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Abstract

The targeted delivery of therapeutics to diseased tissue enhances their efficacy and decreases

their side effects. Here, we report enucleated mesenchymal stromal cells (MSC) as vehicles for

the targeted delivery of therapeutic compounds. The cell nuclei are removed by density gradient
centrifugation following the genetic integration of disease-targeting proteins that can be directed
to improve the tissue-specific homing properties of the cells. Enucleated MSCs do not proliferate
or permanently engraft in the host, yet retain organelles for energy and protein production,
undergo integrin-regulated adhesion to inflamed endothelial cells, and actively home to chemokine
gradients released by diseased tissues. In preclinical mouse models of acute inflammation and of
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pancreatitis, the systemic administration of enucleated MSCs, expressing two chemokine receptors
and an adhesion molecule, improved the delivery of the cytokine interleukin-10 to target tissue,
attenuating inflammation and ameliorating pancreatitis, compared to control exosomes and non-
engineered MSCs. Enucleated MSCs are therapeutic delivery vehicles that bridge the functional
properties of cells with the cargo-loading characteristics of extracellular vesicles and could be
applied to treat a wide range of diseases.

Systemic administration of conventional therapeutic agents is often accompanied by
unwanted side effects and toxicity due to accumulation in off-target sites, the lack of

drug selectivity, and the inability to completely access diseased tissues?: 2. For example,
cytokines such as IL-10 and IL-12 have potent immunomodulatory functions and potential
to treat various diseases including acute pancreatitis, inflammatory bowel diseases, and
cancer® 4. However, their short half-life in the circulation, low bioavailability in target
tissue, and adverse effects related to systemic administration hinder clinical successes?: 4.
Several targeted-delivery platforms have been developed over the years to address these
limitations and improve efficacy including nanotechnology-based drug delivery systems,
antibody-drug conjugates, and bioinspired natural delivery methods2. Bioinspired natural
delivery technologies are especially attractive because they closely mimic innate chemical
and biological characteristics of biological surfaces in chemical composition, membrane
fluidity, 3D protein presentation, and in some cases, possess innate disease targeting
abilities? 57, Naturally-derived drug delivery vehicles have been shown to display improved
biodistribution, biodegradation, immune compatibility, and reduced toxicity compared

to synthetically-derived nanotechnology-based drug delivery systems2. Several different
bioinspired platforms are currently under investigation for drug delivery that utilize bacteria,
viruses, erythrocytes, immune cells, stem cells, exosomes, membrane vesicles, and isolated
membrane ghosts? 8. Among these platforms, MSCs have gained appreciable attention as
therapeutic delivery vehicles largely due to their innate disease targeting and paracrine
secretion capacities® .

Eukaryotic cells have evolved elegant innate communication systems to guide migrating
stem and immune cells to injured or diseased tissues based on the unique expression
profiles of chemoattractants, chemokines, selectins, integrins or other cell-surface adhesion
molecules®-12, The physiological process by which cells leave the circulation and home to
diseased/injured tissues in response chemical signals is referred to as chemotactic homing!2.
The initial stage of cell homing is mediated in a highly precise and regulated manner by
specific selectins expressed by endothelial cells (ECs), which induce transient cell tethering
and rolling on the endothelium at sites of disease!2. This initial adhesion step also facilitates
cell exposure to specific chemokines displayed on the surface of ECs, which bind to their
cognate chemakine receptors to activate a cascade of intracellular signaling responses and
lead to high affinity integrin activation12. High affinity integrin receptors promote firm cell
arrest on the endothelium and cell sequestration from the circulation'2. Upon firm adhesion,
sequestered cells undergo transendothelial migration (TEM), penetrate through the basement
membrane, and then move into the perivascular spacel2. Cells continue to move through the
extravascular tissue to sites of disease or injury in response to chemoattractant gradients2.
After cells arrive at diseased foci, they continue to position themselves near injured cells
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and immune cells using chemotactic mechanisms, so that they can communicate through
membrane connections and secreted factors needed for proper immune cell communication
and healing® 1912 sjgnificant works have shown that chemotactic migration uses complex
gradient sensing mechanisms, signal transduction cascades, substantial amounts of energy
for actin-mediated cell shape changes, and actin/myosin-mediated force production, to
actively drive cell propulsion through complex tissues to sites of disease? 10: 12,

The specific ability of cells to decipher chemical guidance cues, produce energy, and
generate propulsive forces to extravasate through the vasculature uniquely sets them apart
from other nanoparticle and bioinspired drug delivery systems which lack these innate
machineries®. For example, cell-free delivery vehicles (CFDV) have been developed in the
past decade, including extracellular vesicles (EVs)®, erythrocyte-based vehicles®, and cell
membrane-derived/coated vehicles (nanoparticles or nanoghosts)’. However, CFDVs have
been denuded of critical organelles and crucial cellular machineries needed to produce
energy, activate high affinity integrin-mediated endothelial adhesion, decipher chemical
gradients, and generate propulsive forces. Therefore, current CFDVs cannot actively
chemotax through the vascular barrier nor can they physically propel themselves deeply
into complex tissues in response to chemical signals, which can reduce therapeutic efficacy®.

Ideally, cell-based delivery vehicles could be engineered with enhanced chemotactic abilities
for improved targeted drug delivery!2, but such delivery systems face several limitations
before translation to the clinic8. For example, while cells such as MSCs have natural

disease trophic properties, the inconsistent and insufficient homing of MSCs to target tissues
following systemic infusion is considered a major contributor to the inadequate efficacy

of MSC-based therapies'2. Notably, MSCs are largely limited by initial entrapment in
pulmonary capillaries after intravenous (i.v.) injection, inconsistent expression of chemokine
homing receptors, and lack of expression of endothelial adhesion molecules'2-14, This is
further compounded by the inability to control cell fate in vivo, such as the secretion of
undesired therapeutic factors, unpredictable engraftment into the body, or differentiation into
unwanted cell types in vivo, all of which significantly limit predictable and reproducible
therapeutic deliveryl®. While cell and genetic engineering approaches can overcome

many of these hurdles, obtaining regulatory approval for cells with multiple genomic
modifications remains difficult®. Here, we use recent bioengineering techniques to endow
MSCs with multiple chemoattractant receptors and endothelial cell adhesion molecules

that mediate homing to inflamed and diseased tissues. To render bioengineered MSCs

safe and controllable, we use large-scale physical enucleation to generate a new type of
disease homing CFDV, named “Cargocytes”. Cargocytes retain important intrinsic cellular
functions such as protein translation and secretion, active chemotactic migration towards
defined chemokine signals, and regulated high affinity integrin activation and endothelial
cell adhesion in vitro. In two independent animal disease models, we demonstrate that
bioengineered Cargocytes robustly home and deliver therapeutic cytokine cargos to diseased
tissues, and ameliorated disease pathology. To our knowledge, this is the first bioengineered
CFDV that utilizes active chemotaxis and endothelial adhesion machineries to deliver
therapeutic cargos efficiently and specifically to targeted tissues.
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Results

Cargocytes retain important organelles and cellular functions

The principle for physically enucleating mammalian cells using Cytochalasin B and Ficoll
density gradient ultracentrifugation was established over 40 years ago!’. However, research
of the resulting enucleated cells has been primarily limited to in vitro studies®-20, To

our knowledge, the potential of these artificially enucleated cells to be bioengineered

for in vivo therapeutic delivery has not yet been explored (Fig. 1a). While various cell

types can be enucleated (Supplementary Table 1)18-20, we selected hTERT-immortalized
adipose-derived MSCs (hT-MSC) for generating prototype Cargocytes because MSCs have
proven therapeutic potential in clinical studies and the immortalized phenotype provides

a homogenous cell population with consistent characteristics to facilitate further cell and
genetic engineering® 21, We optimized protocols to routinely achieve >95% enucleation
efficiency of hT-MSCs with an 80-90% recovery rate (Supplementary Table 1). The
hT-MSC-derived Cargocytes (“Cargocyte”) are significantly smaller than hT-MSCs in
suspension (Fig. 1b and c) and readily attach to tissue culture plates with well-organized
cytoskeletal structure (Fig. 1d). Cargocytes are viable for up to 72 hours post-enucleation,
as shown by the trypan blue dye exclusion assay (Fig. 1e). They contain crucial

subcellular organelles, including Golgi, ER, mitochondria, lysosomes, and endosomes
(Supplementary Fig. 1) and retain MSC surface marker protein expression for at least 48
hours (Supplementary Fig. 2a). Interestingly, EVs isolated from conditioned media (CM)

of Cargocytes and hT-MSCs had similar characteristic cup-shaped morphology by electron
microscopy (Fig. 1f and Supplementary Fig. 2b), similar size distribution under Nanosight
analysis (Fig. 1g), and similar amount produced (0.59g/1E6 Cargocytes versus 1.07 pg/1E6
hT-MSCs) as measured by BCA assay, suggesting that Cargocytes may actively produce and
release EVs. Moreover, Cargocytes have similar zeta potential as parental hT-MSCs (Fig.
1h) and similar Annexin V staining for at least 48 hours post enucleation (Supplementary
Fig. 2¢), suggesting the integrity of the bi-layered plasma membrane. Importantly, following
transfection with in vitro synthesized GFP mRNA, epi-fluorescent images and flow
cytometry analyses showed that Cargocytes express cytoplasmic GFP protein comparable to
hT-MSCs (Fig. 1i and j, and Supplementary Fig. 2d). Notably, Cargocytes transfected with
exogenous Gaussia Luciferase (Gluc) mRNA secreted active Gluc in CM at levels similar to
parental cells (Fig. 1k). To our knowledge, this is the first evidence that enucleated cells can
translate exogenous MRNAs and secrete functional proteins, demonstrating their functional
mRNA translation and protein secretory machineries. Together, these results indicate that
Cargocytes retain critical cell structures and functions, and therefore have potential for in
vivo homing and delivery of genetically encoded therapeutics.

