentiation®**?%; however, given the lack of
these proteins in the growth media, these proteins would be absent
from the a-granules. Perhaps if exogenous uPA, not normally found
in PLTs,'* were added to the media, the MKs would endocytose and
store uPA in their a-granules, and be useful to generate uPA-PLTs
for targeted thrombolysis. We, therefore, added to the media
scuPA. This uPA contains the N-terminal uPA-receptor (UPAR)-
binding growth factor-like domain, a Kringle domain, and a C-ter-
minal proprotease domain (Figure 1A, top). scuPA is dependent on
uPAR as well as LRP1 for uptake into cells.** We also studied a
low-molecular weight variant we developed,'’ designated uPAT,
which lacks the 2 N-terminal domains (Figure 1A, bottom), making it
incapable of binding to uPAR. uPAT is activated by thrombin, for
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Figure 1. uPA is endocytosed by in vitro-grown MKs and stored in granules. (A) Schematics of the structures of scuPA (top) and uPAT (bottom). Full-length scuPA is
composed of (1) an N-terminal growth factor-like domain (GFD, yellow) that binds uPAR; (2) a Kringle domain (K, green) that mediates LRP1-dependent intracellular uptake,®®
binding to integrins®”*® and nuclear translocation®®; and (3) the protease domain (catalytic domain, gray).*° Site of activation by plasmin is shown in red. uPAT is composed of the
protease domain in which '®’F'®8K has been deleted“” to create a thrombin cleavage/activation site (shown in green). (B) Representative WB of lysates of in vitro—grown day-11
MKs in the presence (+) or absence (—) of scuPA (400 nM) added on day 10. WB at the top was with anti-human uPA mouse monoclonal antibody followed by horseradish
peroxidase (HRP)-conjugated goat anti-mouse antibody, and bottom shows HPR-conjugated anti—p-actin antibody as a loading control. Size marker is shown to the left of the blot.
(C) Dose-dependent uptake of Alexa-568 scuPA by CD34* MKs. y-axes denote mean fluorescence intensity (MFl) measured by flow cytometry. Mean % 1 standard deviation (SD)
of relative uptake of scuPA compared with the values in its absence. n = 4 independent studies. P values were determined by ordinary 1-way analysis of variance (ANOVA). (D)
Same as in panel C but for time course of Alexa-568 scuPA (400 nM) uptake by the CD34™ MKs. (E) Visualization using confocal microscopy of Alexa-568 scuPA (top, red) or
Alexa-488 uPAT (bottom, green) endocytosed by day-11 CD34* MKs for 24 hours starting on day 10 initiation of culture. DAPI (4’ ,6-diamidino-2-phenylindole; blue) depicts the
nuclei. Scale bar is shown.
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example, generated at the site of clot formation, but not by
plasmin,®* preventing uPAT activation by plasmin to avoid a-granular
protein degradation seen in QPD.*°

WB of cell lysates showed that control MKs were devoid of uPA,
whereas cells incubated with scuPA showed the presence of the
protein (Figure 1B). Both Alexa-568—conjugated scuPA and Alexa-
488—-conjugated uPAT were internalized by day-10 CD34" MKs in
a concentration-dependent (Figure 1C and supplement Figure 1A,
respectively) and in a time-dependent (Figure 1D and supplemental
Figure 1B, respectively) manner. Both appeared as punctate par-
ticles in MKs (Figure 1E). In contrast, isolated human PLTs did not
take up either uPA (supplemental Figure 2).

Pathways of uPA uptake by in vitro-generated MKs

One can suggest that scuPA and uPAT, based on their structural
differences, enter MKs through different pathways and are stored
in distinct granules. Alexa-568 scuPA and Alexa-488 uPAT were
coincubated with CD34* MKs for 24 hours. Both scuPA and uPAT
resided in the same granules as visualized by confocal microscopy,
with representative data shown in Figure 2A, supplemental
Figure 3, supplemental Video 1, and Table 1. To prove that the
endocytosed proteins reside in the granules within the cell rather
than positioned on the cell surface, we acquired serial images at
different focal depths and created 3-dimensional representations
to provide a composite image with a greater depth of field.
Supplemental Figure 3 and supplemental Video 1 show that the
endocytosed proteins reside in the same granules.

