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Abstract

Bone marrow (BM) is the central immunological organ and the origin of hematological diseases.
Efficient and specific drug delivery to the BM is an unmet need. We tested delivery of fluorescent
indocarbocyanine lipids (ICLs, DiR, DiD, Dil) as a model lipophilic cargo. Systemically injected
T-lymphocyte cell line Jurkat delivered ICLs to the BM more efficiently than erythrocytes, and
more selectively than PEGylated liposomes. Near infrared imaging showed that the delivery was
restricted to the BM, lungs, liver and spleen, with no accumulation in the kidneys, brain, heart,
intestines, fat tissue and pancreas. Following systemic injection of ICL-labeled cells in
immunodeficient or immunocompetent mice, few cells arrived in the BM intact. However,
between 5-10% of BM cells were ICL-positive. Confocal microscopy of intact BM confirmed that
ICLs are delivered independently of the injected cells. Flow cytometry analysis showed that the
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lipid accumulated in both CD11b+ and CD11b- cells, and in hematopoietic progenitors. In a
xenograft model of acute myeloid leukemia, a single injection of 10 million Jurkat cells delivered
DiD to ~15% of the tumor cells. ICL-labeled cells disappeared from blood almost immediately
post-intravenous injection, but numerous cell-derived microparticles continued to circulate in
blood. The microparticle particle formation was not due to the ICL labeling or complement attack
and was observed after injection of both syngeneic and xenogeneic cells. Injection of
microparticles produced in vitro from Jurkat cells resulted in a similar ICL delivery as the
injection of intact Jurkat cells. Our results demonstrate a novel delivery paradigm wherein
systemically injected cells release microparticles that accumulate in the BM. In addition, the
results have important implications for studies involving systemically administered cell therapies.
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INTRODUCTION

Hematological malignancies, anemias, and autoimmune diseases originate in the bone
marrow (BM). In addition, the microenvironmental niche and availability of growth factors
[1] make the BM an ideal site of metastasis for cancers, including prostate, bladder, and
breast [2]. Due to the fenestrated nature of the supplying blood vessels (sinusoids), BM is
considered a semipermeable organ [3]. Sinusoidal openings allow egress of mature
erythrocytes, platelets, and leukocytes into the blood [4]. At the same time, the movement
into the BM is more restricted, although the permeability increases due to radiation damage
or inflammation [3]. Recent papers demonstrated the accumulation of nano-sized drug
delivery systems in the BM; for example, PLGA nanoparticles [5] and quantum dots [6] in
mice, and PEGylated liposomes in patients [7]. Negatively charged liposomes that serve as a
basis for the anti-leukemic drug CPX-351 (Vyxeos)[8] have been shown to accumulate in
the BM and deliver cytarabine and daunorubicin. While the delivery of water-soluble drugs
does not pose a problem, there is a wide range of lipophilic drugs, prodrugs and bioactive
lipids for which efficient drug delivery systems are needed [9].

Notwithstanding the evidence that conventional drug delivery systems accumulate in the
BM, we questioned whether cells are also able to deliver a payload to the BM. Cell-based
therapies are some of the oldest types of treatments (e.g., blood transfusion, bone marrow
transplantation), which are becoming an emerging frontier in treatment of diseases.[10-12].
There has been substantial research on mechanisms of BM homing and engraftment of
hematopoietic stem cells (HSCs) and leukemic cells [13-16]. Homing occurs within hours
post the infusion of donor cells, as opposed to engraftment, which takes days [17]. The
release of CXCL12 (SDF-1) from BM stroma and recognition via CXCR4 leads to the
expression of adhesion molecules, extravasation and retention of the cells in the BM
extracellular matrix [1]. Additional emerging factors in the cell homing are selectins [18],
integrins, and tetraspanins in the polarized membrane domains [16, 19, 20].
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Here, we evaluated cell-based delivery to murine BM using a model fluorescent membrane
payload. Indo(carbo)cyanine lipids (ICLs) DiO, Dil, DiD, and DiR are extremely bright
fluorescent dyes for labeling of membranes, e.g., for tracking of cells [21, 22] [14, 23]. Our
group and others reported that ICLs are extremely stable in membranes with minimal
transfer and exchange in plasma [24-26]. Some of the stability can be attributed to the
highly lipophilic nature of the dyes and mild cationic charge, allowing the lipids to be stably
embedded in the negatively charged cell bilayer.[27] ICLs are highly convenient as they
allow multimodal tracking of the accumulation process, as well as the cellular and
histological analysis. We used off-shelf cell lines with a documented ability of engraftment
in the BM [31, 32]. There is great interest in the use of off-shelf cell lines for therapies,
including CAR-T and NK cells [28, 29]. Antigenic determinants of cells can be efficiently
deleted with CRISPR-Cas9 or other gene-editing technologies [30], and various kill switches
can be engineered. Serendipitously, we observed that cellular microparticles released from
cells in vivo, rather than the intact cells, efficiently delivered the lipid payload to the BM.
These findings have important implications for drug delivery using off-shelf cell lines, as
well as for mechanistic and biodistribution studies involving cell therapies.