Cargocytes chemotax towards chemoattractant gradients

Chemotaxis is a critical step controlling the active cell homing in vivol#, so we first
investigated the chemotactic ability of Cargocytes. Consistent with previous studies?2,
Cargocytes sensed and migrated towards various chemoattractants in an in vitro Boyden
chamber assay (Fig. 2a to c¢), and invaded through 3D Matrigel-coated membranes
towards FBS gradients in a basement membrane invasion assay (Supplementary Fig. 3b
and c). Additionally, we used a microfluidic device in which LifeAct-RFP-labeled hT-
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MSCs and Cargocytes migrate along a FBS gradient through confined 3D-constrictions
that mimic interstitial pores23. Cell chemotaxis was imaged by time-lapse confocal
microscopy to record the time required for cells to migrate through individual constrictions.
Notably, Cargocytes efficiently passed through small constrictions (<2x5um in cross
section), whereas hT-MSCs were often trapped in confined constrictions (Fig. 2d and

e, Supplementary Moviel and 2). This result suggests that Cargocytes may have better
deformability compared to parental cells, which is consistent with previous studies
showing that the nucleus is 2 to 10 times stiffer than the surrounding cytoplasm and
physically decoupling the nucleus from the cytoskeleton is sufficient to increase cytoskeletal
deformability?4-27. Together these findings demonstrate that Cargocytes retain intrinsic
chemotaxis activity, basement membrane invasion, and have better deformability than
parental MSCs, which may better facilitate passing through small capillaries, endothelial
cell layers, or interstitial spaces in vivo.

We next determined if Cargocytes can be genetically engineered de novo to express
exogenous functional chemoattractant receptors. We chose CXCR4 since it is not expressed
by hT-MSCs and the CXCR4/SDF-1a chemotactic migration axis is well understood

and clinically relevant3!. We engineered hT-MSCs with CXCR4 expression (MSCCXCR4)
via lentivirus infection and drug selection. After enucleation, Cargocytes derived from
MSCCXCR4 (CargocytesCXCR4) showed stable surface expression of CXCR4 by flow
cytometry for up to 48 hours (Fig. 2f). Importantly, CargocytesSXCR4 migrated towards
chemokine gradients of the cognate ligand SDF-1a in a dose-dependent manner (Fig.

2g). Similarly, Cargocytes engineered with the chemokine receptor CCR2 (CargocyteCCR2)
retained stable surface expression of CCR2 for at least 48 hours post-enucleation
(Supplementary Fig. 3d) and showed significant induced migration towards the cognate
ligand Ccl2 (Supplementary Fig. 3e). These findings demonstrate that Cargocytes can be
engineered de novo with chemoattractant receptors that promote chemotaxis and homing.
The cell-like chemotaxis activity of Cargocytes is a unique feature compared to other
CFDVs like exosomes, nanoghosts and erythrocytes that lack the ability for directional
migration.

Bioengineered Cargocytes interact with adhesion molecules

Besides chemoattractant receptors, bioengineering Cargocytes with endothelial adhesion
molecules like PSGL-1 could be a powerful mechanism to target i.v. administered
Cargocytes specifically to the vasculature of diseased and injured tissues, since

they commonly express the PSGL-1 ligands E- and P-selectinl2. Therefore, we

engineered hT-MSCs to express PSGL-1 with fucosyltransferase 7 (FUT-7, for functional
modification of PSGL-1) (MSCPSCL-1) via lentivirus infection. Flow cytometry showed

that CargocytePSCL-1 retained stable surface expression of PSGL-1 for at least 48 hours post-
enucleation and showed dramatically increased binding to P-/E-selectin (Fig. 3a), indicating
the engineered PSGL-1 on the surface of Cargocytes is functional.

While PSGL-1 and E-/P-selectin binding can initiate endothelial cell adhesion, localized
cytokine-induced high affinity activation of integrins like VLA-4 are required for complete
cell arrest on the vascular endothelium and subsequent chemotactic events leading to
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extravasation!2, The activation of integrin VLA-4 by CXCR4-SDF-1a. occurs via “inside-
out signaling” and is a rapid process (typically minutes) that occurs independent of

gene transcription32. To determine if endogenous VLA-4 on CargocytesC*CR4 can be
activated by SDF-1a, we used a small fluorescence-labeled peptide LDV-FITC, whose
binding can be used to monitor VLA-4 affinity changes33. Compared to non-engineered
Cargocytes, the binding of LDV-FITC on Cargocyte©XCR4 was greatly enhanced by rapid
SDF-1a stimulation (2 minutes) (Fig. 3b and c), even though they have similar VLA-4
surface expression (Supplementary Fig. 4a). While the baseline binding of LDV-FITC

on Cargocytes is lower than parental MSCs due to Cargocytes’ smaller size (Fig. 3b

and Supplementary Fig. 4b), the increase in mean fluorescence intensity (MFI) ratio

of Cargocyte®XCR4 ypon SDF-1a stimulation was similar with MSCCXCR4 treated with
SDF-1a (Fig. 3c). These findings demonstrate that Cargocytes effectively activate the high
affinity state of VLA-4 integrins in response to external chemoattractant signals, suggesting
that Cargocytes have innate capacity for integrin-mediated firm adhesion. This capability is
a unique feature among CFDV platforms which lack fundamental mechanisms to mediate
integrin activation.

Cargocytes can be engineered with multiple homing molecules

Cell homing to disease foci involves a multi-step process requiring precise coordination of
integrins, adhesion molecules, and chemokine receptorsi2 14, This prompted us to determine
if Cargocytes can be engineered to simultaneously express multiple functional chemokine
receptors and adhesion molecules important for cell homing. In proof-of-principle studies,
we bioengineered hT-MSCs to express CCR2, CXCR4, and PSGL-1/FUT-7, and cells with
high expression of all three cell surface markers (named MSCTME) were enriched by FACS.
These homing receptors commonly mediate leukocyte cell homing to most inflammatory
tissues® 12, We established 19 single cell clones from MSCT"E with high expression of all
three markers (Supplementary Table 2), and selected Clone 19 (MSCT-EC19 je  Triple-
engineered Clone 19) for subsequent experiments based on surface expression, growth rate,
and cell size. MSCTM-E C19_derived CargocyteT"E €19 showed robust migration towards
Ccl2 and SDF-1a gradients compared to single engineered Cargocytes (Supplementary

Fig. 4c) and robust interaction with P-Selectin and E-Selectin (Supplementary Fig. 4d).
Cargocyte T"-E €19 a]so showed improved adhesion to TNF-a -treated endothelial cells in
vitro (Fig. 3d and e), which mimics the inflamed endothelium in vivo with upregulated
expression of VCAM-1 and E-Selectin, but not P-Selectin (Supplementary Fig. 4e).
Cargocyte "E €19 adhesion to inflamed ECs was largely abrogated by pre-treatment of
anti-PSGL-1 or anti-VLA-4 antibodies (Fig. 3e), suggesting the interaction was partially
dependent on the expression of PSGL-1 and VLA-4 on Cargocyte """E C19_ |nterestingly,

the increased adhesion between CargocyteT""E €19 and inflamed-EC was further enhanced
by SDF-1a stimulation (Fig. 3e), suggesting SDF-1a-CXCR4 signaling may increase the
VLA-4 affinity on Cargocyte"E C19 which is consistent with the LDV-FITC binding assay
findings (Fig. 3b and c). Together our findings indicate Cargocytes are a genetically tractable
platform that can be armed with functional endothelial adhesion molecules and multiple
chemoattractant receptors with potential to improve in vivo homing and therapeutic delivery.
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Cargocytes bioengineered with homing molecules specifically home to inflamed tissue in

Vivo

We next wanted to determine if bioengineered Cargocytes administered i.v. can home

to sites of inflammation in vivo. However, one major obstacle for therapeutic cells
administered i.v. is the initial trapping in the lung capillaries, which not only reduces homing
efficiencyl3, but may also induce severe complications such as pulmonary embolism34 35,
Since Cargocytes are smaller (Fig. 1c), more deformable, and can transit through small
constrictions more effectively than nucleated parental hT-MSCs (Fig. 2d and e), we
hypothesized that Cargocytes may also pass through microvasculature (i.e. pulmonary
capillaries) more efficiently than parental cells, which may facilitate better in vivo homing to
the target tissue. To investigate this possibility, hnT-MSCs or Cargocytes were double-labeled
with LifeAct-RFP and vital dye Vybrant-DiD prior to i.v. injection in mice. Twenty-four
hours post-injection, flow cytometry analysis of lung tissue detected significantly fewer
Cargocytes compared to parental cells (> 2-fold decrease, Fig. 4a). To further decrease lung
entrapment, we cultured MSCs in hanging drops to generate 3D-cultured MSCs that were
smaller than traditional 2D-cultured MSCs and showed decreased lung trapping (Fig. 4a and
Supplementary Fig. 5b) as previously reported3®. When 3D-cultured MSCs were enucleated,
the resulting 3D-Cargocytes were the smallest and had the least lung trapping (Fig. 1c,

4a and Supplementary Fig. 5b). Subsequent in vivo homing assays used 3D-hT-MSCs and
3D-Cargocytes unless noted otherwise.