Exogenous uPA is stored in a-granules with other
proteins added to the media

FV is endocytosed by human MKs and stored in a-granules.*' To
help elucidate whether uPAs endocytosed by MKs are also stored
in a-granules, CD34* MKs were incubated with exogenous Alexa-
488 scuPA or uPAT for 18 hours, followed by incubation with
Alexa-568 FV for an additional 2 hours. By confocal microscopy,
there was extensive, but not as complete, overlap as seen in
Figure 2A, indicating that endocytosed scuPA or uPAT are stored
in many of the same a-granules as endocytosed FV (Figure 2B and
C, respectively; supplemental Figure 4; supplemental Video 2;
Table 1). Furthermore, added Alexa-568 FV competed for the

Table 1. Quantification of colocalization of endocytosed or
endogenous proteins in CD34" MKs via the Pearson overlap
coefficient

Proteins

Pearson N (number of
A B coefficient cells analyzed)
Alexa568-scuPA Alexa488-uPAT 0.85 *+ 0.03 7
Alexa488-scuPA Alexa568-FV 0.563 + 0.06 5
Alexa488-uPAT Alexa568-FV 0.51 £ 0.12 5
Alexa568-scuPA Alexa488-fibrinogen 0.70 £ 0.08 5
Alexa488-scuPA Alexab555-FcRAP 0.65 + 0.17 13
scuPA IFITM-3 0.66 = 0.11 5
scuPA VWF 0.38 + 0.03 7
uPAT VWF 0.38 + 0.03 5
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uptake of Alexa-488 scuPA and uPAT in in vitro-grown CD34%
MKs in a concentration-dependent manner (Figure 2D and E,
respectively), supporting that uPAs are stored in a-granules that
contain physiologically endocytosed proteins.

uPA is taken up via LRP1

The finding that uPAT localizes within the same a-granules as scuPA
and extensively colocalizes with FV led us to investigate the
involvement of LRP1, which mediates FV endocytosis.*’ Prior
studies showed that LRP1 is expressed during late mega-
karyopoiesis but is lost before PLT release,*> and we confirmed this
by WB (Figure 3A). Flow cytometry analysis also confirmed LRP1
expression on day-12 CD34" MKs (supplemental Figure 5A).
Internalized scuPA is colocalized with LRP-1 in day-11 CD34" MKs
(Figure 3B; supplemental Figure 6). Alexa-488 scuPA and the LRP
chaperone/antagonist Alexa-555 FCRAP?” overlapped after their
endocytosis (Figure 3C; Table 1), and partially inhibited the uptake of
Alexa-488 scuPA, uPAT, and FV (Figure 3D).

We asked whether PLTs released in vivo from injected MKs into
NSG mice express LRP1. Nontreated and scuPA-loaded day-12
CD34* MKs were injected into NSG mice, aliquots of blood were
withdrawn 6 hours after injection of MKs, and LRP1 was measured
on human PLTs in whole mouse blood by flow cytometry. Like
infused donor-derived PLTs, released human PLTs do not express
LRP1 in the circulation whether the MKs had been exposed to
scuPA or not (supplemental Figure 5B-D).

