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Abstract

While organ transplantation is one of the greatest advances of modern medicine and
provides immense therapeutic benefit to patients suffering from severe and fatal liver
disease, donor tissue is scarce. Alternatives such as engineered cell-based therapies
aim to restore tissue-specific functions of solid organs, but leave much to be desired.
Key challenges hindering the translation of cell-based therapies relate to (1) cell sourc-
ing, (2) graft scale-up, and (3) vascularization, all of which contribute to therapeutic
performance.

The performance of an implantable graft is a function of the underlying cell-cell and
cell-matrix interactions. These grafts typically consist of a multicellular ensemble
in which combinations of epithelial, stromal, and immune cells give rise to physi-
ologic function. Currently, precise, spatiotemporal control of these interactions is
experimentally intractable. This thesis introduces a technique termed CAMEO
(Controlled Apoptosis in Multicellular tissues for Engineered Organogenesis), in
which we can non-invasively actuate the removal of a desired cell population from
a pre-established multicellular ensemble. As an exemplar, we use CAMEO to study
the contribution of supportive stromal cells to the phenotypic stability of primary hu-
man hepatocytes. 3D hepatic ensembles, in which stromal cells enhance phenotypic
stability of spheroids, were found to rely only transiently on fibroblast interaction to
support multiple axes of liver function, such as protein secretion and drug detoxifi-
cation. Importantly, CAMEO revealed crucial cell-cell and cell-material interactions
that occur in the first 24 hours of co-culture that drive the stabilization and en-
hancement of hepatic phenotype. Due to its modularity, we expect that CAMEO is
extendable to other applications that are tied to the complexity of 3D tissues, in-
cluding in vitro organoid models and in vivo integration of cell therapies. As such,
we also employed CAMEO and our strategy of engineering-via-elimination in an im-
plantable device containing both hepatic ensembles and engineered vasculature, and
demonstrate our ability to engineer desired function and cell composition.

With an improved understanding of cell-cell interactions in vitro in hand, the next
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step toward the clinic is to assess the performance of 3D hepatic ensembles in vivo.
Here, we lay the groundwork for defining a final product lock for our hepatic cell ther-
apies, and specifically explore the role of fibroblasts in in vivo integration, incorporate
vasculature to meet the metabolic demands of scaled-up tissue grafts, and tune tissue
microarchitecture to enhance engraftment, function, and persistence in vivo. Taken
together, the efforts contained in this thesis represent a significant advance in tools
and biology that enable clinical applications of tissue engineering and regenerative
medicine.

Thesis Supervisor: Sangeeta N. Bhatia, MD, PhD
Title: John J. and Dorothy Wilson Professor of Health Science and Technology &
Electrical Engineering and Computer Science, MIT

Thesis Supervisor: Robert S. Langer
Title: David H. Koch Institute Professor of Biological Engineering & Chemical En-
gineering, MIT
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List of Figures

1-1 Timeline of milestones in organ transplantation and engineered tis-

sue therapies. Advances in surgical techniques and immunosuppression

have enabled transplantation of full and split organs (white). Bioethics-driven

paradigms for organ allocation and distribution as well as advances in man-

agement of viral infection have greatly impacted the ability to fairly allo-

cate donor organs for patients in need (grey). Seminal works in cell therapy

and regenerative medicine lay the groundwork for satellite cell-based thera-

pies (blue). Content adapted from work in preparation. Featured references:

[179, 48, 93, 289, 264, 40, 141, 266, 198, 256, 56]. . . . . . . . . . . . . . . . . 36

1-2 Cell-based therapies for liver disease. A variety of cell-based therapies

have been designed to address liver disease. Hepatocytes can be transplanted

directly or implanted as implantable constructs. Extracorporeal devices per-

fuse a patient’s blood or plasma through bioreactors. Genetically modified

large animals can be used for xenotranplantation. Adapted from [146]. . . . . 41
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1-3 Advances in hepatic tissue engineering. Traditional tissue culture ap-

proaches such as addition of extracellular matrix, soluble factors, co-cultivation

with supporting cell types, hanging drop, microwell molding, and non-adhesive

surfaces have enabled the early study of hepatocyte phenotype in vitro in

both 2D and 3D cultures. The advent of technologies from disciplines such

as chemical engineering and electrical engineering has led to a new level of

control for hepatic tissue cultures, such as micropatterning to template cell

interactions, microphysiological systems to study the impact of bioactive per-

fusate, polymeric biomaterials for constructing 3D cell-laden grafts, perfusion

technologies for decellularization/recellularization strategies, and 3D printing

for scalable engineering of cellular grafts. Adapted from [146]. . . . . . . . . . 49

1-4 Thesis Overview. This thesis broadly encompasses three phases. BUILD:

Designing a molecular tool to control cell-cell interactions in a way that en-

ables organogenesis (left). DISCOVER: Applying such a tool to unlock new

biology in 3D hepatic ensembles, which act as organ building blocks of satel-

lite cell therapies (middle). TRANSLATE: Addressing several challenges

related to optimization and testing of satellite cell therapies in vivo (right).

Unpublished. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
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2-1 Temporal dynamics of hepatocyte-fibroblast interactions in 2D mi-

cromechanical chip co-cultures. (A) Micromechanical combs enable 𝜇m-

resolution cell positioning, enabling both Contact Mode, in which comb fin-

gers are locked together in contact, and (B) Gap Mode, in which comb fingers

are slightly separated by an 80 𝜇m gap. (A and B) Zoom-in of bright-field

images of hepatocytes (darker cells) and fibroblasts (lighter cells) cultured on

comb fingers (left; scale bar = 250 𝜇m) and schematic of full micromechanical

substrate platform (right). (C) Contact between hepatocyte and fibroblast

combs was required to maintain albumin secretion over a 2 week period (red

square = Contact Mode; blue circle = Gap Mode; green triangle = hepato-

cytes alone). (D) After an initial 18-hour period of Contact Mode, long-term

culture in Gap Mode, which allows diffusion of paracrine signals, sustained

albumin secretion for the remainder of the 2 week period (blue circle; arrow).