We first tested the in vivo homing ability of bioengineered MSCs and Cargocytes in

an established mouse model of acute ear inflammation (Supplementary Fig.5a). Bacterial-
derived lipopolysaccharide (LPS) was intradermally (i.d.) injected into the pinna to induce
acute, local inflammation, while saline was i.d. injected into the contralateral ear as a
control3”. This model allows examination of therapeutic cell homing quantitatively between
an inflamed and non-inflamed contralateral tissue within the same animal3’. Previous
studies suggest chemokines and endothelial adhesion molecules play important roles in
cell homing to inflamed tissues0: 12, Consistent with these studies, SDF-1a, Ccl2, Vcam1,
Icaml, and P-Selectin, but not E-Selectin, were upregulated in inflamed ears compared

to controls, starting 6 hours post-LPS injection (Supplementary Fig. 5¢). 3D-MSCs were
labeled with Vybrant-DiD and i.v. injected into mice 6 hours after LPS injection. Mouse
tissues were harvested 24 hours later and analyzed by flow cytometry for DiD*F4/80~
cells. The pan-macrophage marker F4/80~ was used to exclude the possibility of non-
specific Vybrant-DiD incorporation into mouse macrophages3®. Independent expression of
either CCR2, CXCR4, or PSGL-1 improved MSC specifically homing to the inflamed

ear compared to non-engineered hT-MSCs, indicating that these proteins are functional in
vivo and contribute to homing (Supplementary Fig. 5d). Notably, MSCT""E simultaneously
expressing all 3 surface proteins showed the greatest homing (Supplementary Fig. 5d),
suggesting that bioengineering cells with multiple adhesion and chemoattractant receptors
greatly improves disease targeting potential.

Based on these findings, we next tested the homing ability of CargocyteT"E C19 jn this
model. 3D-Cargocyte T""E €19 robustly homed to the inflamed ear, but not to the uninflamed
control ear from the same mouse, suggesting the homing is specific (Fig. 4b). While
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non-engineered 3D-Cargocytes and 3D-Cargocyte '""E €19 had similar low levels of lung
trapping (Supplementary Fig. 5e), 3D-CargocyteT"E C19 had a >6-fold increased homing to
the inflamed ear (Fig. 4b), suggesting that bioengineering with CCR2, CXCR4, and PSGL-1
enabled Cargocytes to specifically and efficiently home to the target tissue in vivo. 3D-
Cargocyte"E C19 a]s0 showed significantly better homing compared to mouse D1 MSCs or
D1 Cargocytes (Fig. 4b), which is a syngeneic MSC line from BALB/c mice that possesses
endogenous homing abilities3®. Importantly, 3D-Cargocyte"E €19 had an approximate 2-
fold increase in homing to inflamed tissue compared to parental 3D-MSCT"-E €19 \which is
likely due to reduced lung trapping by Cargocytes (Supplementary Fig. 5e and 6).

The homing result was independently confirmed using a bioluminescence assay with firefly-
luciferase (Fluc). It is notable that firefly-luciferase is an intracellular enzyme that requires
ATP for functional bioactivity?°. Therefore, the bioluminescence assay only detects viable
cells/Cargocytes expressing Fluc in different tissues at the time of imaging. MSCTr-E C19
and Cargocyte'E C19 transfected with Fluc mRNA showed comparable bioluminescence
in vitro (Supplementary Fig. 7a). Consistent with our results using Vybrant-DiD labeling,
the bioluminescence assay showed 3D-Cargocyte""E C19 had decreased lung trapping but
dramatically increased homing to the inflamed ear compared to 3D-MSCT""E C19 a5 early
as 2 hours post i.v. injection (Fig. 4c and Supplementary Fig. 7b). There was minimal
accumulation in other organs such as liver and kidney (Supplementary Fig. 8 and 9).

We also investigated 3D-Cargocyte T""E €19 homing to inflamed ears and their ability

to extravasate out of the vasculature using whole-mount immunostaining with specific
antibodies against human mitochondria and the vascular endothelial marker CD31
(Supplementary Fig. 10a). Confocal imaging revealed 3D-Cargocyte "E €19 were only in
the inflamed ear outside vessel lumina and in the interstitial connective tissue, indicating that
3D-Cargocyte "-E C19 yere not passively trapped in the ear vasculature but extravasated

into surrounding tissues (Fig. 4d and Supplementary Fig. 10b). Taken together, these
findings demonstrate that Cargocytes bioengineered with cell adhesion molecules and
chemoattractant receptors can specifically and efficiently home to inflamed tissue, with
minimum lung trapping and accumulation in non-inflamed organs.

Cargocytes deliver bioactive cytokine to attenuate tissue inflammation and damage

Next, we investigated the ability of bioengineered Cargocytes administered i.v. to home and
deliver anti-inflammatory biologics to inflamed tissues using the same ear inflammation
model. As proof-of-principle, we chose human IL-10 (hIL-10) since it is a potent and
clinically important anti-inflammatory cytokine, for which clinical applications require more
efficient and specific delivery methods®. Cargocytes transfected with in vitro synthesized
human IL-10 mRNA (Supplementary Fig. 11a) (Cargocyte-1L-10) produced IL-10 for up to
72 hours in vitro, which was similar to parental MSCs transfected with IL-10 (MSC-IL-10)
(Fig. 5a). Non-transfected hT-MSCs did not secrete detectable IL-10 in vitro (Fig. 5a)

and CM collected from MSC-IL-10 or Cargocyte-1L-10 activated Stat3 phosphorylation in
mouse RAW macrophages in vitro, confirming that secreted hIL-10 was biologically active
on mouse cells (Fig. 5b).

Nat Biomed Eng. Author manuscript; available in PMC 2022 July 20.
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Consistent with their improved homing potential to inflammatory tissues, 3D-
CargocytesT"E C19 resylted in the highest levels of h1L-10 delivery to the inflamed ear
with lowest level of hIL-10 in the mouse plasma, compared to 3D-MSCTM-E €19 or
non-engineered D1 MSC and D1 Cargocytes (Fig. 5¢ and Supplementary Fig. 11c). All
contralateral (control) ears from treated animals had little detectable h1L-10 (Fig. 5¢),
indicating delivery of hIL-10 to inflamed ears was highly specific. We measured the hIL-10
levels in mouse ears and plasma at different time points post i.v. injection (Supplementary
Fig. 11 d to g). The results suggest that the h1L-10 delivered by 3D-MSCT"-E C19 gng
3D-Cargocytes "E C19 reached a peak in inflamed ears at 24 hours post injection and

then gradually decrease over time, while 3D-Cargocytes"E €19 delivered more hIL-10
than 3D-MSCTM-E C19 (Sypplementary Fig. 11 d and e). In contrast, recombinant hiL-10
injected i.v. was not detected in inflamed ears and was quickly eliminated in the circulation
(Supplementary Fig. 11 f and g), which is consistent with its reported short plasma
half-life4l. Furthermore, while LPS inflamed ears from PBS-treated mice showed severe
hemorrhage and edema with leukocyte infiltrates, mice treated with 3D-Cargocytes'"-E
IL-10 had minimal hemorrhage and edema and reduced leukocyte infiltration (Fig. 5d). It is
notable that the increased fluid and cellular infiltration correspond to increased thickness
of the pinna, which is a quantifiable marker of inflammation3’. While the thickness

of saline-injected control ears was unchanged and comparable across all groups, both
engineered MSC and Cargocyte-treated animals had significantly thinner LPS-inflamed ears
compared to control mice (Fig. 5e). Additionally, the expression of inflammatory markers
IL-6, IL-1p and TNF-a were significantly downregulated in ears of mice treated with
3D-Cargocytes"E C19 || -10 compared to PBS-treated mice (Fig. 5f, and Supplementary
Fig. 11h and 11i). Therefore, Cargocytes bioengineered with homing receptors and adhesion
molecules specifically home to target inflamed tissues where they produce and deliver
anti-inflammatory cytokines that effectively reduce local inflammation in vivo.

Bioengineered Cargocytes ameliorate acute pancreatitis

We further tested the therapeutic delivery of bioengineered Cargocytes in a disease

model of acute pancreatitis (AP). AP is a severe disease with significant morbidity and
mortality that currently lacks effective treatments#2 43, Caerulein is a decapeptide analog
of hormone Cholecystokinin (CCK), which can stimulate exocrine pancreatic secretion
and induce AP in pre-clinical mouse models** 45, Previous studies suggested frequent
systemic administration of high doses of anti-inflammatory cytokine IL-10 in pre-clinical
AP models can greatly attenuate the inflammation and mitigate the disease*®: 47, However,
repeated high doses of IL-10 are not cost-effective in clinical applications and may also
lead to unwanted severe complications such as anemia, suggesting a specific and efficient
delivery vehicle may be necessary?. In early stage of caerulein-induced AP, chemokines
such as Ccl2 and SDF-1a, and adhesion molecules such as E-/P-Selectins and VVcaml,

are all significantly upregulated in the inflamed mouse pancreas (Supplementary Fig.
12a), suggesting bioengineered Cargocytes""E C19 may be an ideal delivery vehicle to
specifically deliver IL-10 to the inflamed pancreas. We assessed the homing of Cargocytes
and parental MSCs in AP mice by Vybrant-DiD labeling and FACS analysis as in Fig. 4b.
Compared to non-engineered 3D-Cargocytes, 3D-Cargocytes ""EC19 homed more efficiently
(>11-fold) to the inflamed pancreas (Fig. 6a). 3D-Cargocyte""E €19 also had a >2-fold
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increase in homing to the inflamed pancreas and decreased lung trapping compared to
parental 3D-MSCT"-E €19 (Fig. 6a and Supplementary Fig. 12b). In the healthy non-treated
pancreas, both 3D-Cargocyte "E €19 and 3D-MSCTME €19 had minimum accumulation
(Fig. 6a). This result was independently confirmed using the bioluminescence assay as in
Fig. 4c (Supplementary Fig. 13). Importantly, compared to parental 3D-MSCT-E C19 3D
Cargocyte "E C19 also delivered IL-10 protein more efficiently (> 2-fold) to the inflamed
pancreas (Fig. 6b), which correlated with decreased expression of the inflammatory gene
markers, Ccl2, TNF-a, IL-1pB, and IL-6 (Fig. 6¢ and Supplementary Fig. 14d). Infusion

of 3D-Cargocyte "E €19 _-10 also significantly reduced blood serum levels of lipase

and amylase (Fig. 6d), which correlate with the severity of pancreas damage*3. And
histological analyses showed reduced acinar cell necrosis, lower interstitial edema, and
less inflammatory cell infiltration in the damaged pancreas (Fig. 6e and f, Supplementary
Fig. 14e and f). Notably, 3D-CargocyteTE €19 or 3D-MSCT"-E C19 without IL-10 did

not significantly affect caerulein-induced pancreatitis (Fig. 6b to f). Together, our results
demonstrate that bioengineered Cargocyte"E C19 can efficiently deliver bioactive anti-
inflammatory cytokine IL-10 to the inflamed pancreas, which greatly ameliorates the disease
in an established clinically relevant AP model.