uPA and fibrinogen share an endocytic pathway in
CD34* MKs

Fibrinogen is endocytosed via integrin allbp3 in PLTs and MKs.
On confocal microscopy, CD34" MKs coincubated with Alexa-568
scuPA and Alexa-488 fibrinogen showed extensive overlap of the
proteins (Figure 4A; supplemental Figure 7; supplemental Video 3).
The allbp3-blocking antibody ReoPro”®*° reduced uptake of both
fibrinogen and scuPA but did not significantly affect endocytosis of
FV (Figure 4B). Coincubation with FCRAP and ReoPro did not
further reduce uptake of Alexa-488 scuPA than FcRAP alone
(Figure 4C), suggesting a common point in the pathway of uptake
blocked by FCRAP and ReoPro. In support of this shared pathway,
we observed extensive colocalization of the endocytosed scuPA,
both with LRP1, which carries out endocytosis of its ligands via
clathrin-coated pits*® and with IFITM3 (Figure 4D; supplemental
Figure 8; supplemental Video 4; Table 1), which mediates endo-
cytosis of fibrinogen in CD34" MKs and PLTs through clathrin-
coated pits via clathrin and allbp3.

32,44

Limited colocalization of uPA and endogenously
expressed VWF

Next, we asked whether scuPA and/or uPAT endocytosed by CD34™*
MKs colocalized with endogenously expressed proteins stored in
a-granules.*” We found very limited colocalization of endocytosed
scuPA and uPAT with VWF (Figure 4E; supplemental Figure 9;
Table 1; supplemental Video 5) and platelet factor 4 (PF4)
(supplemental Figure 10), suggesting that endocytosed uPAs and
endogenous VWF are nearly completely segregated into different
a-granules in MKs.

THROMBOPROPHYLAXIS BY MEGAKARYOCYTE-DELIVERED uPA 3801



A scuPA uPAT Overlay Profiles
90
80
= 70
221 |
=
= 40 ! ‘ D
5 30| H\
& 20 »*]L W”vn"b ’y,,l“ 40 B scuPA 12 =
10 bl . f : @ =
o it ‘ll‘uul\m{.wmﬁllm‘.th = mFv =
g 30 9 3
0 2 4 6 8 10 12 14 = l =
o . - =
Profile distance (pum) 3 20 6 2
@ 5
B % 10 3 X
scuPA FV Overlay = S
0 0
80 O O © O O &
0 P WL S O
Z 60 FV (nM)
=
& 50
£ 40
S 30
& 20 E
10 50 WuwPAT 10 5
0 e R oy
O 9 & © 2,00 NORD S 40 s =
- 5 e
Profile distance (pm) = 30 L6 =
= I g
2 20 L4 =
c uPAT Fv Overlay § 10 |, X
o
) o) =~
= Q Q §’ QQ QQ QQ
2 v AN SN
£ FV (nM)
=
=
=
%)
0 2 4 6 8 1012 14 16
Profile distance (um)

Figure 2. scuPA, uPAT, and FV share an endocytic pathway in CD34" MKs. (A) Representative confocal images of day-10 CD34" MKs loaded simultaneously by

preincubation with Alexa-568 scuPA (red) and Alexa-488 uPA-T (green) for 24 hours. Nuclear staining by DAPI is in blue. Overlap is in yellow and is shown to the right. Scale bar is
shown. Quantitative analysis of overlap is shown in Table 1. (B-C) Similar confocal image studies as in panel A but of CD34* MKs preincubated with (B) Alexa-488 scuPA or (C)
Alexa-488 uPAT for 24 hours and then incubated with Alexa-568 FV for 2 hours (red) on day 11. White segmented lines in overlay images represent profiles along which the
intensity of the fluorescence signal in each channel was measured using the ImagelJ software. The plotted profiles are presented in right panels. Abscissa indicates the length of
the profile in pm. Ordinate indicates relative fluorescence intensity. Coincidence of the peaks might provide clear evidence for colocalization of the signal in indicated channels. (D-
E) Uptake of (D) Alexa-488 scuPA or (E) Alexa-488 uPAT, each at 400 nM, by day-11 CD34" MKs in the absence or presence of Alexa-568-FV (0-400 nM). Abscissa denotes MFI

measured by flow cytometry. Mean £ 1 SD are shown. n = 4 independent experiments.