In contrast, complete removal of fibroblasts led to deterioration of albumin

secretion (green triangle). Adapted from [116]. . . . . . . . . . . . . . . . . . 73

2-2 HSV-TK/GCV suicide switch activation is sensitive to cell division

(A) Cells bearing HSV-TK were seeded at (A) 3,000/cm2 or (B) 30,000/cm2

and treated with a concentration between 0 to 10 𝜇g/mL ganciclovir. Cell

number was quantified and normalized to day 0, non-treated cells for 4 days

post-dose. (Unpublished, data courtesy of Arnout Schepers) . . . . . . . . . . 75

2-3 Schematic for CAMEO: Controlled Apoptosis in Multicellular Tis-

sues for Engineered Organogenesis. 3T3-J2 fibroblasts bearing an iCasp9

suicide gene were treated with CID to induce iCasp9 dimerization, leading to

apoptosis and elimination of the cells from culture. Adapted from [41]. . . . . 77

2-4 iCasp9-GFP J2s maintain stable expression of transgenes. (A) iCasp9-

GFP J2s were analyzed by flow cytometry and (B) percentage of GFP+ pop-

ulation was quantified for 7 passages. Adapted from [41]. . . . . . . . . . . . . 77

2-5 iCasp9-GFP J2s are activated by CID. CID-induced dimerization of

iCasp9 unimers was detectable by immunofluorescence imaging. Cells were

stained for caspase-9 (magenta) and counterstained with Hoechst to detect

cell nuclei (scale bar = 50 𝜇m). Adapted from [41]. . . . . . . . . . . . . . . . 78
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2-6 iCasp9-GFP J2s underwent CID-induced activation of Casp9 activ-

ity. CID treatment induced activation of caspase-9 cleavage activity (****p<0.0001

vs. time-matched, dose-matched J2s, n=3). Adapted from [41]. . . . . . . . . 78

2-7 CID-treated iCasp9-GFP J2s underwent apoptotic activity. iCasp9-

GFP J2s were treated with vehicle or CID and harvested at 1,5, 30, or 60 min-

utes post-treatment. Cells were stained with Annexin V (apoptosis marker)

or SYTOX (general cell death marker) and analyzed by flow cytometry to

quantify the extent of apoptotic activity (n=100,000 events). Adapted from

[41]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

2-8 CID-treated iCasp9-GFP-J2s were removed from culture after apop-

tosis. (A) iCasp9-GFP J2s were treated with 5, 50, or 500 nM CID and via-

bility was measured at 0.5, 1, 2, 4, and 6 hours post-treatment. (B) 24 hours

after treatment, iCasp9-GFP J2s were not detected by immunofluorescence.

Adapted from [41]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

2-9 PHH cultured in 2D MPCC format are supported by iCasp9-GFP

J2 fibroblasts MPCCs or pure hepatocytes were assayed for albumin se-

cretion rate (A, n=3). MPCCs containing wild-type and modified J2s were

assayed for albumin secretion rate (B, n=6), urea secretion rate (C, n=6),

and basal expression of CYP3A4 (D, n=5, day 10). Adapted from [41]. . . . . 81

2-10 PHH cultured in 2D MPCC format are not de-stabilized by treat-

ment with media enriched with apoptotic cell fragments. MPCCs

were treated with conditioned apoptotic media, vehicle, CID or untreated and

assayed for albumin secretion rate (n=4, ****p<0.0001 vs. CID).. Adapted

from [41]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

2-11 CID does not have potent hepatotoxic or stress-related effects on

primary human hepatocytes Expression of genes (fold-change over vehicle

control) associated with cellular stress and hepatic disease (n=2). Adapted

from [41]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
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2-12 CID treatment led to selective removal of iCasp9-bearing cells from

2D MPCCs (A) MPCCs comprised of primary human hepatocytes (brown)

and iCasp9-GFP J2 or wild-type J2 fibroblasts (blue) were treated with CID

to remove iCasp9-GFP J2s by apoptosis. (B) Vehicle- or CID-treated MPCCs

were visualized using brightfield microscopy or (C) stained and visualized by

immunofluorescence imaging (scale bar = 250 𝜇m). Adapted from [41]. . . . . 84

2-13 2D MPCC cultures depend on the sustained presence of stromal

cells MPCCs were treated with CID at day 1 (A), 3 (B), or 7 (C) after

initiating co-culture and assayed for albumin secretion rate (n=5, normalized

to day 13, arrows indicate CID dose day). Adapted from [41]. . . . . . . . . . 85

3-1 CID quickly deletes iCasp9-bearing fibroblasts. iCasp9-GFP fibrob-

lasts were encapsulated in fibrin hydrogels and treated with CID, then assayed

for viability (n=3). Adapted from [41]. . . . . . . . . . . . . . . . . . . . . . . 90

3-2 iCasp9-GFP fibroblasts are robustly deleted from culture. iCasp9-

GFP fibroblasts were encapsulated in fibrin hydrogels and treated with CID

at day 1, 3, or 7 after encapsulation. Number of cells (by nuclei count) present

in the culture at day 21 were quantified for 3 representative fields of view per

sample. Adapted from [41]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

3-3 Spheroid compaction kinetics were accelerated by increasing fibrob-

last:hepatocyte ratio. (A) Hepatocytes and fibroblasts were cultured in

microwells at an increasing fibroblast:hepatocyte ratio (1:1 to 1:4; with 500k

hepatocytes in each sample) and imaged at 24 hours post-seeding. (B) Images

were quantified for circularity as a measure of compaction (n=5, *p<0.05 vs.

stromal cell-matched 1:1 spheroids). Adapted from [41]. . . . . . . . . . . . . 92

3-4 Geltrex® does not accelerate aggregation of primary hepatocytes.