As expected, animals i.v. injected with a single dose (8ug/kg body weight) of recombinant
hIL-10 protein had minimal effects in all inflammatory and AP markers, probably due to

the short half-life of IL-10 protein in circulation (Fig. 6b to f)*8. Also, as a comparison

to recognized therapeutic delivery platforms, we tested commercially available bone
marrow-derived primary MSCs (BM-MSC) and purified BM-MSC-derived exosomes (B-
exosomes) loaded with IL-10 mRNAs in the AP model. While infusion of BM-MSCs+IL-10
significantly increased the level of IL-10 in the serum and in the lung (Supplementary Fig.
14c), the actual 1L-10 levels detected in the inflamed pancreas were negligible (Fig. 6b),
suggesting that BM-MSCs are inefficient at homing and delivering IL-10 to the inflamed
pancreas. Similarly, animals injected with B-exosomes loaded with IL-10 mMRNA showed no
detectable IL-10 in the inflamed pancreas and only a slight increase in serum IL-10 levels
(Fig. 6b and Supplementary Fig. 14c).

Of final note, administration of bioengineered, human MSC-derived Cargocytes in these
mouse models did not produce any detectable negative health effects in over 300 mice, as
determined by clinical observation and gross examination of tissues by a board-certified
veterinary pathologist (C.N.A.). BALB/c mice i.v. injected with Cargocytes had no
significant change in the plasma concentration of pro-inflammatory cytokines IL-6, IL-18,
TNF-a and IFN-y (Supplementary Table 3), nor in complete blood counts (Supplementary
Table 4) or in comprehensive blood chemistry analysis (Supplementary Table 5). Moreover,
as a prototype for clinical use, we labeled cell nuclei with Histone 2B-GFP and generated
Cargocytes of 99.999% purity through FACS, without loss of viability or migration ability
(Supplementary Fig. 15a to c). Furthermore, Cargocytes recovered at slightly higher rates
than hT-MSCs after long-time cryopreservation (>1 month) and maintained both viability
and migration ability after thawing (Supplementary Fig. 15d to f), which facilitates the
logistics of storage and delivery for clinical applications. While more comprehensive safety
studies will be necessary before clinical use, we conclude that Cargocytes have the potential
to be a safe and effective vehicle for targeted therapeutic delivery.
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Discussion

Therapeutic agents administered systemically often result in unwanted side effects and
toxicity due to accumulation in off-target sites, the lack of drug selectivity, and the

inability to completely access diseased focil: 2. Therefore, there is a substantial need for
novel systems which can deliver therapeutics precisely to diseased tissues to decrease
unwanted side effects and improve efficacy. The primary goal of this study was to develop
a bioinspired delivery vehicle that specifically targets diseased tissues while maintaining

a safe and controllable profile important for clinical applications. Our unique approach
facilitates the introduction of multiple genetic elements into a cell without introducing major
safety concerns, since the modified chromatin is removed during enucleation. Enucleated
cells are distinct from other CFDVs in that they retain crucial organelles for energy and
protein production, do not proliferate or permanently engraft in the host, undergo regulated
integrin-mediated adhesion to inflamed endothelial cells, and actively home to specific
chemokine gradients released by diseased tissues. Cargocytes are also distinct from CFDVs
in that they actively extravasate out of the vasculature and synthesize/secrete therapeutics at
the site of disease. In proof-of-principle, Cargocytes engineered with CXCR4, CCR2 and
PSGL-1 showed significantly improved homing and delivery of anti-inflammatory cytokine
IL-10 to target tissue compared to normal MSCs and exosome vehicles, which attenuated
inflammation and ameliorated pancreatitis. These findings indicate that the innate cell-like
functions of Cargocytes can be further enhanced through cell and genetic engineering to
improve therapeutic delivery.

Cargocytes also possess several distinct features over intact cell delivery vehicles. First, it
remains difficult to obtain regulatory approval for clinical use of extensively engineered
cells (especially stem cells like MSCs) due to safety concerns!®. Second, primary cells
harvested from donors are usually heterogeneous and not amenable to creating proliferative
clonal cell lines due to senescence after in vitro passaging, which limits bioengineering

and therapeutic capacities*®. Third, Cargocytes have a more defined and predictable cell
fate in vivo because they cannot perform new gene transcription and therefore cannot be
induced to differentiate or produce unpredictable paracrine factors, nor can they engraft and
proliferate uncontrollably. This ensures that crucial therapeutic features established through
bioengineering ex vivo are correctly conveyed in vivo, making Cargocyte therapeutic
delivery more precise and reliable for clinical applications with reduced off-target effects.
Fourth, compared to intact cells, Cargocytes are smaller and lack rigid nuclei (Fig. 1c, 2d,
2e and Supplementary Fig. 5b), which translates to decreased lung entrapment and improved
biodistribution (Fig. 4a and Supplementary Fig. 5e, 6, 8, 9, and 12b), and improved homing
to target tissues (Fig. 4b, 4c, 6a, and Supplementary Fig. 7b and 13). These unique attributes
significantly improved therapeutic delivery to diseased tissues (Fig. 5¢ and 6b), compared to
their larger nucleated parental MSCs. Importantly, because Cargocytes are more deformable
and migrate through small vessel-like constrictions better than cells (Fig. 2d, 2e, and
Supplementary Movies 1 and 2), patients may have a lower risk of severe adverse events
such as pulmonary or cerebral emboli associated with systemic administration of cells with
nuclei34 3550, Therefore, Cargocytes are uniquely positioned between cells and other
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CFDV platforms (i.e., exosomes, erythrocytes, or nanoghosts) that are currently under
development for clinical applications.

One of the greatest challenges of current CFDVs is the inability to actively migrate

across the endothelium into target tissue interstitium to disease foci following systemic
administration®. Moreover, other CFDVs cannot be genetically engineered to actively
produce and secrete therapeutic proteins. Cargocytes on the other hand actively home to
diseased tissues, exit the vasculature, synthesize and secrete defined therapeutic proteins
within disease foci. Cargocytes can also be loaded with or engineered to produce various
therapeutic agents alone or in combination such as small RNAs, small molecule drugs,
peptides, antibodies, and cytoplasmic-replicating viruses (Supplementary Table 6)°1. We
envision that Cargocytes could be used as a stand-alone cell-like therapeutic or be combined
with other therapeutics to treat specific diseases. For example, disease-homing Cargocytes
could be used to transport drug-loaded nanoparticles across the vascular barrier deep into
the tissue parenchyma or facilitate stem cell transplantation and regenerative medicine
applications through priming the stem cell niche. Cargocytes can also be generated from
many cell types with therapeutic potential (Supplementary Table 1) that could be exploited
to safely and controllably modulate the immune system, produce cancer vaccines, or serve
as diagnostic tools and imaging modalities for a wide range of clinical applications. In
addition, Cargocytes are ideally suited for precision medicine applications due to their
genetic tractability and payload versatility. For example, Cargocytes could be engineered
with specific disease targeting moieties and therapeutic payloads tailored to each patient’s
specific disease and unique biomarker profile.

Manufacturing and scalability of cells and CFDVs can be limiting for clinical
applications®2. Cargocytes can be generated from immortalized single cell clones cultured
in scalable spinner flasks, which facilitate consistent large-scale production and banking
of cryopreserved stocks. And because of the widely-accepted use of density gradient
ultracentrifugation for clinical applications like virus and exosome purification®3 and the
commercially available large-scale continuous flow ultracentrifuge systems®*, we envision
that large-scale production of Cargocytes for clinical use is achievable. While Cargocytes
have a defined lifespan, our results suggest most Cargocytes home to the target tissue

in the first 24 hours after i.v. administration. Additionally, if necessary, the half-life of

the Cargocyte payload can be increased to improve dosing regimens and clinical efficacy
by recent bioengineering techniques (e.g. antibody/cytokine fusion to extracellular matrix
binding domains, cytokines fused to albumin, or FC antibody fragments, etc.) °°. Finally,
while our initial studies indicate that Cargocytes can be systemically administered in mice
without detectable adverse health events, more comprehensive safety studies will be required
prior to clinical applications. In summary, Cargocytes provide a new platform technology
that combines cell enucleation and bioengineering techniques to generate a versatile
therapeutic delivery vehicle with potential to treat a range of diseases in a controllable

and effective manner with an improved safety profile.
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All animals were housed and treated according to the University of California San Diego
animal welfare guidelines as described and approved by the UCSD Institutional Animal
Care and Use Committee (protocol #512005) in a specific pathogen-free vivarium. The
light cycle was 6am to 6pm; the temperature was between 69 to 71 degrees F; the

humidity was between 40-60%. BALB/cJ and C57BL/6J mice were purchased from Jackson
Laboratory. The co-first author of the study, Dr. Christina N. Alarcén, is a board-certified
veterinary pathologist (Diplomate, American College of Veterinary Pathologists, Veterinary
Medical Board license #VET19413). She designed and supervised all experimental animal
procedures including animal colony management, injections, tissue collection, tissue
processing, organ histopathology, and daily animal health examinations. Mouse serum
chemistry analyses and whole blood counts were performed in the ACP Diagnostic Services
Laboratory at UCSD.