1) Cells deliver ICLs to BM more efficiently than erythrocytes and more selectively than

liposomes

To compare BM delivery of a lipophilic cargo using different carriers, we labeled T-
lymphocyte cells Jurkat 2° and mouse red blood cells (RBCs) with 25 uM DiD (Fig. 1A).
The protocol results in a highly efficient incorporation of ICLs, with up to 107 lipid
molecules/cell [33] and over 95% of labeled cells and RBCs (Fig. 1B), while assuring high
viability. After the labeling, over 95% of Jurkat cells were viable by Trypan blue staining
and proliferated in culture similarly to the non-labeled cells (Supplemental Fig. S1). To test
the delivery of ICLs via a nanocarrier we prepared DiD-labeled PEGylated liposomes (half-
life ~20 hours [26]). Equal amounts of fluorescence of Jurkat, RBCs and liposomes were
injected in immunocompetent BALB/c mice. One day post injection, mice were perfused via
left ventricle and the BM was analyzed with flow cytometry. According to Fig. 1C-D, there
were ~1% DiD+ events in RBC-injected mice, vs. 4% and 8.8% DiD+ events in Jurkat- and
liposome-injected mice, respectively. This results suggests that RBCs show lower efficiency
of BM delivery than liposomes or cells, and therefore RBCs were not included in subsequent
studies.

To evaluate the efficiency of BM delivery via cells and liposomes as a function of the
immune system, and also to enable ex vivo organ imaging, we labeled Jurkat cells and
liposomes with a near infrared ICL DiR and injected them into immunodeficient NOD/LtSz-
SCID IL2Ryc null (NSG) mice, which are commonly used for engrafting leukemias in the
BM [34]. Liposomes and Jurkat showed similar delivery efficiency to the BM in NSG mice
(Fig. 1E). Following DiR Jurkat injection, there were ~2-fold more ICL+ events in NSG
mice than in BALB/c mice, but the difference was not statistically significant (Fig. 1F).
Organs of NSG mice injected with DiR Jurkat showed accumulation in the liver spleen, lung
and BM, with no accumulation in kidneys, intestine, thymus, pancreas, fat and brain
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(Fig.1G). Lung clearance of intravenously injected cells is a wellknown phenomenon [35,
36]. At the same time, liposomal DiR showed more widespread accumulation in the liver,
spleen, lung, kidneys, thymus, pancreas, and small intestine (Fig. 1H). These results suggest
that Jurkat cells show somewhat lower delivery efficiency but better selectivity for BM than
liposomes.

2) ICLs are delivered to BM independently of the injected cells and accumulate in both
immune and non-immune cells

To investigate further the mechanism of BM delivery of ICL via cells, we doubly labeled
Jurkat cells with DiR and carboxyfluorescein succinimidyl ester (CFSE), which covalently
labels intracellular proteins and enables in vivo tracking of cells [37]. Both dyes efficiently
labeled the cells, but their distribution was different: CFSE accumulated mostly in the
cytoplasm and nucleus, whereas DiR was localized both in the membrane and inside the
cells (Fig. 2A-B). Flow cytometry analysis of BM post injection of DiR/CSFE Jurkat in
NSG mice showed ~8% DiR+ events at 2h and 24h, but only 2.5% and 0.5% DiR+/CFSE+
events at 2h and 24h, respectively (Fig. 2C-D). These data suggest that the homing ability of
Jurkat is low, and most of the lipid is delivered independently of the cells.

Next, we used a myeloid leukemia cell line that was labeled via stable cytoplasmic
expression of green fluorescent protein (GFP-MOLM13), that engrafts in NSG mice [31].
As with Jurkat cells, DiR labeling up to 25uM did not affect proliferation of GFP-MOLM13
(Supplemental Fig. S1). GFP-MOLMZ13 cells were efficiently labeled with DiR, and some of
DiR was localized on the membrane (Fig. 2E-F). Twenty-four hours following systemic
injection of DIR/GFP-MOLM13, there ~10% of DiR+ events, but less than 0.5% of DiR
+/GFP+ events in the BM (Fig. 2G-H). DiR biodistribution was similar to that of Jurkat
cells (Fig. 21-J). The low level of cell homing was not due to the ICL labeling: injection of
non-labeled Jurkat or MOLM13 cells resulted in less than 0.1% of human CD45+ events in
the BM of NSG and BALB/c mice (Supplemental Fig. S2). To understand if DiR can be
delivered via syngeneic mouse cells, we obtained bone marrow-derived macrophages
(BMDM) from BALB/c mice. Following injection of 10 million DiR/CFSE BMDMs
(Supplemental Fig. S3) in BALB/c mice, around 2.5% of BM events were DiR+, and less
than 0.5% were DiR+/CFSE+ at 24h (Supplemental Fig. S3), suggesting that syngeneic
mouse cells also deliver ICL, albeit with lower efficiency than human Jurkat and MOLM13
cells.