Primary rat hepatocytes were cultured in microwell molds with media sup-

plemented with 5-80% Geltrex®. Brightfield images were captured at 24 and

48 hours post-seeding. Primary rat hepatocytes were co-seeded at a 1:1 ratio

with normal human dermal fibroblasts as control. Unpublished data. . . . . . 93
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3-5 iCasp9-GFP J2s support primary human hepatocyte in 3D ensem-

ble format. (A) 3D cultures consisting of pure hepatocytes or hepato-

cytes and fibroblasts were assayed for albumin secretion rate (n=9). J2s

and iCasp9-GFP J2s were co-cultured with hepatocytes in spheroid-laden hy-

drogels and assay for albumin secretion rate (B, n=6), nitrogen metabolism

(C, n=6), and basal CYP3A4 expression (D, n=6, **p<0.001). Adapted from

[41]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

3-6 iCasp9-GFP J2s were robustly removed from spheroid co-cultures

after exposure to CID. (A) Hepatocytes were aggregated with fibroblasts

in microwell molds and treated with CID to remove fibroblasts via apopto-

sis. (B) Spheroid-laden hydrogels were treated with vehicle or CID on day

1 and imaged on day 1 through day 7 to assess the robustness of fibroblast

elimination (scale bar = 100 𝜇m). Adapted from [41]. . . . . . . . . . . . . . 95

3-7 Fibroblasts are not required to maintain hepatocyte function in

3D spheroid-laden cultures. (A) Spheroid-laden hydrogels were dosed

with CID on day 1 after co-culture initiation and albumin secretion rate

was assayed for 3 weeks of culture (n=9). Fibroblast-depleted (CID) and

fibroblast-intact (vehicle) cultures were treated with rifampin for 72 hours

and assayed for induction of CYP3A4 activity (n=8-10). Adapted from [41]. . 96

3-8 Late removal of fibroblasts from 3D hepatic ensembles led to de-

creased liver-specific function. Spheroid-laden hydrogels were treated

with CID at day 1 (A), 3 (B), or 7 (C) after initiating co-culture and assayed

for albumin secretion rate (n=9, normalized to day 15, arrows indicate dose

day). Adapted from [41]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

3-9 Differential presentation of cues across culture formats may drive

co-culture effects. 2D hepatic ensembles (A) and 3D hepatic ensembles (B)

consist of drastically different cell-cell and cell-material presentation, which

may give rise to differences in effects on hepatocyte phenotype after fibroblast

removal. Albumin plots of response to CID-triggered removal of fibroblasts

are borrowed from Figure 2-13A and Figure 3-8A. Adapted from [41]. . . . 99
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3-10 Apoptotic debris is retained in fibrin hydrogels after CID treat-

ment. Representative images of colocalization of TUNEL and DNA stain in

vehicle (0% colocalization) and CID-treated (82%) iCasp9-GFP J2 fibroblasts

that were pre-encapsulated in a fibrin hydrogel (scale bar = 100 𝜇). Adapted

from [41]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

3-11 Retention of apoptotic debris and other fibroblast-secreted proteins

do not drive maintenance of hepatocyte phenotypic stability in 3D.

(A) Hepatocytes were aggregated with fibroblasts in microwell molds. Result-

ing spheroids were treated with CID prior to harvest from the microwell molds

(followed by subsequent removal of apoptotic debris and conditioned super-

natant via centrifugation, 60xg, 6 minutes, 3 rounds; “Pre-Encapsulation”),

encapsulated in fibrin and then treated with CID (“Post-Encapsulation”), or

resuspended in 2 w/v% alginate and crosslinked in a warmed 2 w/v% calcium

chloride bath. All cultures were dosed with CID on day 1. Collected super-

natant was assayed for albumin secretion rate at day 3 for pre- and post-CID

dosed spheroids encapsulated in fibrin hydrogels (B) and day 13 for alginate-

encapsulated spheroids (C) (n=5-10, n.s. between groups). Adapted from

[41]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
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3-12 Early provision of 𝛽1 integrin-mediated cell-matrix interactions and

E-cadherin-mediated cell-cell interactions was required for hepato-

cyte phenotypic stability in 3D. (A) Hepatocyte (brown) and fibroblast

(blue) co-culture and encapsulation in fibrin (grey) hydrogels enabled the

formation of integrin-mediated (dimer including orange 𝛽1 integrin subunit)

cell-matrix interactions and E-cadherin-mediated (brown diamonds) cell-cell

interactions. Fibroblasts modified the ECM by depositing matrix (blue). Se-

creted soluble factors (blue stars) can be bound to the matrix and act as a

reservoir of paracrine factors. (B) Hepatocytes were incubated with function-

blocking monoclonal antibodies against 𝛽1 integrin, E-cadherin or an isotype

control before aggregation (“Pre-Compaction”) or after compaction (“Post-

Compaction”). After brief incubation (10 𝜇g/ml, 20 minutes at 37°C) with

the antibody, excess reagent was removed by centrifugation washes. (C) Re-

sulting spheroids were encapsulated in fibrin hydrogels. Supernatant was

analyzed for secreted human albumin on day 3 (n=5-8). Adapted from [41]. . 104

4-1 Pathway of cell therapies for solid organ replacement or augmenta-

tion. Preclinical 2D and 3D in vitro models enable the study of tissue-specific

biology, and may also be re-purposed as building blocks for artificial tissues.

The evolution of a solid cell therapy product may be subjected to additional

requirements and constraints as the product is scaled and evaluated for safety

in the clinic. Unpublished. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

4-2 Fabrication approaches for engineered microvessels. Microvessels can

be fabricated using either top-down (left) or bottom-up (right) approaches.

Top-down approaches generally involve rational fabrication of pre-designed

structures through 3D printing, spatial laser degradation, or layer-by-layer

assembly. Resulting lumen structures can be lined with endothelial cells.