Human telomerase reverse transcriptase (hnTERT)-immortalized, adipose-derived
mesenchymal stromal cells (hereinafter referred to as “hT-MSC”) were purchased from
ATCC (#SCRC-4000™). Primary human bone marrow-derived MSCs were obtained
through Texas A&M College of Medicine’s Institute for Regenerative Medicine. Primary
human umbilical cord-derived MSCs were a generous gift from Dr. Mana Parast (UCSD).
MSCs were cultured in complete culture medium (CCM) including alpha MEM (Gibco
#12561) supplemented with 16.5% Premium FBS (Atlanta Biologics S1150), 1% HEPES
(Gibco #15630), 1% Glutamax 100X (Gibco #35050), and 1% Anti-Anti 100X (Gibco
#15240). D1 MSC (ATCC® CRL-12424), NK-92 cell (ATCC® CRL-2407), RAW 264.7
cells (ATCC® TIB-71), HEK-293 cells (ATCC ® CRL-1573), HL-60 cells (ATCC®
CCL-240), L929 cells (ATCC® CCL-1) and NIH3T3 cells (ATCC® CRL-1658) were
purchased from ATCC and cultured according to ATCC instructions. Briefly, RAW 264.7,
HEK-293, L929 and NIH3T3 cells were cultured in DMEM (Gibco, #11960) with 10%
FBS; D1 MSCs were cultured in DMEM (Gibco, # 670116) with 10% FBS; NK-92

cells were cultured in RPMI with 10% FBS and 100 U IL-2/ml (Discovery Labware,
#CB40043); and HL-60 cells were cultured in RPMI with 20% FBS. Human Umbilical Vein
Endothelial Cells (HUVECs, C2517A) were purchased from Lonza and cultured in EGM-2
media (Lonza, # CC-3162) according to the manufacturer’s instructions. hT-MSCs were
authenticated by IDEXX Laboratories, while other cells were authenticated by ATCC. All
cell stocks tested mycoplasma negative by PCR.

Cell enucleation

Cell enucleation was modified from the previously published protocol®3. Ficoll PM400 (GE
Healthcare, #17-0300-500) was dissolved into a 50% (wt/wt) solution with ultrapure water
(Invitrogen, #10977-015) by continual magnetic stirring for 24 hours at RT, followed by
autoclaving. Refractive index was measured to ensure consistency (range 1.4230-1.4290)
on a refractometer (Reichert, #13940000). The Ficoll stock was aliquoted and stored at —20
°C. To make discontinuous gradients, 50% stock Ficoll solution was diluted to 25% with
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2X MEM (diluted from Gibco, #11430) and then further diluted with 1X MEM (diluted
from 2X MEM) for the 17%, 16%, 15%, and 12.5% Ficoll solutions. Cytochalasin B (Sigma
Aldrich, #C6762) was added to all Ficoll solutions at a final concentration of 10 ug/ml.

2ml 25%, 2ml 17%, 0.5ml 16%, 0.5ml 15%, and 2ml 12.5% Ficoll solutions were carefully
layered into a 13.2ml ultra-clear tube (Beckman Coulter, #344059) and equilibrated at in a
37 °C tissue culture incubator overnight. Subconfluent cells were harvested with Accutase
(Innovative Cell Technologies, # AT104-500) and re-suspended in 3.2 ml 12.5% Ficoll
solution and then carefully loaded onto the prepared discontinuous gradients and topped
off with 1X MEM. Tubes were balanced in swing buckets of the SWA41 rotor, run in

a pre-warmed Beckman Coulter L8-60M ultracentrifuge for 60 minutes at 26,000 rpm

and 31 °C with minimal braking. Fractions were collected with low-binding pipette tips
into low-binding tubes and washed with serum-free media 3 times. Cargocyte efficiency
(purity, % enucleated out of input number of cells) was examined by epifluorescence
microscope (Nikon Eclipse Ti) after staining with VVybrant Dyecycle Green (Invitrogen,
#Vv35004) for 10 minutes, and the yield of viable Cargocytes were measured in Cell
Countess (ThermoFisher). Diameters of Cargocytes and parental MSCs were determined
by the NIS-Elements AR 3.0 software (Nikon).

Transfection of in vitro synthesized mRNA

GFP mRNA, Gaussia Luciferase mRNA, firefly luciferase mRNA, and human IL-10 were
synthesized by TriLink Biotechnologies. The protein coding sequence was flanked by 5’-
and 3’-untranslated regions (UTRs) from mouse a.-globin. Full substitution of pseudouridine
was used to synthesize transcripts. After adding 5’ cap structure (CleanCap® AG) and

3’ poly(A) tail (120A), the synthesized mRNAs were purified with silica membrane. The
pre-made mRNAs from TriLink were directly used for mRNA transfection. Briefly, 1 ug
synthesized mRNA was added to 49 ul warm opti-MEM and separately 4 pl Lipofectamine
3000 (ThermoFisher, # L3000008) was added to 46 pl Opti-MEM. The Lipofectamine and
mRNA solutions were incubated for 5 minutes, then were mixed and incubated for another
15 minutes at room temperature (RT). MSCs or Cargocytes were resuspended in CCM
without antibiotics at 1E6 cells/ml. 100 pl of mixed mRNA + lipofectamine-3000 solution
was added to 1ml MSC or Cargocyte suspension, mixed thoroughly and incubated at 37

°C for 30 minutes. After transfection, MSCs or Cargocytes were washed twice with CCM,
then either used immediately for in vivo experiments or plated on tissue culture plates. For
GFP mRNA, transfected MSCs or Cargocytes were plated in 6-well-plate (1E5 per well),
and GFP expression was analyzed with the epifluorescence microscope (Nikon Eclipse Ti)
or by flow cytometry. For Gaussia Luciferase mRNA, transfected MSCs or Cargocytes were
plated in 24-well-plate (25,000 per well, 1 ml CCM media). Conditioned medium was taken
48 hours after transfection, and luciferase activity was determined as relative luminescence
units (RLU) using BioLux Gaussia Luciferase Assay Kit (NEB, E3300) on GloMax

96 microplate luminometer (Promega). For human IL-10 mRNAs, transfected MSCs or
Cargocytes were either plated in a 24-well-plate (25,000 per well, 1 ml CCM media) for
collecting conditioned media at indicated time points to analyze cytokine expression by
ELISA, or plated in 6-well-plate (1E5 per well, 2mlI CCM media), for collecting conditioned
media at 24 hours to treat RAW macrophage cells. The phosphorylation of Stat3 was

then analyzed by western blot. Exosome transfection with in vitro synthesized mRNA was
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performed using the kit (System Biosciences, # EXFT10A-1) according to manufacturer’s
instructions. Briefly, 20 billion exosomes (Erivan Bio, #B-MSC Exosomes) from human
bone marrow-derived MSC were transfected with 1 pg synthesized mRNA in the presence
of Exo-fect solution and were incubated at 37°C in a shaker for 10 min. Transfection was
stopped by ExoQuick-TC and exosomes were precipitated by centrifugation at 14,000 rpm
for 3min. The exosome pellets were resuspended in 300 pl of PBS. To test the transfection
efficiency, 100 pl of transfected exosomes was added to 293 cells (1E5 cells per well, 24
well plate). And conditioned media was collected 24 h later and I1L-10 level was determined
by ELISA.

3D cell culture by hanging drops

Generation of 3D MSC spheroids in hanging drops was modified from previously published
protocols33: 54, Briefly, MSCs were plated as drops on an inverted plastic dish lid (Olympus
Plastics, #32-106) in 35 pl of CCM at 30,000 cells/drop. The lid was then replaced

to cover the plate bottom containing 15 ml Dulbecco’s phosphate-buffered saline (PBS,
ThermoFisher, # 14190250) to prevent evaporation. Hanging drop cultures were grown at
37 °C for approximately 40 hours with 5% CO,. To obtain single cell suspension, spheroids
were collected into tubes and incubated with Accutase (Innovative Cell Technologies, #
AT104-500) at RT for 20 minutes with gentle pipetting every 5 minutes. The cell-Accutase
suspension was diluted with CCM, and dissociated spheroids were further treated with 100
ug/ml DNase | (Sigma Aldrich, #10104159001) for 10 minutes at 37 °C. Cells were passed
through a 70um cell strainer (BioPioneer, # DGN258368) to obtain a single cell suspension.