Endocytosed scuPA and uPAT differ in degradation of
a-granular proteins

In QPD and in PLT uPA-transgenic mice, a-granular proteins are
proteolyzed by plasmin activated by the stored uPA, potentially
compromising hemostasis.'*'®"® Therefore, we investigated
whether exogenously added uPAs also trigger proteolysis of pro-
teins stored in the a-granules of in vitro—grown CD34% MKs.
Because we did not detect PLG in the lysates of in vitro—grown
CD34* MKs (supplemental Figure 11), we inferred that these cells
would only contain PLG in vivo if it were endocytosed from plasma.
To study the effects of PLG on uPA-loaded MKs, we used CD34*
MKs preloaded with Alexa-488 scuPA and Alexa-568 FV for 18
hours and then added for 18 hours Alexa-647 ncPLG, which
cannot be converted to active plasmin®® to avoid activation/
degradation of endocytosed scuPA or uPAT and FV. We found
significant colocalization of endocytosed uPAs, FV, and ncPLG

3802 PONCZ et al

in the o-granules of CD34* MKs (Figure 5A; supplemental
Figure 12).

We asked whether endocytosed uPAs would be activated by the
presence of endocytosed native PLG and lead to degradation of
endocytosed FV and/or endogenous VWF. We found that the
copresence of endocytosed scuPA and PLG led to degradation of
FV but not VWF, on western blot (Figure 5B). A similar study, but
with added uPAT instead of scuPA, resulted in less FV degradation
and, again, no cleavage of endogenous VWF (Figure 5B).

In vivo studies of uPA-PLTs

Next, we examined in vivo in mice whether endocytosed uPA by
in vitro—grown CD34" MKs affects thrombopoiesis and subse-
quent PLT half-life and agonist responsiveness. We used a model
for studying the biology of released human PLTs that we had
described previously (Figure 6A).°" This model recapitulates the
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Figure 3. LRP1 mediates uptake of scuPA, uPA-T, and FV by CD34* MKs. (A) Representative WB, done as in Figure 1B, of lysates from THP-1 cell line as the positive
control,*® donor-derived PLTs, and day-11 CD34* MKs using anti-LRP light chain rabbit polyclonal antibody followed by HRP-conjugated goat anti-mouse antibody and HRP-

conjugated anti—f-actin antibody as the loading control. (B) Confocal images of day-11 CD34" MKs preloaded with scuPA (1 pM) for 24 hours and stained with mouse anti-uPA

monoclonal antibody and anti-LRP1 rabbit polyclonal antibody followed by Alexa-488 goat anti-mouse polyclonal antibody (green) and Alexa-555 goat anti-rabbit polyclonal

antibody (red) and DAPI nuclear stain (blue). (C) Confocal images of day-11 CD34" MKs preloaded with Alexa-488 scuPA for 24 hours (green) followed by incubation with Alexa-
555 FcRAP for 2 hours (red) on day 11. Scale bar is shown. Profile measurements in panels C-D are as in Figure 2A. (D) Inhibition of scuPA, uPA-T, and FV uptake by FCRAP.
Day-11 CD34" MKs were incubated with Alexa-488 scuPA or Alexa-488 uPAT or Alexa-568 FV (200 nM) in the absence or presence of FCRAP (2 uM) for either 8 or 24 hours,
and MFI was measured using flow cytometry. Ordinate denotes percent uptake in the presence of FCRAP relative to in its absence. Mean * 1 SD is shown. n = 3 to 4 independent

studies. Data were analyzed using an ordinary 1-way ANOVA.

pulmonary release of PLTs from MKs*® and in which the PLTs
closely resemble donor-derived PLTs.*' We found that both
unmodified and uPA-exposed MKs released a similar number of
PLTs per infused MK, time to maximal PLT count, and PLT survival
at 24 hours (Figure 6B). The uPA content per PLT appeared to
remain stable over the study (Figure 6C) and uPA-MKs and uPA-
PLTs had similar responsiveness to human-specific, thrombin
receptor activating peptide 6 (Figure 6D and E, respectively).