The data clearly demonstrate that only a small fraction of injected cells homes to the BM,
and ICLs are mostly delivered independently of the cells. To study the distribution of ICLs
in non-fixed, intact BM, we developed an ex vivo confocal imaging setup via bone window
in femurs and tibia. Jurkat cells were labeled with Dil (ICL analog of Cy3) and CFSE, while
blood vessels and BM cells were labeled pre-mortem by injection with DyLight 649 lectin
[38, 39]. Two hours post-injection of cells in NSG mice, only a few Dil+/CFSE+ cells were
detected per field (Fig. 3, arrowheads), but many sinusoids and BM cells were Dil+ (Fig. 3,
asterisks). Upon higher magnification, many Dil+/CFSE+ and Dil+/CFSE- microparticles
could be observed both inside and outside the cells (Fig. 3, middle and bottom panels).
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To identify cell types that take up ICLs in the BM of BALB/c mice, we prepared DiD-
labeled Jurkat cells and PEGylated liposomes. According to Table 1 and Supplemental Figs.
S4-12, at 24h post injection ~8% of CD11b+ cells were DiD+, and ~3% of CD11b-cells
were DiD+. Small percentages of neutrophils, monocytes, eosinophils, T cells and B-cells in
the BM were DiD+. A significant proportion of committed hematopoietic progenitors
(CD48+/CD150+ and CD48+/CD150-) were also DiD+. Liposomes showed higher uptake
of DiD by monocytes and lower uptake by neutrophils and T-lymphocytes. We next
questioned whether Jurkat cells could deliver ICLs in a GFP-MOLMZ13 xenograft model of
acute myeloid leukemia. DiD-labeled Jurkat cells (10 million) were injected in mice with
advanced disease (~10% of GFP-MOLM13 cells in the BM, Fig. 4A-B). According to Fig.
4A-B, at 24 h post-injection between 2.5% and 16.5% of GFP-MOLM13 cells were DiD+.
The disease did not significantly affect overall accumulation efficiency, with ~7% of BM
events being DiD+ (Fig. 4B), versus ~10% in healthy NSG mice (Fig. 1F). Confocal
microscopy of intact BM v7a bone window showed that GFP-MOLM13 cells were
concentrated in the endosteal region, and some of the tumor cells colocalized with DiD (Fig.
4C).

3) ICL delivery to the BM is mediated via in vivo-released microparticles

Despite the fact that the number of injected DiR/CFSE Jurkat cells (10 million) was
comparable to that of total blood leukocytes in an adult mouse, only few DiR+/CFSE+
events were detectable in blood at 2h and 24h post injection in NSG mice (Fig. 5A).
Microscopy of a blood smear collected 1 min post-injection of DiR/CFSE Jurkat showed
rare DiR+/CFSE+ cells, but numerous DiR+/CFSE+, DiR+/CFSE- and DiR-/CFSE+
microparticles, most of them smaller than RBCs (Fig. 5B). Microparticles were also
observed 1 min post-injection of DiR-labeled GFP-MOLM13 cells (Fig. 5B), non-labeled
GFP-MOLM13 cells (Supplemental Fig. S13) and autologous DiR/CFSE labeled mouse
splenocytes injected in BALB/c mice (Supplemental Fig. S14). The particle number and size
were similar for DiR-labeled CFSE Jurkat and non-DiR-labeled CFSE Jurkat (Fig. 5C),
suggesting that microparticle formation is not due to the ICL labeling. Incubation of CFSE
Jurkat or GFP-MOLM13 cells in vitro in fresh BALB/c serum in presence or absence of
10mM EDTA (inhibitors of complement) did not affect the microparticle release and did not
reduce the cell count (Supplemental Fig. S15), which rules out complement as the main
mechanism of the release of cellular microparticles. These results suggest that /n vivo
release of cellular particles is a general phenomenon and is not the artifact of the ICL
labeling or complement-mediated destruction of xenogeneic cells in mice.