Bottom-up approaches often leverage bioactive cues including chemical and

physical stimulants that induce angiogenic sprouting or vasculogenesic self-

assembly of endothelial cells to give rise to a network of interconnected mi-

crovasculature. Adapted from [245]. . . . . . . . . . . . . . . . . . . . . . . . . 114
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4-3 Pre-implantation removal of fibroblasts from spheroid-only grafts

results in early graft loss. (A) Primary human hepatocytes were modified

with AAV2/8 to constitutively express firefly luciferase to enable non-invasive

assessment of viability in live animals. Modified hepatocytes were co-seeded

with fibroblasts in microwell molds to form spheroids, encapsulated in fibrin

hydrogels, and treated with CID prior to implantation into the fat pad of

nude mice. (B) On day 3 post-implant, graft viability was assessed via IVIS

(n=3-6 mice per experimental group; total flux of bioluminescence, p/s). (C)

Representative images of 2 mice per cohort (red = highest signal, purple =

lowest signal). Unpublished. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

4-4 Hepatic VasculoChip: Hepatic spheroids are compatible with mi-

crofluidic VasculoChip device in vitro. (A) Hepatic spheroids were

seeded in microfluidic VasculoChip devices either with fibroblasts in the bulk

(left), with fibroblasts in the bulk surrounding an endothelialized lumen (mid-

dle), or with fibroblasts and endothelial cells in the bulk surrounding an en-

dothelialized lumen (right; i.e. VasculoChip with hepatic spheroids). Devices

were cultured in vitro on a rocker and supernatant was analyzed for albumin

secretion. (B) Devices consisted of 4-channel configuration, and formed mi-

crovessels that were connected to the needle-molded lumenized vessels, as vi-

sualized by perfusion with lysine-fixable FITC-dextran. (C) Hepatic spheroids

(autofluorescence signal) and endothelial cell channels (UEA lectin staining)

were visualized in the Hepatic VasculoChip device at day 10 (scale bar = 200

𝜇m). Unpublished. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
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4-5 Deletion of fibroblasts from 2-Channel Hepatic VasculoChip en-

hances the function of vascularized engineered hepatic tissues in

vitro. (A) Two-channel Hepatic VasculoChip devices were seeded with hep-

atic aggregates and endothelial cells, treated with vehicle or CID at day 5 to

remove fibroblasts, and fixed on day 7. (B) Representative max projections

of dextran-perfused (cyan) vehicle- and CID-treated devices stained for UEA

human-specific lectin (red) and human arginase-1 (green) (scale bar = 150 (i)

or 50 (ii) 𝜇m). (C) Spent supernatant was analyzed for secreted human albu-

min (i) and urea production (dotted vertical line indicates dose day; n=4-5,

*p<0.05, **p<0.01). Adapted from [246]. . . . . . . . . . . . . . . . . . . . . 120

4-6 Deletion of fibroblasts from 4-Channel Hepatic VasculoChip en-

hances the function of vascularized engineered hepatic tissues in

vitro. (A) Four-channel Hepatic VasculoChip devices were seeded with hep-

atic aggregates and endothelial cells, and were either untreated or treated

with vehicle or CID at day 3 and day 4 to remove fibroblasts, and cultured

until day 10 in vitro. (B) Spent supernatant was analyzed for secreted human

albumin (n=5, *p<0.0001). Unpublished. . . . . . . . . . . . . . . . . . . . . 121

4-7 Graft performance in vivo depends on in vitro culture period after

fibroblast deletion from 4-Channel Hepatic VasculoChip. (A) Hepatic

VasculoChips were seeded and cultured in vitro for 3 days before triggering

CID-driven removal of fibroblasts. Devices were then cultured in vitro for an

additional two (1), four (2), or seven (3) days prior to implantation into the

fat pad of nude mice. (B-D) Human albumin was quantified in the plasma

fraction of collected blood samples over a 2 week period (n=4-8). Unpublished.122

4-8 In vivo deletion of fibroblasts from implanted 4-Channel Hepatic

VasculoChip did not improve graft persistence. (A) 4-Channel Hep-

atic VasculoChip devices (with intact fibroblasts) were implanted in the fat

pad of nude mice. CID was administered intraperitoneally at day 5 and 6

post-implantation. (B) Human albumin was quantified in collected blood

samples for 3 weeks (n=6). Unpublished. . . . . . . . . . . . . . . . . . . . . . 123
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4-9 Graft microarchitecture and cellular composition impacts in vivo

persistence and performance, and can be reversed by survival ex-

plant. (A) Hepatic spheroid-only (left), hepatic spheroid and random en-

dothelial cell (middle) or hepatic spheroid and templated endothelial cell

(right) grafts were implanted in the fat pad of NSG mice. In some mice,

grafts were retrieved during a survival surgery performed on day 35 post-

implantation. (B) Human albumin was quantified in blood plasma for 56

days (n=2-4). (C) In a representative mouse with a graft containing hepatic

spheroids and random endothelial cells, surgical removal of the graft on day

35 (red arrow) led to an immediate drop to undetectable levels of human

albumin (red symbols, red line) (n=1). Unpublished. . . . . . . . . . . . . . . 127

4-10 Hepatic spheroids are compatible with cell-dense embedded print-

ing. (A) Sacrificial writing into functional tissue (SWIFT) printing allows for

direct printing of bio-compatible, fugitive ink into a dense slurry of spheroids.

In brief, spheroids are harvested and compacted in a desired mold (1), and

then a printer extrudes fugitive ink to prescribe the geometry of vascular chan-

nels (2), which are then sacrificed and act as perfusable channels for dynamic

in vitro culture (3). (B) Representative image of SWIFT-printed channel

on day 0, immediately after gelation (arrow indicates sacrificial lumen). (C)

Representative image of sacrificial lumen after 10 days of in vitro culture of a

tissue containing primary rat hepatocytes (arginase-1, green) and fibroblast

(F-actin, phalloidin, magenta) spheroids (nuclei counterstained with Hoechst;

scale bar = 500 𝜇m). (D) Spent supernatant was collected from in vitro cul-

ture over 10 days, and secreted rat albumin was quantified (n=2 tissues).