3D cell culture by spinner flasks

Generation of MSCs spheroids via spinner flask was modified based on previously
published protocols for less compaction and easier dissociation®®: %6, Briefly, MSCs were
plated at 0.8 million cells per plate (Olympus Plastics, #25-203) in 15 ml of culture medium
around 4 days before input into the spinner flask. To prepare the spinner flask (Corning,
#4500-500), the flask was coated with 2 ml of Sigmacote (Sigma, SL2-100ML) to prevent
cells from sticking to the glass, then autoclaved for 30 minutes. On the day of collection, 50
million cells were collected using Accutase and incubated on ice for 1 hour before adding
into the spinner flask. Cells were cultured at 37 °C for approximately 45 hours with 5%
CO», and the rotation speed was set to 60 rpm. To obtain a single cell suspension, cells were
collected from the spinner flask after 45 hours and incubated with Accutase for 25 minutes
in a 37°C water bath. Cells were pipetted every 5 minutes to promote dissociation, then
passed through a 70 mm cell strainer to obtain a single cell suspension.

Confined migration assay in a microfluidic device

Confined migration assays were performed using a microfluidic device as previously
described®’. The device consists of alternating parallel migration channels of either 5um
height and constrictions 1 to 2 um width (confined migration) or 5 um height and 15 pm
width (unconfined migration). Devices were assembled as previously described and coated
with a solution of 10pg/mL of fibronectin 24 hours prior to experiments23. Four hours prior
to imaging, 3E4 MSCs or Cargocytes were stained with Hoechst 33342 (1:4000 v/v) then
seeded into microfluidic devices and allowed to migrate along an FBS gradient (2% to
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16.5%). Imaging was performed on a Zeiss LSM700 laser scanning confocal microscope
with a 20x air objective. Cells and devices were imaged for 14 hours at 10-minute intervals
in a temperature-controlled stage (37C°). The time required for cells to migrate through an
individual constriction was quantified manually from images and was defined as starting at
the first frame that the anterior portion of a cell entered a constriction and ending with the
first frame after the cell posterior passed through the constriction.

LDV-FITC binding assay

Leu-1 N-2-[4-[[[(2-methylphenyl)amino]carbonyl]lamino]phenyl]acetyl-, Lys-6 N-FITC
conjugate (LDV-FITC) was purchased from R&D systems (#4577/1). The LDV-FITC
binding assay was performed as previously described®8. Briefly, MSCs or Cargocytes
(1E6/100ul) suspended in HEPES buffer (140mM NacCl, 2.5mM KCL, 1.8mM CaCl2, 1mM
MgCI2, 20mM HEPES, 0.5% FBS, pH=7.4) were incubated with 4nM LDV-FITC for 15
min at 37°C, were then stimulated with or without SDF-1p (500ng/ml) for 2 min, and were
immediately fixed for 5 min with 1ml pre-warmed 1% paraformaldehyde at 22°C to fix
bound LDV-FITC. 1uM unconjugated LDV was used as a competitive control to show the
binding specificity. Cells were washed with HEPES buffer for two times and then analyzed
by the flow cytometry machine FACS Canto Il (BD). The change of LDV-FITC binding

was calculated as MFI ratio== (MF|LDV—FITC+ SDF-la _ \qF|unstained control)/ (MF|LDV—FITC -
M E|unstained control)_

Endothelial cells (ECs) adhesion assay

EC adhesion assay was performed using primary HUVECs as previously described®®.
Briefly, HUVECs (passages 2—4) were grown to confluence in tissue-culture treated 6-
well plates. HUVECs were pretreated with 10 ng/ml tumor necrosis factor-a (TNF-a,
Peprotech, #300-01A) for 6 h and the upregulation of adhesion molecules were determined
by flow cytometry analysis. MSCs and Cargocytes were stained with 5uM CFSE as
previously described®. In SDF-1a stimulation group, after TNF-a stimulation, HUVECs
were pretreated with 500ng/ml SDF-1a for 15 min. In antibody blocking groups, MSCs and
Cargocytes were pre-incubated with 10 pg/ml antibodies (anti-VLA-4 or anti-PGSL-1, also
see Supplementary Table 8) in CCM for 30 min at 37°C in 5% CO2. MSCs or Cargocytes
suspended in 2 ml HEPES buffer (0.15 million/ml) per well were added to confluent EC
and co-cultured for 15 min with occasionally shaking at 37°C with 5% CO2. After gently
washing three times with HEPES buffer to remove nonadherent cells, adherent MSCs or
Cargocytes were counted in 6 random fields (100X magnification) per well using Nikon
Eclipse Ti epi-fluorescence microscope and analyzed with ImageJ Fiji software 1.53c.

Whole mount clearing and imaging of the lung tissue

Tissue clearing was performed as previously described®®. All incubation steps were done at
37°C shaking at 100 rpm. Decolorization and delipidation solutions were made with water.
First, fix lung samples in 2% PFA on ice for 20 minutes. To decolorize the lungs, incubate
in 25% Quadrol solution (Sigma, #122262) at 37°C for 2 days. For delipidation, incubate
in 30% tert-butanol (Sigma-Aldrich 360538), 50% tert-butanol, and 70% tert-butanol for

4 hours, 6 hours, and 24 hours, respectively. For dehydration, lungs were incubated in

a 70% tert-butanol/30% PEG-MMA-500 (Sigma, #447943) solution for 2 days. For the
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final clearing step lungs were submerged in a 75% benzyl benzoate (Sigma, B6630)/25%
PEG-MMA-500 solution for one day. All solutions after the decolorization step contain
3% Quadrol by weight. The cleared lung tissue were directly imaged on Olympus FV1000
confocal microscope and analyzed with the Volocity 6.3 software.

Mouse model of acute inflammation in the ear

The LPS-induced model of dermal inflammation in the mouse pinna was established
similar to previously described3* 62, Briefly, female BALB/cJ mice (8-12 weeks old)
were anesthetized with isoflurane (MetOne, MWI 502017) and injected with 30 ug
lipopolysaccharides (LPS, Sigma Aldrich, #L.3024, in 30 pl saline) in the posterior/dorsal
dermis of the right ear and 0.9% saline (Hospira NDC 0409-4888) in the control,
contralateral ear. After 6 hours, mice were anesthetized for intravenous (i.v.) injection
(tail-vein or retro-orbital) of 1E6 MSCs or Cargocytes, or PBS (vehicle control) in 100ul
solution.

For flow cytometry analyses, MSCs or Cargocytes were stained with 10 pM Vybrant DiD
(Invitrogen, #Vv22887) following manufacturer’s instructions prior to injection. Animals
were euthanized 24 hours after MSC or Cargocyte injection. Ears were removed at the level
of the base and the dorsal and ventral skin was peeled from the cartilage, then placed in 2 ml
digestion buffer containing 0.1 mg/ml DNase | and 0.2 mg/ml Liberase TL (Sigma Aldrich,
#5401020001) diluted in 1% FBS in RPMI media. After incubation at 37°C for 1 hour, ear
skin was ground with a pestle in a 70um cell strainer (Biopioneer, #DGN258368). When
no large tissue pieces remained intact, strainers were washed with 2ml of 1% FBS, 2 mM
EDTA in PBS. Cells were then treated with 1X RBC lysis buffer (Biolegend, # 420301) for
2 minutes, washed with PBS, and stained with PE anti-mouse F4/80 Antibody and 7-AAD.
Cells were analyzed by flow cytometry machine FACS Canto Il (BD).

To monitor the biodistribution of i.v. injected cells, MSCs or Cargocytes were first
transfected with firefly luciferase mMRNA (Fluc mRNA) as described above. Transfected
MSCs or Cargocytes were plated in 96-well-plate (10,000 per well, 100 ul CCM media)
and directly incubated with excessive VivoGlo™ -luciferin (1.5mg/ml, Promega, P1042)

in CCM media for 10 mins at 37°C. Luciferase activity was then determined as relative
luminescence units (RLU) using SpectraMax M2e plate reader (Molecular Devices). In the
biodistribution assay, mice were first treated with LPS as described above. For 24 and 48
hr time points, MSCs/Cargocytes were i.v. injected immediately after mMRNA transfection;
for 2 hr time point, MSCs/Cargocytes were cultured in 3D spinner flask for 24 hr after
mRNA transfection and then i.v. injected. Mice were i.p. injected with VivoGlo™-luciferin
(1.5mg per mouse, Promega, P1042) at indicated time points after i.v. injection. Mouse
organs were subjected to bioluminescence imaging 15 minutes after i.p. injection using IVIS
Lumina Series Il (PerkinElmer). Because the perfusion of luciferin to the inflamed ears
was not very efficient by this method, the dorsal skin of the ears was then peeled from

the underlying cartilage and the subcutaneous surfaces of the tissue were directly soaked

in VivoGlo™ -luciferin substrate (60ul at 15mg/ml, Promega, P1042) and immediately
subjected to bioluminescence imaging with IVIS Lumina Series I11. For all the IVIS
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imaging, the exposure time was 5 minutes, the binning was medium, the F/stop was 1.2,
the excitation filter was blocked, and the emission filter was open.

For whole mount immunostaining of mouse ears, inflammation was initiated and treated

in groups as described above. Mice were euthanized 24 hours after i.v. injection of
Cargocyte """E and ears were shaved, removed at the level of the base, and carefully
dissected by peeling the dorsal skin surface from the underlying cartilage. Skin was fixed in
2% PFA on ice for 10 minutes, permeabilized in cold 100% methanol for 10 minutes and
blocked in PBS with 20% FBS, 20% NGS (Normal goat serum, Jackson Immuno Research,
# 005-000-121) and 0.2% Triton X-100 for 2 hours. The ears were then incubated with
dye-conjugated primary antibodies (Supplementary Table 8) in PBS with 10% FBS, 10%
NGS and 0.2% Triton X-100 overnight. After washing in PBS with 0.2% Trion X-100 for
at least 2 hours, the ears were post-fixed with 4% PFA and mounted in VECTASHIELD®
Vibrance™ Antifade Mounting Medium (Mector Laboratories, # H-1700). Confocal images
were taken in an Olympus FV-1000 microscope and maximum projection of Z stacks of
fluorescent images were generated in ImageJ Fiji.