Cells are known to release extracellular vesicles, from nano-sized exosomes to
microparticles, to larger apoptotic bodies, [40] and cell derived particles can be efficiently
labeled with ICLs [41]. Some microparticles could be observed among DiR-labeled cells
before injection (not shown). Staining of Jurkat cells painted with DiR with Annexin VV
showed about 19% of true apoptotic cells (Supplemental Fig. S16). Injection of cell
supernatant harvested from Jurkat cells labeled with high concentrations of DiR (50uM and
100uM) did not lead to accumulation of DiR in the BM (Supplemental Fig. S17), suggesting
that any microparticles and free DiR released prior to the injection do not contribute to the
observed phenomenon. We prepared cellular microparticles from DiR/CFSE Jurkat cells by
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brief bath sonication. The sonication resulted in microparticles with mean size of ~1um (Fig.
6A and Supplemental Fig. S18). Flow cytometry and ex vivo NIR imaging after injection of
intact cells and microparticles (same injected dose of DiR) showed similar efficiency of BM
accumulation and similar organ distribution (Fig. 6B—D). Confocal microscopy via bone
window confirmed a similar efficiency of delivery for intact Dil/CFSE Jurkat cells and cell-
derived microparticles (Fig. 6E).

DISCUSSION

We report here a novel phenomenon where systemically injected cells release microparticles
in vivo that deliver the payload to the BM. This conclusion is supported by several lines of
evidence: 1) the number of ICL-labeled cells in the BM was significantly higher than the
number of CFSE- or GFP-labeled cells; 2) as soon as 1 min post-injection, multiple cellular
microparticles were detectable in blood; 3) microparticles generated by sonication of cells
accumulated in the BM as efficiently as the after injection of the same dose of intact cells; 4)
the supernatant purified from ICL-labeled cells showed minimal accumulation in the BM,
suggesting that preexisting free particles and dye are not responsible for this phenomenon.

The mechanism of /n vivo release of microparticles, as well as the mechanism of preferential
accumulation in the BM, needs to be further investigated. Previous studies suggested
fragmentation and apoptosis of adoptively transferred stem cells injected /n vivo[36, 42].
While we found that a fraction of DiR painted Jurkat cells is apoptotic /n vitro, the release of
microparticles was observed in blood even after injection of GFP-MOLM13 cells that did
not undergo painting and/or incubation in vitro. The release of particles was observed for
both human and mouse cells, and was independent of ICL labeling. The very fast release is
unlikely to be due to the complement, because the particle release was observed in NSG
mice that lack functional hemolytic complement system (C5 and Membrane Attack
Complex [43]), and we did not find an increased fragmentation of cells after incubation in
complement-sufficient mouse serum. Our current hypothesis that shear forces and
interaction with vasculature trigger the fragmentation of cells and release of microparticles.
Interestingly, metastatic cells released from tumor site are subjected to shear forces and very
few of them survive in the systemic circulation [44] Another open question is why the
majority of the particles in the BM was ICL-positive but CFSE-negative. ICLs are very
stable in membranes in serum [24—26], ruling out the transfer to serum lipoproteins as the
main mechanism of in vivo formation of the particles. It is possible that ICLs are pinched off
as part of membrane microdomains in vivo. It is also possible that: a) some microparticles
have very low cytoplasmic content; b) CFSE was lost/diluted during in vivo passage of
microparticles; While the purpose of this study was to use a model florescent payload rather
than actual lipid drug, the results suggest an interesting direction for drug delivery. We
previously demonstrated that ICLs can be derivatized with biomolecules and small
molecules [45, 46]. In addition, other lipid prodrugs have been developed [47, 48] and those
can be incorporated in the cell membrane. The biodistribution of ICLs delivered via particles
was limited to the liver, spleen, and BM, which was more selective than liposomes and more
efficient than RBCs. RBCs appear to be more suitable for the delivery of membrane
payloads to the intravascular compartment as well as long circulating carrier [49] [50]. The
studies utilizing cellular microparticles for drug delivery are ongoing in our laboratory.
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Our findings explain certain previously described phenomena in experimental hematology/
oncology. Thus, intravital imaging studies demonstrated that BM homing of GFP-labeled
HSCs is a rare event[51]. Furthermore, some studies have shown that culturing of leukemic
cells and HSCs leads to decreased homing [16, 17], likely due to a loss of membrane
polarity and receptors that mediate cell adhesion [16]. Shedding of cellular microparticles
could lead to a loss of critical receptors and membrane domains, thereby decreasing homing
efficiency. Previous reports suggested a lateral transfer of ICLs from HSCs to the
surrounding cells in the BM [52, 53], which was ascribed to “microenvironmental
contaminants” or trogocytosis by adjacent cells. Based on our data, the release the ICL-
labeled particles happens immediately after the injection, well before the cells arrive to the
BM. While we used higher ICL concentrations than normally used for cell labeling and
tracking (3-10 pM [23]), the labeling did not decrease the cell viability, and the shedding of
particles was also observed for cells without the dye. Interestingly, previous report suggested
that formalin fixation of leukemic cells prevented the accumulation of DiR in the BM [23],
which could be due to the decreased ability of fixed cells to shed particles.