In vivo, we also examined whether the uPA-PLTs, released from
uPA-MKs, mediate thrombolysis in mice. NSG mice, which tolerate
infusion of human MKs or PLTs,®" formed carotid artery thrombi
and blood flow reduction in response to Rose Bengal photo-
chemical injury (Figure 7B, orange bar). To focus on uPA released
by human PLTs, we studied NSG transgenic mice that are
homozygous for a mutant murine VWFR'32%" that binds to the
human glycoprotein Ib/IX but not mouse glycoprotein Ib/IX on
PLTs. These NSG/VWFR'328H mice exhibit a mild to moderate
bleeding diathesis characterized by the absence of clot formation,
as evidenced by greater blood flow after the photochemical injury
than that of NSG mice (Figure 7B, dark grey bar vs orange bar).
After injection of unmodified human CD34" MKs into NSG/
VWEFR'326H mice the amount of blood flow was reduced to that
seen in NSG mice (Figure 7B, blue bar vs orange bar). In contrast,
injection of CD34* MKs preloaded with either scuPA or uPAT,
provided brisk fibrinolysis nearly to the extent seen with no human
MK infusion in NSG/VWFR'328H mice, consistent with the released
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uPA-PLTs preventing nascent thrombus formation after induction
of a vascular injury (Figure 7B, red and green bars vs blue bar).?’

We compared fibrinolysis by scuPA, packaged in MKs with non-
treated MKs and with nontreated MKs plus infused scuPA (40 pg
per 20 g mouse) in NSG/VWFR'326H mice. Infusion of unpackaged
scuPA plus nontreated MKs had a trend to increase fibrinolysis, but
compared with nontreated MKs the difference was not significant
(Figure 7C, pink vs orange bar), whereas fibrinolysis in mice
receiving the scuPA-MKs was significantly different from the mice
receiving the nontreated MKs (Figure 7C, brown vs orange bar). To
estimate how much uPA is delivered into the mouse by 3 x 10°
scuPA-MKs, we lysed a fixed number of scuPA-MKs and measured
the concentration of uPA by enzyme-linked immunosorbent assay,
and then calculated the total amount of scuPA present in 3 x 10°
scuP-MKs. We calculated 8.8 £ 5.1 ng per 20 g mouse, a dose
~4500 times lower than the dose of free scuPA infused along with
nontreated MKs (Figure 7C). Therefore, <10 ng scuPA packaged
within MKs was ~4500 times more effective then free scuPA
infused at a dose 2 mg/kg to provide similar (Figure 7C, pink vs
brown bars) clot lysis effect in NSG/VWFR'328H mice. These data
support our hypothesis that uPA-MKs—derived uPA-PLTs release a
concentrated wave of the drug locally at the nascent thrombus.

Discussion

We had pursued a promising approach to targeted thrombolysis
using PLTs to deliver a fibrinolytic agent to sites of nascent
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thrombosis, avoiding lysis of mature thrombi. We called such PLTs
“antithrombotic thrombocytes.” Our prior in vivo studies in mice
showed that infusing uPA-containing PLTs isolated from transgenic
mice that expressed scuPA during megakaryopoiesis into wild-type
mice led to clot lysis without causing bleeding’*; however, it was
not clear how we could translate this genetic approach to clinical
care and circumvent the excessive a-granule protein proteolysis by
uPA-generated plasmin, seen in QPD.'®"® The development of
technologies to generate donor-independent in vitro—generated
MKs®"°? and potentially PLTs has led to the first description
of infused in vitro—generated PLTs in a patient®® and suggested
a new strategy of generating antithrombotic thrombocytes.
We envisioned that in vitro—differentiated MKs could be incubated
with uPA before infusion to a patient, with the released PLTs
containing sufficient uPA to achieve effective fibrinolysis of incip-
ient thrombi.