Panel A adapted from [239]. Panels B-D are unpublished. . . . . . . . . . . . 129
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5-1 Removal of fibroblasts expands capabilities of MPCCs as a testbed

for therapeutic candidates (A) MPCCs were seeded sequentially with pri-

mary human hepatocytes on day 0 and 3T3-J2 murine fibroblasts on day 1.

Hepatocytes were dosed with CYP3A4 siRNA on day 0, prior to fibroblast

co-culture. MPCCs assayed for CYP3A4 activity. (B) Hepatocytes were co-

cultured with fibroblasts for 7 days in the MPCC format and dosed with CID

to remove fibroblasts before treatment with CYP3A4 siRNA. MPCCs were

assayed for CYP3A4 activity. (n=6-8, ****p<0.0001 vs. control). Unpublished.143
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Chapter 1

INTRODUCTION

1.1 Challenges in Organ Transplantation

Organ and tissue transplantation is one of the great advances of modern medicine and can

save the lives of patients affected by terminal organ failure. Progress over the past few

decades reflects advancements not only with surgical techniques and protocols that control

graft rejection but also in policies for organ allocation and distribution (Figure 1-1). How-

ever, the growing demand for organ transplants is unlikely to be met without disruptive

technologies that more drastically expand the donor pool. In this dissertation, we present

work that contributes to the development of cell-based therapies as an alternative to donor

transplantation, and specifically focus on cell-based therapies that are designed for hetero-

topic transplantation sites. These sites not only decouple the implant from the diseased

microenvironment, but also provide highly vascularized beds for improved engraftment and

integration. As these implants are remotely located (relative to the orthotopic site) yet

share a common goal with the parent organ, we refer to them as satellite cell therapies.

Additionally, satellite cell therapies support bidirectional interactions with the host organ

as well as other tissue compartments, and thus pose an interesting opportunity for precision

engineering to control the underlying interactome and biology. Broadly, beyond expansion

of the transplantable graft pool in countries that support a high capacity of organ donation

(such as the United States and Spain), we also envision that satellite cell therapies may

compensate for extremely low donor rates in countries such as China, Japan, and Israel,

where legal, cultural, financial, and/or religious barriers prohibit direct transplantation.
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In this dissertation, we will first discuss the history and current clinical status for trans-

plantation of solid organs, and then focus specifically on the liver as an exemplar. We will

overview the current state of liver therapies in the clinic, and review in vitro and in vivo mod-

els that have been and will be useful for the development of cell-based therapies to address

serious liver disease. We will then discuss components that may comprise a cell-based ther-

apy, including cells and extracellular matrix, which are known to drive phenotypic stability

of the parenchyma, as well as the formation of functional structures such as the vasculature

and biliary network. Lastly, we will discuss overarching design criteria for such satellite cell

therapies, including considerations for various anatomic sites for transplantation and read-

outs that are compatible with non-invasive assessment of liver-specific function. Lastly, we

will close the introduction with a brief overview of the scope of the work contained in this

thesis.

Figure 1-1: Timeline of milestones in organ transplantation and engineered
tissue therapies. Advances in surgical techniques and immunosuppression have
enabled transplantation of full and split organs (white). Bioethics-driven paradigms
for organ allocation and distribution as well as advances in management of viral
infection have greatly impacted the ability to fairly allocate donor organs for patients
in need (grey). Seminal works in cell therapy and regenerative medicine lay the
groundwork for satellite cell-based therapies (blue). Content adapted from work in
preparation. Featured references: [179, 48, 93, 289, 264, 40, 141, 266, 198, 256, 56].
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1.1.1 Past Advances in Transplantation

Currently, there are approximately 111,400 patients on the waitlist for organ transplants,

with the vast majority of candidates waiting for a kidney (94,900), liver (12,500), heart

(3,500), simultaneous kidney-pancreas (1,700) or lung (1,200) transplants in the US [196].

While efforts coordinated by UNOS have steadily improved transplant numbers over the

years (in 2019, 23,402 kidney, 8,896 liver, 3,552 heart, 872 simultaneous kidney-pancreas,

2,714 lung transplants), an increased demand for donor organs and tissues continues to grow

as a result of the declining health status of the general population. The ongoing obesity and

diabetes epidemics increase the need for kidney and liver transplants, which represent the

two most needed organ pools.

In the past, improvements to the clinical impact of organ transplantation have primarily

been driven by refinement of surgical technique and organ preservation/transportation, for-

malization of organ procurement of distribution, improvement to technology for preservation

and transportation of harvested organs, and development of pharmacologics and biologics

for controlling transplant rejection. Formally, policies and frameworks that ensure the equi-

table procurement and distribution of organs are regulated by the Organ Procurement and

Transplantation Network (OPTN). Importantly, these efforts and advances have optimized

usage of a limited donor pool. We envision that these principles and frameworks, discussed

in detail below, can also be used as a framework for fair distribution of engineered cellular

therapies.

1.1.2 Surgical Techniques and Biopreservation

Techniques established for other surgical procedures formed the basis of methodologies for

surgical implantation of organ transplants. Through attempts both in animals and the first

transplants in humans, methods were refined to enable multi-organ retrieval from living

and deceased donors that reduced ischemic injury and subsequent graft damage, which are

reviewed in depth elsewhere [25]. Notably, liver transplants are particularly challenging,

requiring careful handling of the vascular and biliary networks for successful anastomosis.