To test human IL-10 cytokine delivery efficiency, cells and Cargocytes were transfected
with human IL-10 mRNA and i.v. injected into the mice treated with LPS as described
above. Animals were euthanized after 24 hours, and ears were minced and snap frozen in
liquid nitrogen for ELISA analysis. A separate batch of animals treated in the same manner
were euthanized at 48 hours after LPS injection. Mouse ears were either fixed in 4% PFA
and submitted to the histology core of Moores Cancer Center for tissue sections and H&E
(Hematoxylin and Eosin) staining, or mouse ears were harvested and snap frozen in liquid
nitrogen for Real time RT-PCR analysis. The ear thickness was also measured in triplicate
with a digital micrometer (Mitutoyo, # 293-831-30) prior to LPS injection and at the time
of euthanasia (48 hours post LPS injection), and the change of ear thickness was used to
monitor the inflammation status.

Mouse model of acute pancreatitis

The Caerulein-induced mouse acute pancreatitis model was established as previously
described*. Briefly, BALB/cJ mice (8—-12 weeks old, 22—26g) were fasted overnight (16-18
hours) before the experiments but permitted water ad libitum. Acute pancreatitis (AP) in
mouse was induced by seven i.p. injection of Caerulein (Sigma, #C9026, 75 pg/kg bw) in
0.9% saline at hourly intervals over 6 hours. Control mice received same volume of saline
without Caerulein. Indicated MSCs or Cargocytes were i.v. injected 2 hours after the last
Caerulein injection.

For homing analyses, MSCs or Cargocytes were stained with 10uM Vybrant DiD prior to
the i.v. injection as previously described. Animals were euthanized 16 hours after MSC or
Cargocyte injection, and mouse tissues were then harvested and dissociated with collagenase
I solution (0.5 mg/ml collagenase (Sigma Aldrich, #C9891-100MG), 20 pg/ml DNase, 5%
FBS in PBS). After incubation at 37°C for 1 hour, mouse tissues were ground with a

pestle in a 70um cell strainer. When no large tissue pieces remained intact, strainers were
washed with 2 ml of 1% FBS, 2 mM EDTA in PBS. Cells were then treated with 1X RBC
lysis buffer (Biolegend, # 420301) for 5 minutes, washed with PBS, and stained with PE
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anti-mouse F4/80 Antibody and 7-AAD. Cells were analyzed by flow cytometry machine
FACS Canto Il (BD).

In another experiment, 8ug/kg bw recombinant human IL-10 protein, BM-MSCs (1E6

per mouse), B-MSC exosomes (2E10 per mouse), MSCT" E C19 (1E6 per mouse), and
Cargocyte " E €19 (1E6 per mouse) with or without human IL-10 mRNA transfection were
i.v. injected into mice with induced-AP. Animals were euthanized after 16 hours, and the
tissues were harvested for subsequent analyses. The human IL-10 level in the plasma and
pancreas were analyzed by ELISA as previously described. The inflammatory markers
(TNF-a, IL-1pB, IL-6 and Ccl2) in mouse pancreas were analyzed by Real time RT-PCR. The
amylase activity in the serum was determined by the ACP Diagnostic Services Laboratory at
UCSD, and the lipase activity in the serum was determined by the kit (Sigma, #MAK046)
according to manufacturer’s instructions. The harvested tissues were also fixed in 4% PFA
and submitted to the histology core of Moores Cancer Center for tissue sections, H&E
staining and anti-CD45 immunohistochemistry staining. The H&E stained pancreas sections
were blindly scored by the licensed pathologist (C.N.A) to evaluate the tissue damage

and inflammation. The scoring criteria: edema was graded from 0-3 (0: absent; 1: focally
increased between lobules; 2: diffusely increased between lobules; 3: acini disrupted and
separated), and acinar necrosis was graded as 0-3 (0: absent; 1: periductal necrosis, <5%;

2: focal necrosis, 5~20%; 3: diffuse parenchymal necrosis, 20~50%%4. The CD45 positive
stained infiltrated leukocytes in the pancreas sections were blindly counted by the licensed
pathologist (C.N.A). Ten high powered fields (400x) were observed per pancreas by light
microscopy, starting with the area of highest number of positive cells. Number of cells with
membranous immunoreactivity per consecutive field (in which at least 80% of the field
contained tissue) were counted, exclusive of cells within blood vessels, in adjacent adipose
tissue, or lymphoid follicles of lymph nodes. Immunoreactive cells were predominantly
located at tissue periphery or in the connective tissue between lobules, and rarely within
parenchyma.

Statistical analysis

GraphPad Prism8 was used to analyze the data and to determine statistical significance

of differences between groups by applying unpaired Student’s t test, one-way or two-way
ANOVA with post-hoc multiple comparisons test as indicated. Adjusted P values <0.05 were
considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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a, Schematic of workflow for therapeutic uses of bioengineered enucleated cells
(Cargocytes). b, Fluorescent image (upper) and phase image (down) show hT-MSCs and
Cargocytes in suspension. Representative images out of 30 images obtained are shown.
Cortical actin was labeled with LifeAct-RFP. Arrow points to the cell nucleus stained with
Vybrant Dyecycle Green. Scale bar, 20um. ¢, Bar graph shows the average diameter of
hT-MSCs or Cargocytes in suspension. Mean = SEM; n=80 individual cells/Cargocytes. P
value, two-tailed unpaired t-test. d, Fluorescent confocal images of hT-MSCs/Cargocytes

Gluc mRNA

stained with rhodamine phalloidin for F-actin cytoskeleton (left), or anti-a-Tubulin antibody
for microtubule network (right), and Hoechst 33342 for nucleus. Representative images out
of 30 images obtained are shown. Arrows point to the F-actin cytoskeleton; arrowheads
point to the microtubule network. Scale bar, 50um. e, Graphs show the percentage of viable
hT-MSCs/Cargocytes versus initial population over time. Mean + SEM; n=6 biological
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replicates. f, Electron microscopy images of extracellular vesicles (EVs) from hT-MSCs and
Cargocytes. Representative images out of 10 images obtained are shown. Arrowheads point
to typical EVs. Scale bar, 200 nm. See also Supplementary Fig.2b for higher resolution
images. g, Histograms showing the size distribution of EVs from conditioned media of
MSCs or Cargocytes analyzed by NanoSight. The red, green, and blue colored lines show
technical triplicates from each sample. h, Bar graph shows the zeta potential of MSCs or
Cargocytes measured by dynamic light scattering (DLS) technique using a Zetasizer Nano
ZS analyzer and analyzed by Dispersion Technology Software. i, Epi-Fluorescent images
show LifeAct RFP (red) hT-MSCs/Cargocytes stained with Hoechst 33342 (blue) 24hr
(hour) post transfection of GFP (green) mRNA. Representative images out of 30 images
obtained are shown. Arrowhead points to a single nucleus in the Cargocyte panel. Scale bar,
50um. j, Bar charts show the mean fluorescent intensity (MFI) of GFP (left) or GFP positive
ratio (right) of cells treated as in (i) and analyzed by flow cytometry. k, Bar graph shows
Gaussia luciferase (Gluc) activity of conditioned medium from cells 48hr post-transfection
with Gluc mRNA. RLU=Relative luminescence units. For (h), (j), and (k), Mean + SEM;
n=6 biological replicates; P value, two-tailed unpaired t-test. All data are representative of at
least 2 independent experiments.
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Fig. 2 |. Cargocytes have chemotaxis activities and migrate better through confined spaces.
a, MSCs/Cargocytes migrated in Boyden chambers towards FBS (Fetal bovine serum)

gradients for 2hr. Representative brightfield images of MSCs or Cargocytes that migrated
to the underside of 8.0um porous filters were stained with Crystal Violet. Scale bar, 50um.
b, Bar graph represents the cell migration index (migrated MSCs/Cargocytes versus loading
control). Mean + SEM; n=10 independent fields from 3 biological replicates. See also
Supplementary Fig.3a for attachment control. ¢, Bar graph represents cell migration index
of MSCs/Cargocytes towards PDGF-AB gradients. Mean £ SEM; n=15 independent fields
from 5 biological replicates. d, Time-lapse image sequence of hT-MSCs and Cargocytes
moving through constrictions (<2x5pum in cross section) along an FBS gradient in a
microfluidic device. F-actin cytoskeleton (red) was labeled with LifeAct-RFP and cell
nucleus (blue) was stained with Hoechst 33342. Arrows point to migrating Cargocytes
and arrowheads point to hT-MSCs trapped in the confined constrictions. Scale bar, 50pum.
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See also Supplementary Movies 1 and 2. e, MSCs and Cargocytes were treated as in

(d). Bar graph shows the average time required for cells to migrate through an individual
microfluidic constriction. Data for both confined (<2umx5um) and unconfined (15pmx5um)
constrictions are shown. Mean + SEM. Data were pooled from 3 independent experiments.
Exact number in each group shown above the bar. P value, one-way ANOVA with
Bonferroni’s multiple comparison tests. f, Graph shows cell surface expression of CXCR4
by flow cytometry. Data analyzed in Flowjo and normalized to mode. MSCEXCR4 CXCR4
lentivirus-engineered hT-MSC; 2hr/24hr/48hr Cargocytes, MSCCXCR4_derived Cargocytes
analyzed at indicated time points post-enucleation; Parental hT-MSC, non-engineered hT-
MSC; Isotype control, MSCCEXCR4 stained with isotype-matching 1gG. g, MSCs/Cargocytes
migrated in Boyden chambers towards the indicated concentrations of SDF-1a. for 2hr.