We tested 2 different uPAs: (1) scuPA being a full-length uPA that
retains plasmin activation but is known to be able to be taken up by
uPAR®%°* as well as other receptor systems on MKs,**°® and (2)
uPAT, a low—molecular weight uPA that lacks a plasmin activation
site but instead can be activated by thrombin.*® Our reason to

3804 PONCZ et al

study uPAT was to limit proteolysis of uPA in the PLT a-granule
pool that is seen in QPD.'®'® Another reason is that requiring
thrombin to be present would limit proteolytic activation of uPAT to
actively thrombosing sites in which thrombin would be available as
opposed to mature thrombus sites.

Surprisingly, scuPA and uPAT had similar endocytic characteristics
into MKs: both were targeted to the same granular pools in in vitro—
differentiated MKs. Uptake of these uPAs appears to overlap with
uptake of naturally endocytosed proteins, FV and fibrinogen, with
considerable overlap in the granules in which they are stored.
Approximately half of FV endocytosis had been reported to occur
via LRP1,*" and we show the same for the uPAs. We also show
that the uPAs are also taken up via allbp3 binding. Whether IFITM3,
which participates in the uptake of fibrinogen in PLTs during
inflammation*® and colocalizes with endocytosed scuPA in CD34*
MKs (Figure 4D), is sufficient for uPA uptake by human PLTs in
inflammatory states in the absence of LRP1, or whether inflam-
mation induces reexpression of LRP1 in PLTs enabling them to
endocytose uPA, needs be elucidated in future studies. The LRP1
and ollbpf3 pathways were not completely independent because
the sum total of uptake via these 2 pathways never exceeded
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approximately half of the total uptake of the uPAs. Whether the
remaining uptake by MKs of the uPAs, FV and fibrinogen, involves a
less-specific mechanism such as pinocytosis needs to be
examined.®”°®

We speculated that MKs grown in vitro in a specified cultured
medium may have a-granules lacking the exogenous proteins nor-
mally endocytosed from the marrow stroma (ie, “naked a-granules”)
and be especially able to endocytose other proteins as part of PLT-
delivered targeted therapy. Our studies showed that FV and
fibrinogen added to the medium competed with uPA uptake. The
highest level of uPA uptake occurred when no competing protein
was present. Whether uptake was limited by a-granule storage
capacity or the availability of surface receptors and their limited
capacity to recycle to the surface during megakaryopoiesis is
untested. What is clear is that the capacity to endocytose uPAs
was lost by released PLTs, likely because of the fact that receptors,
such as LRP1, were no longer present on the PLT surface
(Figure 3A; supplemental Figure 2). Thus, MKs can store func-
tionally significant amounts of a protein normally not present in
these cells. The released, modified PLTs are capable of performing
biological functions distinct from their natural roles.

Our studies also support that uPAT would have less risk of pro-
teolysis of a-granular proteins than scuPA. We show that the risk is
greatest for other endocytosed proteins and less so for endoge-
nous proteins such as VWF. This is distinct from what is seen in
QPD and in our transgenic mice expressing murine uPA in
which both exogenous and endogenous proteins were proteo-
lyzed."**%°% We propose that PLG is initially endocytosed by MKs
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into an endocytosis a-granule compartment, but with time, these
admixed with an endogenous a-granule compartment in the MKs
and in the subsequent PLTs. Our studies with added scuPA and
PLG were too short-lasting to see this admixing of the 2 original
pools, and so although endocytosed FV was clearly digested, VWF
in the endogenous a-granule pool was protected. In contrast to
added scuPA plus PLG, added uPAT plus PLG had reduced FV
proteolysis (Figure 5B).

Our murine in vivo data support that uPA-MKs retained their
capacity to release functional PLTs after infusion (Figure 6). Both
scuPA-PLTs and uPAT-PLTs appear to be equally effective in
preventing significant thrombus growth at a site of photochemical
injury in a carotid artery model. Although in the presence of added
PLG, scuPA-MKs may proteolyze o-granule proteins, in the
absence of added PLG to the media, scuPA as well as uPAT
should not be activated, leaving all a-granule proteins intact.
Whether having a thrombin-activatable site in uPAT, rather than a
plasmin-activatable site in scuPA, results in more targeted fibrino-
lysis to the site of new thrombi and allows greater discrimination
from mature thrombi need to be further tested.