Harvest from living donors is expectedly more challenging, and is associated with premature

graft loss [74] but improved by using less invasive techniques such as laparoscopic retrieval of

the kidney. In tandem, protocols to ensure the quality of donor grafts were developed to en-
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able preservation and transport before transplantation, and are reviewed in depth elsewhere

[96]. The understanding of biopreservation continues to evolve over time, as illustrated by

the recent clinical validation of normothermic machine perfusion of liver transplants as a

superior preservation method over the prior standard of static cold storage [121]).

1.1.3 Transplant Allocation and Distribution

Allocation of organs in a fair, ethical way that is immune to political and socioeconomic

overtones is essential for fair allocation and reduction of both waitlist and post-transplant

mortality. While living donors are most likely to agree to a direct donation to a relative, new

strategies that enable paired exchange and domino chains have increased the occurence of

donations that would otherwise be impossible due to donor-recipient incompatibility [186].

Identification of ideal organ recipients requires an organ-specific approach. For the liver,

the evidence-based MELD/PELD (Model for End-Stage Liver Disease / Pediatric End-Stage

Liver Disease) score, which is based on lab tests and adjustments based on clinical data, has

been shown to successfully predict pre-transplant mortality, though the diverse etiologies of

end stage liver disease constitute a challenge for rare diseases [167, 298]. For the kidney, the

KDPI (Kidney Donor Profile Index) multivariate model reflecting both clinical biomarkers

and patient demographics is used to determine kidney allocation [218].

Recently, there have been instances of transplants using expanded criteria donors, in-

cluding organs that test positive for viral pathogens such as HIV, hepatitis B and hepatitis

C [29]. A more refined framework for stratifying the quality of grafts to ensure optimal

donor-recipient matching will be required as the donor pool continues to expand via these

avenues.

1.1.4 Immunosuppression

Immunocompatibility for allogeneic and xenogeneic grafts constitutes a major challenge

in organ transplantation. Donor-recipient compatibility to screen for acute rejection of a

graft in part can be addressed by established tests for serotyping, tissue typing, and cross

matching. Besides autologous grafts, all transplants currently require maintenance with

immunosuppressant drugs. Broadly, immunosuppressive drug regimens have been designed

to inhibit both proliferative and cytotoxic effects of the innate and humoral arms of the
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immune system, and have been reviewed in depth elsewhere [47]. Notably, the discovery

of the immunophilin binding agent, cyclosporin, was critical to the inception of the field

of transplantation. However, the use of systemic immunosuppressants for life-long mainte-

nance of donor grafts also puts the recipient at risk for opportunistic infection, dysregulated

metabolism, and emergence of neoplasms (e.g. from reduced immunosurveillance, transfer

of malignant cells, infection with oncogenic viruses) [47]. Current research efforts focus

on approaches to enable local immunosuppression or create universally tolerated grafts via

precision engineering [102, 85, 279, 222, 56]. As an example, operational tolerance and

donor-specific unresponsiveness has been achieved preclinically with T regulatory cells, as

well as simultaneous bone marrow transplant for kidney graft recipients [250]. For cell thera-

pies that use allo- and/or xeno- cell sources, such developments in local immunosuppression

are directly relevant and useful.

Taken together, the described innovations for utilizing a limited donor pool have posi-

tively impacted the clinical reach of transplantation, and will synergize robustly with incom-

ing engineered cell therapies, which have the potential to directly can address the supply

shortage.

1.2 Liver Disease Burden

In this body of work, we focus specifically on the liver as an example of a metabolic, solid or-

gan with a large, unaddressed disease burden. Fatal liver disease accounts for approximately

2 million deaths annually worldwide and has steadily increasing rates over the years [184].

Liver failure can be divided into three major categories: a) acute liver failure (ALF), which

presents as a rapid loss of liver function in patients without pre-existing liver disease, b)

chronic liver disease due to metabolic dysfunction, and c) chronic liver failure accompanied

by tissue remodeling and scarring.

ALF is a rare syndrome with an annual incidence of less than 10 cases per million

people in the developed world. In the United States, approximately 2,000 cases of ALF are

diagnosed each year [192]. It commonly develops in healthy adults in their 30s. Patients with

ALF usually present with abnormal liver biochemistry, coagulopathy and encephalopathy.

The causes vary geographically. Damage due to drug exposure (e.g. acetaminophen) is the

most common cause in the West, while in large parts of the East, viruses (e.g. Hepatitis A
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and E) are the most prominent cause of ALF [3]. Clinically, ALF can be subdivided based on

the period of time between the appearance of jaundice and onset of hepatic encephalopathy.

Data from O’Grady et al. proposed the following classification: hyperacute for periods

between 0 and 7 days, acute for periods between 7 and 28 days and subacute for periods

between 4 and 12 weeks [203]. In hyperacute cases, the cause is usually acetaminophen

toxicity or viral infection. Subacute cases that evolve slowly often result from idiosyncratic

drug-induced liver injury. Even though patients with a subacute presentation have less

coagulopathy and encephalopathy, paradoxically they have a consistently worse medical

outcome than those with a more rapid onset of the disease [17].

Chronic liver disease develops on the background of a constant injurious insult, either

resulting from a metabolic disorder or a number of etiologies that lead to widespread tissue

remodeling and pathologic deposition of extracellular matrix. Inborn liver-based errors of

metabolism are life-threatening conditions caused by genetic defects in single enzymes or

transporters and lead to blockade of a specific metabolic pathway. While they can be

accompanied by progressive fibrosis and cirrhosis, such as in the case of 𝛼 1-antitrypsin

ZZ deficiency, hemochromatosis, Wilson’s disease and hereditary tyrosinemia [20], the liver

parenchyma often remains intact. Some examples of metabolic disorders with an intact

parenchyma include hypercholesterolemia, Crigler-Najjar syndrome, ornithine carbamylase

deficiency, organic aciduria and hyperoxaluria [243]. In a biopsy, the lack of parenchymal

destruction often leads to a delayed diagnosis, exposing the patient to sequelae. In all cases

of liver disease, the lack of FDA-approved non-invasive biomarkers makes it challenging to

diagnose and treat liver diseases.