Finally, our findings underscore the pitfalls in the studies that employ membrane dyes for
tracking stem cells and cancer cells [23, 54] and suggest a possibility that /n vivo generated
particles rather than intact cells accumulate in organs and tissues. Given the significant
interest in the use of extracellular vesicles for drug delivery [55], our findings represent a
new angle of research on the role of cellular particles in organ-specific homing for drug
delivery.

Materials and Methods

Materials:

DiD (1,1’-Dioctadecyl-3,3,3’,3’-Tetramethylindotricarbocyanine, 4-chlorobenzenesulfonate
salt), Dil (1,1’-Dioctadecyl-3,3,3’,3’-Tetramethylindotricarbocyanine Perchlorate) and DiR
(1,1’-Dioctadecyl-3,3,3’,3’-Tetramethylindotricarbocyanine lodide) were from Biotium
(Hayward, CA, USA) and were stored as 1 mM sock in ethanol. Whatman Nucleopore
Track-Etch Membranes (0.2 um and 0.1 um pore size), bovine serum albumin, hydrogen
peroxide (H,0,) and ethyl alcohol were from Sigma-Aldrich (St. Louis, MO, USA).
Nitrocellulose membrane (0.45 um) was from Bio-Rad (Hercules, CA, USA). CFSE was
from eBioscience (Carlsbad, CA, USA). Hydrogenated soy phosphatidylcholine (HSPC),
cholesterol, distearyl phosphatidylethanolamine (DSPE)-PEG-2000 were from Avanti Polar
Lipids (Alabaster, AL, USA). RBC Lysis/Fixation Solution was from BD Biosciences (San
Diego, CA). FITC Annexin V, Annexin V Binding Buffer, Fc blocker anti-CD16/32
(#101302), PE anti-human CD184 (CXCR4, #306505), PE mouse IgG2a k isotype
(#400211), PE/Cy5 anti-mouse CD3 (#100309), PE/Cy7 anti-mouse CD19 (#115520), FITC
anti-mouse CD170 (Siglec-F, #155504), APC/Cy7 anti-mouse Ly-6G (#127624), PE/Cy5
anti-mouse CD48 (#103420), Alexa Fluor® 488 anti-mouse CD150 (SLAM, #115916),
APC/Fire™ 750 anti-mouse CD115 (CSF-1R, 135535), and FITC anti-mouse/human
CD11b (#101206) were from BioLegend (San Diego, CA, USA), anti-CD63 antibody
(#SC-5275; RRID: AB_627877) was Santa Cruz Biotechnology, anti-alpha-tubulin antibody
(#14-4502-82; RRID: AB_1210456) was from eBioscience. Nuclear staining reagent
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Hoechst 33342 trihydrochloride tirihydrate was purchased from Life Technologies
(Carlsbad, CA, USA). Fetal bovine calf serum, RPMI 1640 and DMEM growth medium
supplemented with L-glutamine were from Corning Inc. (New York, NY, USA). DyLight®
649 was from Vector Laboratories (Burlingame, CA, USA). N-ethylmaleimide (NEM) was
from Alfa Aesar (Ward Hill, USA).

Jurkat T-cell leukemia and MOLM13 acute myeloid leukemia cell lines were obtained from
Dr. Craig Jordan, University of Colorado. GFP/Luc-MOLMZ13 cells obtained from Dr.
Andreeff, MD Anderson Cancer Center. Cell lines were verified using University of
Colorado sequencing core. Cells were grown at 37°C in RPMI 1640 medium containing
10% heat-inactivated fetal bovine serum, 10 mM HEPES, 100 U/ml penicillin and 100 ng/ml
streptomycin (all from Corning Inc. New York, NY, USA). Bone marrow derived
macrophages (BMDMs) were isolated from femurs of BALB/c female mice (6—10 week old)
and differentiated in DMEM medium supplemented with 10% L929-conditioned medium,
10% heat-inactivated FBS and 1% Pen-Strep under 10% CO, at 37°C as described by us
before [56]. Splenocytes were isolated from BALB/c mice by pushing freshly isolated
spleens through 40 pum nylon cell strainer (BD Biosciences), washing the cells with
19%BSA/PBS 3 times, and lysis of RBCs according to the manufacturer’s instructions