Finally, besides targeted storage of uPAs in PLTs, a similar strategy
of delivery of a protein of interest to a site of vascular injury has
been proposed for FVIIl in hemophilia A°®®" and ADAMTS13 in
thrombotic thrombocytopenic purpura.®>®® It may also be useful to
deliver antiangiogenic proteins in prevention of hematogenous
cancer spread or anti-inflammatory proteins in a number of
vasculitides. The further development of a practical system for
in vitro—PLT preparation from MKs is the major limitation. Once
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such a system is accepted clinically, its use for targeted delivery of
a wide variety of therapeutics could be pursued. Many of these
uses may require much smaller numbers of modified PLTs than
needed for maintaining hemostasis and PLT counts.

a-granule pool distinct from those containing endogenously
expressed proteins such as VWF and PF4. PLG is also endocy-
tosed by MKs, and its co-uptake with scuPA and FV leads to
complete FV proteolysis, but its co-uptake with uPAT leads to
limited FV degradation. In these studies, VWF is not proteolyzed,
consistent with their segregation to a distinct a-granule pool. In vivo
studies show that thrombopoiesis and PLT biology are not affected

In summary, in vitro—grown MKs in defined media can endocytose
ectopic proteins such as scuPA and uPAT. The uptake of these

uPAs are by pathways that overlap with those used by naturally
endocytosed proteins, such as FV and fibrinogen, and the addition
of these proteins can compete with uPA uptake. uPA uptake can
be partially blocked by inhibiting uptake through LRP1 using
FcRAP and uptake via allbp3 using abciximab. These 2 overlapping
pathways only account for half of uPA uptake. The basis for the
remaining uptake is unclear. The endocytosed uPAs are in an
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by MK incubation with these uPAs, and the resulting PLTs can
prevent nascent thrombi formation in mice. These studies suggest
a new strategy for targeted intravascular therapy using in vitro—
generated PLTs that may be of benefit for selective fibrinolysis and
serve as a model for other potential clinical uses. However, the
clinical application remains to be determined in light of the potential
differences between a murine model and clinical disease, and
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Figure 7. Antithrombotic effects of uPA-PLTs. (A)
Schematic representation of the in vivo thrombosis model.
Day-12 CD34" MKs that had been loaded with scuPA or
uPAT for 24 hour were injected in NSG or NSG/VWF mice.
Infused MKs are trapped in the lung vasculature in which
they release PLTs.*® Photochemical intravascular injury is
induced by injection of Rose Bengal and exposure to a
540 nm laser.”® Human PLT released from CD34* MKs

(green) are incorporated into the nascent thrombus also In vitro MKs

+ uPA exposure
containing murine PLTs (red). (B) Area under the curve

(AUC) of blood flow over the first 40 minutes after injury. The
genotype of the recipient mice and the infusion of CD34*
MKs are shown in the abscissa as well whether the MKs had
been incubated with scuPA or uPAT. The mean = 1 SD and
the number of independent experiments are shown in each
bar. P values show outcomes in NSG/VWEF studies
compared with NSG control studies (orange bar) as
determined by ordinary 1-way ANOVA analysis. (C) AUC of
blood flow over the first 40 minutes after injury. The
genotype of the recipient mice and the infusion of CD34*
MKSs without or along with scuPA (2 mg/kg) are shown in the
abscissa as well as whether the MKs had been incubated
with scuPA. The mean = 1 SD and the number of
independent experiments are shown in each bar. P values
show outcomes in NSG/VWEF studies compared with NSG
control mouse (purple bar) as determined by ordinary 1-way
ANOVA analysis.
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because in vitro—generated MKs and PLTs are still in an early stage
of clinical development.
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