Chronic liver disease occurs in the setting of non-alcoholic fatty liver disease (NAFLD).

NAFLD is marked by hepatic steatosis and is related to the presence of metabolic syndrome

in association with obesity, diabetes and/or arterial hypertension [63]. A subset of NAFLD

patients will develop signs of non-alcoholic steatohepatitis (NASH), a more severe condition

associated with lobular inflammation and hepatocellular ballooning, and can lead to fibrosis

and cirrhosis [73]. In NAFLD, the liver is unable to utilize carbohydrates and fatty acids

properly, leading to toxic over-accumulation of lipid species. These metabolites induce

cellular stress, injury and death, which predisposes the liver to sequelae such as cirrhosis

and hepatocellular carcinoma [43].

In the United States, the number of NAFLD cases is projected to expand from 83.1
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Figure 1-2: Cell-based therapies for liver disease. A variety of cell-based ther-
apies have been designed to address liver disease. Hepatocytes can be transplanted
directly or implanted as implantable constructs. Extracorporeal devices perfuse a
patient’s blood or plasma through bioreactors. Genetically modified large animals
can be used for xenotranplantation. Adapted from [146].

million in 2015 (26% of the population) to 100.9 million by 2030 (28% of the population) [70].

An increasing percentage of these cases is projected to be classified as NASH, rising from 20%

to 27% of adults with NAFLD during this interval [70]. While diagnosing NASH at an early

stage remains a challenge, multiplexed protease-activated nanosensors have demonstrated

utility in monitoring NASH progression and treatment response in a 3,5-diethylcarbonyl-

1,4-dihydrocollidine (DDC) model of fibrosis in mice. With further development, these

non-invasive readouts can be used to diagnose disease.

41



1.3 Current State of Liver Therapies

In order to mitigate the clinical burden of liver disease, several therapeutic strategies have

been undertaken (Figure 1-2).

1.3.1 Extracorporeal Liver Support Devices

Liver failure is associated with abnormal accumulation of numerous endogenous substances

such as bilirubin, ammonia, free fatty acids and proinflammatory cytokines [36]. Extracor-

poreal liver support devices have been developed to detoxify the blood and plasma in order

to bridge patients to liver transplantation or allow the native liver to recover from injury.

Artificial liver (AL) devices use non-living components for detoxification, such as membrane

separation or sorbents to selectively remove toxins, but have limited clinical use because

they do not replace the synthetic and metabolic roles of the liver [36]. Bioartificial liver

(BAL) devices, on the other hand, contain a cell-housing bioreactor that aims to provide

the detoxification and synthetic functions of the liver and are an ongoing topic of clinical

investigation. Current versions are either based on hollow fiber cartridges [69, 51, 226] or

on perfused three-dimensional (3D) matrices [290]. BALs, just like other hepatocyte-based

therapies, face many challenges, such as the lack of readily available functional cell sources

and the loss of cell viability and phenotype during the treatment process.

1.3.2 Biopharmaceuticals

In the setting of acute liver failure, N-Acetyl Cysteine (NAC) is FDA-approved to reduce

the extent of liver injury after acetaminophen overdose [166]. In the setting of chronic liver

disease, however, most of the FDA-approved therapies are for Hepatitis A, B and C. A

detailed listing can be found in Table 1.1.

Table 1.1: FDA-Approved Therapies for Liver Disease

Drug Name Year Approved Indication(s) Mechanism
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Heplisav-B 2017 Hepatitis B Combines hepatitis B surface

antigen with a proprietary

Toll-like Receptor 9 agonist to

enhance the immune response

Mavyret 2017 HCV genotype

1-6

Fixed-dose combination

of glecaprevir, a hepatitis C

virus (HCV) NS3/4A protease

inhibitor, and pibrentasvir,

an HCV NS5A inhibitor

Vosevi 2017 Hepatitis C Fixed-dose combination of

sofosbuvir, a hepatitis C virus

(HCV) nucleotide analog

NS5B polymerase inhibitor,

velpatasvir, an HCV NS5A

inhibitor, and voxilaprevir,

an HCV NS3/4A protease

inhibitor

Ocaliva 2016 Primary

biliary cholan-

gitis

Farnesoid X receptor (FXR)

agonist

Zepatier 2016 HCV genotype

1 or 4

Fixed-dose combination prod-

uct containing elbasvir, a hep-

atitis C virus (HCV) NS5A

inhibitor, and grazoprevir, an

HCV NS3/4A protease in-

hibitor

Cholbam 2015 Bile acid syn-

thesis and per-

oxisomal disor-

ders

Primary bile acid synthesized

from cholesterol in the liver
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Daklinza 2015 HCV genotype

3

Inhibitor of NS5A, a nonstruc-

tural protein encoded by HCV

Technivie 2015 HCV genotype

4

Fixed-dose combination of

ombitasvir, a hepatitis C

virus NS5A inhibitor, pari-

taprevir, a hepatitis C virus

NS3/4A protease inhibitor,

and ritonavir, a CYP3A

inhibitor

Olysio 2013 Hepatitis C Small molecule orally active

inhibitor of the NS3/4A pro-

tease of hepatitis C virus

Sovaldi 2013 Hepatitis C Inhibitor of the HCV NS5B

RNA-dependent RNA poly-

merase

Incivek 2011 HCV genotype

1

Inhibitor of the HCV NS3/4A

serine protease

Victrelis 2011 HCV genotype

1

Inhibitor of the hepatitis C

virus non-structural protein 3

(NS3) serine protease

Viread 2008 Hepatitis B Oral nucleotide analogue

DNA polymerase inhibitor

Tyzeka 2006 Hepatitis B Inhibitor of HBV DNA poly-

merase

Baraclude 2005 Chronic hep-

atitis B with

evidence of

active viral

replication

Small-molecule guanosine nu-

cleoside analog with selective

activity against hepatitis B

virus (HBV) polymerase
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Hepsera 2002 Chronic hep-