Cell and RBC labeling:

For CFSE labeling, Jurkat cells in a logarithmic growth phase were collected and washed
twice with PBS to remove serum. Cells were resuspended at 1x107/mL in PBS (pre-warmed
to room temperature). CFSE was added at 10 uM final concentration, mixed with cells
immediately, and cells were incubated for 10 minutes at 37°C in the dark. Labeling was
stopped by addition of 200 ul FBS. Cells were incubated on ice for 5 minutes, washed 3
times with RPMI 1640 containing 1% BSA at 330g for 5 min. To label cells with ICLs,
CFSE-labeled, or non-labeled cells (2x107 cells per tube) were resuspend in 400 pl of 1%
BSA/RPMI and incubated with DiR, DiD or Dil for 1 hour at 37°C in the dark with
occasional mixing. Cells were washed three times with 1% BSA/RPMI at 300g for 5 min.
Finally, the cells were resuspended in 300 pl of 1% BSA/RPMI. To label RBCs, 50-100 pl
of whole blood was collected from the orbital venous plexus of BALB/c mice using a
heparinated capillary glass tube, washed three times in 1% BSA/PBS at 15009, being careful
to remove the buffy coat. RBCs were labeled with 25 uM DiR or DiD as described above.

In order to normalize the injected amount of fluorescence for different carriers, labeled
RBCs, Jurkat and liposomes were spotted at different dilutions on a nitrocellulose membrane
and scanned with Bio-Rad gel scanner at DiD (Cy5) wavelength, or with Li-COR Odyssey
at DiR (800 nm) wavelength. The fluorescence signal (mean fluorescence) in 8-bit TIFF
images for each formulation was determined with ImageJ software. The formulations of
labeled carriers were diluted accordingly in order to inject the equal amount of fluorescence.

Liposome preparation:

Lipids (molar ratios: HSPC/Chol/DSPE-PEG2000/ICL 56.32/38/5.21/0.37) in chloroform
were mixed and dried under nitrogen stream. The dry lipid cake was resuspended in PBS for
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a total lipid composition of 20 mM, then incubated at 60°C for 30 minutes. The solution was
then vortexed for 2 minutes, sonicated and vortexed for 30 seconds, repeated three times.
The solution was extruded at 60°C using an Avestin manual extruder (Avestin, Ottawa,
Canada) through Whatman Nucleopore Track-Etch Membranes (through 200nm pore size
15 times, then through 100nm pore size 15 times). A Zetasizer Nano (Malvern, UK) was
used to measure the size of the liposomes in PBS. Liposomes were stored at 4 °C at a final
concentration of 20 mM lipid for a maximum period of 2 weeks before use.

Animal experiments:

The University of Colorado Institutional Animal Care and Use Committee (IACUC)
approved animal experiments (protocol 103913(11)1D). Mice were treated according to
regulations provided by the Office of Laboratory Animal Resources at the University of
Colorado. BALB/c and NOD/LtSz-SCID IL2Ryc null (NSG) mice were bred in-house.
Mice of 8-10 weeks age (males and females) were used for experiments. In order to
determine the distribution of ICLs after injection, mice were injected intravenously with
cells, cellular particles obtained from cells, or with fluorescence dose-matched RBCs and
liposomes. Mice were sacrificed with carbon dioxide (CO,) followed by cardiac perfusion
with PBS through left ventricle. The heart, liver, spleen, kidney, thymus, pancreas, fat,
intestine, brain, and limb bones were arranged in a 6-well plate and scanned with a Li-COR
Odyssey at 700 nm for autofluorescence and 800 nm for DiR. Mean fluorescence was
determined from 8-bit TIFF images using ImageJ software by subtracting the background,
drawing a region of interest around the organs, and using “measure” function to determine
mean gray values. Such measurement is independent of the organ “area” and is proportional
to the dye concentration.

For analysis of ICL accumulation following injection /in vivo, 30-50 ul of heparinated blood
was obtained. Erythrocytes were lysed with RBC lysis buffer per manufacturer’s
instructions. For experiments involving injection of labeled RBCs, RBCs were not lysed.
Cells were centrifuged, washed in 1% BSA/PBS and resuspended at 1x10%/ml. To collect
bone marrow cells, humerus and femur were dissected, the bone marrow cavity was flushed
with 8 ml of 1% BSA/PBS, cells were centrifuged at 400g for 5 min, and the supernatant
was discarded. Erythrocytes were lysed, the cells were washed three times and resuspended
in 1% BSA/PBS.