Bar graph represents the cell migration index (migrated MSCs/Cargocytes versus loading
control). Mean + SEM; n=10 independent fields from 3 biological replicates. P value, two-
way ANOVA with Bonferroni’s correction for multiple testing. All data are representative of
at least 2 independent experiments.
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Fig. 3|. Cargocytesinteract with adhesion molecules.
a, Graphs show surface expression of PSGL-1 (left), P-selectin binding (middle), and

E-selectin binding (right) of hT-MSCs or Cargocytes analyzed by flow cytometry. Data
were analyzed in Flowjo and normalized to mode. MSCPSCL-1 pPSGL-1/Fut7 lentivirus-
engineered MSC; 2hr/24hr/48hr Cargo PSCL-1 MSC PSCL-1_derived Cargocytes analyzed
at indicated time point after enucleation; Parental MSC, Non-engineered MSC; Isotype
control, MSC PSGL-1 stained with isotype matching 1gG. b, Graphs show LDV-FITC binding
on un-engineered Cargocytes or Cargocytes©XCR4 analyzed by flow cytometry. Data were
analyzed in Flowjo and normalized to mode. Unstained control, no LDV-FITC control;
LDV-FITC, 4nM LDV-FITC; LDV-FITC+SDF-1a, 4nM LDV-FITC+500ng/ml SDF-1a;
LDV-FITC+SDF-1a+LDV, 4nM LDV-FITC+500ng/ml SDF-1a+1pyM LDV (unconjugated
competitor). Dashed line labels the position of median fluorescence intensity. c, Bar
graphs represents the MFI change of LDV-FITC binding intensity before and after
SDF-1a. treatment. MFI ratio = (MF|LDV—FITC+ SDF-la _ \qF|unstained control)/ (MF|LDV—FITC
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- MFunstained controly ‘n=4 hiological replicates. P value, one-way ANOVA with Tukey’s
multiple comparisons test. d, Representative images show the adherent MSCs or Cargocytes
on control HUVECs or inflamed HUVECs (TNF-a treated). Representative images out of
24 images obtained are shown. Scale bar, 100um. e, Bar graphs represent the adherent

cell numbers per field (100X magnification). TNF-a, HUVECs pre-treated with 10ng/ml
TNF-a for 6hr. SDF-1a, 500ng/ml SDF-1a; a-PSGL-1, 10ug/ml anti-PSGL-1 antibody
pre-treatment; a-VLA-4, 10pg/ml anti-VLA-4 antibody pre-treatment; n= 24 random fields
of 4 biological replicates. P value, one-way ANOVA with Tukey’s multiple comparisons
test. All data are representative of at least 2 independent experiments.
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Fig. 4 |. Bioengineered Cargocytes actively and specifically home to the inflamed ear.
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a, Bar graphs show the number of DiD*RFP* double-positive cells out of 1E5 total cells

harvested from mouse lung 24hr post-intravenous (i.v.) injection and detected by flow

cytometry. Mean + SEM, n=6 mice. b, Mice were intradermally (i.d.) injected with LPS

in the right ear and saline in the left, followed by i.v. injection of DiD-labeled MSCs
or Cargocytes 6hr later. Bar graphs show the number of DiD*F4/80~ cells out of 1E5

total cells harvested from mouse ears 24hr post-injection and detected by flow cytometry.

Mean + SEM, n=6 mice. c, Mice were treated as in (b) and then i.v. injected with

1E6 3D-MSCT-E C19 or 3D-Cargocyte TME C19 transfected with firefly luciferase mRNA.
Mice were euthanized at indicated time points after i.v. injection. The dorsal skin of the

mouse ears was peeled from the underlying cartilage and the subcutaneous surfaces of the
tissue were directly soaked in VivoGlo™ -luciferin substrate and immediately subjected to
bioluminescence imaging with 1VIS Lumina Series I1. See also Supplementary Fig.7a for
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in vitro control of luciferase activity. d, Mice treated as in (b) were i.v.-injected with 1E6
3D-CargocyteT""E €19 After 24hr, mouse ears were harvested and whole-mount stained with
anti-mouse CD31 (green), anti-human Mitochondrial (red), and anti-human nucleus antigen
(blue). Confocal images from Olympus FVV1000 were analyzed with Fiji ImageJ. Maximum
projection of Z-stacks of images of ears from the same mouse were shown. Arrows point

to human Cargocytes, and arrowheads point to human nuclei. Representative images out of
10 images obtained are shown. Scale bar, 20um. For (&) and (b), adjusted P values shown
above the bars, one-way ANOVA with Tukey’s multiple comparisons test. All data are
representative of at least 2 independent experiments.
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Fig. 5|. Bioengineered Cargocytes efficiently deliver bioactive IL-10 to inflamed ears and
ameliorate local inflammation.

a, Graph shows the secreted IL-10 concentration measured by ELISA in conditioned media
of IL-10 mRNA transfected MSCs (MSC-IL-10) and Cargocytes (Cargocyte-IL-10), non-
transfected cells (hT-MSC only) or control media. Mean £ SEM; n=6 biological replicates
from two independent experiments. b, Mouse RAW macrophage cells were treated with
indicated conditioned media or recombinant IL-10 protein (rlL-10, 1ng/ml) for 30 mins. The
phosphorylation of Stat3 was determined by western blot. ¢, Mice treated as in Fig.4b were
i.v.-injected with indicated MSCs or Cargocytes transfected with human IL-10 mRNA. Bar
graph shows the level of human IL-10 protein detected by ELISA from indicated mouse
ears at 24hr post-injection. d, Light microscopy images of ears from mice treated as in

(c) and harvested at 48hr post-injection and processed for hematoxylin and eosin staining.
Scale bar, 100um. e, Mice treated as in (c) received indicated i.v. injections. Graph shows
change in ear thickness as measured by digital micrometer prior to LPS/Saline injections,
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48hr post-injection and 96hr post-injection. f, Mice treated as in (€) had ears harvested

and analyzed by real-time RT-PCR 48hr after LPS injection. Graphs show the fold change
(Log2) of the indicated mMRNA markers between LPS-treated (right) and saline-treated (left)
ears. For (c, e and f), Mean £ SEM, n=6 mice; each point represents 1 mouse. All statistics
are one-way (f) or two-way ANOVA (a, ¢, and €) with Tukey’s multiple comparisons test.
Adjusted P values shown above the bars. All data are representative of at least 2 independent
experiments.
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Fig. 6 |. Bioengineered Cargocytes amelior ate Caer ulein-induced acute pancreatitis.
a, Acute pancreatitis was induced by intraperitoneal (i.p.) injection of Caerulein in BalB/c

mice, followed by i.v. injection of DiD-labeled MSCs or Cargocytes. Bar graphs show
the number of DiD*F4/80~ cells out of 1E5 total cells harvested from mouse pancreas
16hr post-injection and detected by flow cytometry. Mean + SEM, n=4 mice. From (b) to
(e), Mice with Caerulein-induced AP were i.v.-injected with indicated treatments. Mouse
tissues were harvested 16hr post-injection. b, Bar graph shows the level of human IL-10
protein detected by ELISA from mouse pancreas from indicated treatment. Mean + SEM,
n=4 mice. See also Supplementary Fig.14a and b for in vitro transfection controls. ¢, Bar
graph shows the relative mRNA expression of IL-1p (upper) and IL-6 (lower) detected

by real-time RT-PCR in the mouse pancreas from indicated treatment. Graphs show the
fold change (Log?2) of the indicated MRNA markers normalized to no Caerulein treatment
group. Mean + SEM, n=4 mice. d, Bar graph shows the lipase activity (upper) and amylase
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activity (lower) detected in the mouse serum from indicated treatment. Mean + SEM, n=4
mice. e, Representative light microscopy images of pancreas from mice treated as in (c) and
harvested at 16hr post-injection and processed for hematoxylin and eosin staining. Arrows
point to infiltrated leukocytes, arrowheads point to necrosis, and asterisks label edema. Scale
bar, 100um. f, Histological analysis of pancreas treated as in (€). The severity of edema
(upper) and necrosis (lower) were graded from 0 to 3 using established criteria. See also
Supplementary Fig.14e and f for inflammatory cell infiltration. Mean + SEM, n=4 mice.

All statistics are one-way ANOVA with Dunnett’s correction for multiple testing, and P
values for more post-hoc comparisons can be found in Supplementary Table 10. All data are
representative of at least 2 independent experiments.

Nat Biomed Eng. Author manuscript; available in PMC 2022 July 20.



	Abstract
	Results
	Cargocytes retain important organelles and cellular functions
	Cargocytes chemotax towards chemoattractant gradients
	Bioengineered Cargocytes interact with adhesion molecules
	Cargocytes can be engineered with multiple homing molecules
	Cargocytes bioengineered with homing molecules specifically home to inflamed tissue in vivo
	Cargocytes deliver bioactive cytokine to attenuate tissue inflammation and damage
	Bioengineered Cargocytes ameliorate acute pancreatitis

	Discussion
	Methods
	Animals
	Cell culture
	Cell enucleation
	Transfection of in vitro synthesized mRNA
	3D cell culture by hanging drops
	3D cell culture by spinner flasks
	Confined migration assay in a microfluidic device
	LDV-FITC binding assay
	Endothelial cells (ECs) adhesion assay
	Whole mount clearing and imaging of the lung tissue
	Mouse model of acute inflammation in the ear
	Mouse model of acute pancreatitis
	Statistical analysis

	References
	Fig. 1 |
	Fig. 2 |
	Fig. 3 |
	Fig. 4 |
	Fig. 5 |
	Fig. 6 |