Flow cytometry analysis:

For bone marrow staining for surface markers, cells were harvested from BM as described
above. After lysis of erythrocytes and washing the cell pellet with 1% BSA/PBS, Fc
receptors were blocked with an Fc blocker at 4°C for 10 minutes, followed by incubation
with antibodies against main surface markers for 30 minutes at 4°C. Cells were analyzed for
fluorescence with Guava EasyCyte HT flow cytometer (Luminex Corp., Seattle, WA). Cells
were resuspended at ~1 million/ml and at least 10,000 events were counted. Forward
scattering threshold was set to >2200 in order to exclude debris. The data were analyzed
using FlowJo software v.10 (BD Life Sciences, Ashland, OR). Percentages of BM cells
positive for ICLs were determined for injected and control non-injected mice (at least 3 mice
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per group). The percentages of ICL+ BM cells were calculated after subtraction of control
values.

Zeiss Axio Observer 5 epifluorescent microscope equipped with X-Cite 200DC light source
and Axiocam 506 monochromatic camera using Cy?7 filter set, catalog number 49007,
Chroma Corporation (McHenry, IL, USA) was used. For blood particle imaging, 5 pl of
fresh diluted or non-diluted blood was placed on a slide, covered with a cover slip, and at
least 20 images per slide were acquired under 200x magnification. Number of particles per
image and mean particle size were determined with ImageJ particle count function (after
thresholding of background fluorescence). To further study the distribution of fluorescence
in the intact bone marrow, a bone window model was generated. Two hours post injection,
mice were sacrificed and tibial and femoral bones were dissected and cleaned from muscle
and connective tissues. Cortical bone was scraped away with the lateral edge of a 19G
needle as close to the endosteum as possible while keeping a thin layer of residual bone. For
delineating the vasculature and bone marrow cells, mice were preinjected 30 min prior to the
experiment with 50 pl of DyLight 649 tomato lectin (1 mg/ml). Alternatively, mice were
preinjected with 40ul Hochest33324 (10 mg/mL) to label nuclei. Bone was placed on a
cover slip with the window facing the glass and imaged with Nikon Eclipse AR1IHD
confocal microscope using 405 nm (Hoechst), 488 nm (CFSE or GFP), 561 nm (Dil) and
640 nm (DyLight 649 or DiD) excitation lasers and corresponding emission filters.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Cells delivered a model lipid payload (indocarbocyanine lipid DiR) to murine
bone marrow more efficiently than erythrocytes and more selectively than
liposomes

. The lipid payload was delivered to the bone marrow independently of the
injected cells

. The lipid payload was delivered to the bone marrow via microparticles
released in vivo

. The phenomenon was independent of the immune system of the host and was

observed for syngeneic and xenogeneic cells

. In vitro preformed microparticles efficiently delivered the lipid payload to the
bone marrow
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Fig. 1. Accumulation efficiency of ICLs in murine bone marrow following systemic injection of
different lipid carriers:

A) Labeling of cells with ICLs; B) DiD labeling efficiency of mouse RBCs and Jurkat cells.
Red, before labeling; cyan, after labeling; C-D) DiD-labeled cells, RBCs, or liposomes (long
circulating PEGylated liposomes (Doxil® formula)) were injected in BALB/c mice (same
dose of fluorescence). Flow cytometry of BM shows much lower delivery via RBCs (n=3, 2-
way ANOVA with multiple comparisons); E) similar level of accumulation of DiR after
injection of DiR liposomes or DiR Jurkat cells; F) DiR Jurkat accumulation in BALB/c and
in NSG mice (difference non-significant, n=3-4; 2-way ANOVA with multiple
comparisons); G-H) ex vivo imaging of organs after injection of DiR-labeled Jurkat or
liposomes in NSG mice. Organs were scanned with Li-COR Odyssey at 700 nm
(autofluorescence, red) and 800 nm (DiR, green). Liv=liver, s=spleen, k=kidney, t=thymus,
I=lung, b=bone (femur and tibia), f=fat, p-pancreas, br=brain, in=intestine). Contrast was
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enhanced in all groups to the same extent. Representative images are shown (3 mice per
group). Liposomes show more widespread organ distribution that Jurkat.
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Fig. 2. ICLs accumulate in the BM independently of the injected cells:
A-B) DiR and CFSE dual labeling of Jurkat cells. Red, before labeling; cyan, after labeling;

C-D) flow cytometry of BM shows high percentage of DiR+ events but low percentage of
DiR+/GFP+ events (n=3; 2-way ANOVA with multiple comparisons). Control is the BM of
non-injected mice; E-F) DiR labeling of GFP-MOLM13 cells. Red, before labeling; cyan,
after labeling; G-H) flow cytometry of BM after injection of DiIR/GFP-MOLM13 shows
high percentage of DiR+ events but almost no DiR+/GFP+ events; I) ex vivo NIR imaging
of organs of NSG mice injected with DiR/GFP-MOLM13; J) image quantification.
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Fig. 3. Confocal imaging of ICL distribution via bone window:
NSG mice were injected with Dil/CFSE Jurkat, followed by DyLight 649-lectin (to label

blood vessels and BM cells) and imaged at 2 h (femur or tibia). Low magnification image
(top panel) shows the deposition of Dil in cells and BM sinusoids (yellow asterisks). Bone
that flanks the window has green autofluorescence. Only a few Dil/CFSE positive cells are
visible (arrowheads). Size bar 50um. High magnification and cropped images (middle and
lower panels) show accumulation of Dil-positive and Dil/CFSE-positive particles but few
Dil/CFSE-labeled cells (arrowheads). Large megakaryocytes are visible. Some particles
appear to be outside the cells. Representative images of 3 mice are shown. Size bar 100 um;
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Fig. 4. ICL accumulation in leukemic cells:
NSG mice were injected i.v with 0.5x10% GFP-MOLM13 cells to produce leukemia, and 7

days later with DiR Jurkat. A) Representative dot-plots of BM of non-injected and Jurkat-
injected mice; B) percentage of different cell subpopulations in BM (n=3). There is a
variability of disease burden (% tumor cells in BM), as well as the variability of delivery
efficiency to the tumor cells; C) confocal microscopy via bone window 24h after injection of
DiD Jurkat shows a cluster of GFP+ tumor cells in the endosteal area, some of them

containing DiD. Size bar 50 pum.
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Fig. 5. Cells release microparticles in vivo:

A) Flow cytometry of peripheral blood (RBCs lysed) after injection DiR/CFSE Jurkat cells
in NSG mice shows no cells but some DiR+ events; B) microparticles in blood 1 min post-
injection of DIR/CFSE Jurkat (top left and center) and DiR/GFP-MOLM13 (top right).
Many RBCs are visible. Some of the particles are as large as RBCs, but smaller than intact
cells. Fluorescence was enhanced to demonstrate colocalization; graphs show quantification
of particles in blood 1 min after injection of DiR/CFSE Jurkat or CFSE Jurkat (n=2 mice, at
least 40 microscopic fields counted). Particles were also observed after injection of non-

labeled GFP-MOLM13 and DiR/CFSE splenocytes (supplemental data); C) low

magnification images of freshly excised organs of NSG mice injected with DiR/CFSE Jurkat
(2h post injection) show accumulation of CFSE and DiR in the lungs, but preferential
accumulation of DiR in the liver and spleen. Size bar, 100 um.
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Fig. 6. Systemically injected microparticles accumulate in the BM:
A) DIR/CFSE Jurkat cells were bath sonicated for 5 s to generate microparticles of ~1um

mean size. Quantification of particles was done using microscopy as described in Methods;
B) Cell microparticles were injected in NSG mice. The flow cytometry gate was determined
based on non-injected control mice (not shown). Microparticles were almost absent in blood
24h post-injection but show BM accumulation; C) same injected dose (DiR) of intact cells
and microparticles (MP) produces similar accumulation efficiency; D-E) Organ imaging
shows similar bone accumulation for microparticles and intact cells. Organ labels as in Fig.
1. The contrast was enhanced to the same extent; F) Dil/CFSE Jurkat (intact and
microparticles) were injected in NSG mice. BM confocal microscopy 2h post-injection
shows similar accumulation of Dil for intact cells and microparticles. Arrowhead points to a
single Dil/CFSE-labeled cell; arrow shows Dil accumulation in supplying blood vessels.
Representative images (2 mice per group) are shown. Size bar, 100um.
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Table 1.

Characterization of DiD+ BM subpopulations:

Page 22

The values were obtained after subtracting percentages in control group (non-injected mice). HPC1 and HPC2

are hematopoietic progenitor cells at different stages of differentiation. MPP is multipotent progenitor
population. The gating strategy is shown in Supplemental data.

Jurkat-DiD | Liposome-DiD
Population Murine marker
Phagocytes CD11b+ 7.00% 8.10%
Non-phagocytes | CD11b- 2.90% 2.20%
HPC1 CD150- CD48+ 1.00% 1.70%
HPC2 CD150+ CD48+ 11.60% 8.80%
MPP CD150- CD48- 0.70% 0.10%
Eosinophils Siglec F+ 18.00% 10.80%
T cells CD3+ 6.60% 0.40%
B cells CD19+ 3.40% 5.30%
Neutrophils Ly6G+ 2.10% 0.30%
Monocytes CD11b+ Ly6C high 17.40% 20.90%
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