atitis B with

evidence of

active viral

replication

Inhibitor of HBV DNA poly-

merase

Pegasys 2002 Chronic hep-

atitis C with

compensated

liver disease

Binds to and activates human

type 1 interferon receptors

Peg-intron 2001 Chronic Hep-

atitis C

Binds to and activates human

type 1 interferon receptors

Ribavarin 2001 Chronic Hep-

atitis C

Synthetic nucleoside analog

with antiviral activity

Twinrix 2001 Hepatitis A

and B

Recombinant vaccine

While a few treatments have shown moderate efficacy, there are currently no biopharma-

ceuticals that are approved for NAFLD, NASH or cirrhosis. Glitazones, for example, up-

regulate adiponectin, an adipokine with anti-steatogenic and insulin-sensitizing properties

[225]. Vitamin E, an antioxidant, can prevent liver injury by blocking apoptotic pathways

and protecting against oxidative stress [225]. Despite clinical studies of a large number of

therapeutic candidates, no single agent or combination has shown improvement to liver-

related morbidity and mortality in patients with NASH. Until a drug is FDA-approved for

NASH indications, lifestyle modifications and optimizing metabolic risk factors are the best

medical treatment options for these patients.

1.3.3 Liver Transplantation

The first attempt at human liver transplantation took place at the University of Colorado

on March 1, 1963 but turned out to be unsuccessful [254]. Based on the pioneering work of

Thomas Starzl, the first extended survival of a human recipient after liver transplantation
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(LT) was achieved on July 23, 1967 with a 19-month-old female patient with hepatocellular

carcinoma who survived 13 months before succumbing to metastatic disease [253]. After

the initial success of the surgery, advancements were made to improve donor organ quality,

recipient selection, operative and perioperative management, immunosuppression and infec-

tious complications. These advancements have made orthotopic liver transplantation the

primary treatment for end-stage liver disease and certain cancers. These transplants have

1-year patient survival rates over 80% [306]. However, many challenges remain, including

donor organ shortages, recipients with more advanced disease at transplant, a growing need

for re-transplantation, and adverse effects associated with long-term immunosuppression.

To overcome a growing imbalance between the supply and demand of donor livers, trans-

plant centers have developed strategies to expand the donor pool. These strategies include

live donor liver transplantation [72], split-liver transplantation [33], and extended criteria for

donor livers [274]. Despite all these efforts, the number of liver transplants has not increased

in the last decade.

An alternative to human liver transplantation is xenotransplantation, though it has been

clinically intractable due to concerns about immunological rejection and zoonotic pathogen

transfer. With the advent of accessible genetic engineering technologies to circumvent the

aforementioned challenges, the breeding efficiency of animals can be leveraged to mass-

produce tissue for human organ transplants. Niu et al. applied CRISPR-Cas9 to inactivate

all 62 copies of porcine endogenous retroviruses, thus paving the way for pig-to-human

transplants [198]. Relatedly, Längin et al. genetically engineered porcine heart xenografts

and demonstrated long-term pig-to-baboon orthotopic transplantation [145].

1.3.4 Hepatocyte Transplantation

Given the several drawbacks of LTs, alternative strategies have been pursued. A potential

alternative to liver transplantation is allogeneic hepatocyte transplantation (HT). Trans-

planted cells can provide the missing or impaired hepatic function once engrafted. Given

their synthetic and metabolic capabilities, mature hepatocytes are the primary candidates

for liver cell transplantations. HT offers several advantages over LT. It is less invasive

and can be performed repeatedly to meet metabolic requirements. Furthermore, multiple

patients can be treated with a single dissociated donor tissue, and harvested cells can be
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cryopreserved for later use on an as-needed basis.

The first experimental attempt of HT was done in 1976 to treat an animal model for

Crigler-Najjar syndrome type I [175]. Along with other observations, it led to the first

transplant of autologous hepatocytes in 10 patients with liver cirrhosis in 1992 in Japan

[181]. Since then, reports have been published on more than 100 patients with liver disease

treated by HT worldwide [77]. Human HT has resulted in partial correction of a number of

liver diseases including urea cycle disorders [108], factor VII deficiency [58], glycogen storage

disease type 1 [191], infantile Refsum’s disease [244], phenylketonuria [59], severe infantile

oxalosis [13] and acute liver failure [22]. HT faces several limitations: limited supply of

high quality mature hepatocytes, freeze-thaw damage due to cryopreservation, poor cellular

engraftment (estimated to be from 0.1 to 0.3% of host liver mass in mice after infusion of 3

- 5% of the total recipient liver cells) [77] and allogeneic rejection.

Clinically, the most widely used administration route for HT is through the portal vein

or one of its branches. Hepatocytes traverse the sinusoidal vasculature and create transient

occlusions. The occlusions lead to vascular permeabilization which allows transplanted cells

to reach the liver parenchyma [59]. The number of cells that are injected intraportally and

subsequently engraft is a function of portal pressure and liver architecture. Thus, other

administration routes have been explored for patients with cirrhosis who have high portal

pressures due to fibrosis.

In animal studies, hepatocytes transplanted into the spleen proliferate for extended peri-

ods of time and display normal hepatic function. The spleen has been shown to be well-suited

for hepatocyte engraftment because it functions as a vascular filter and provides an immedi-

ate blood supply [77]. The peritoneal cavity represents an attractive administration route as

it is easily accessible and can house a large number of cells. Due to cell number requirements

associated with metabolic compensation, it has been used in patients with acute liver failure

[262]. As an alternative to the portal vein, spleen and peritoneum, the lymph node (LN)

has also been shown to demonstrate engraftment of donor hepatocytes [107, 141]. While

this strategy has not been utilized in the clinic yet, the preclinical data is promising.
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1.3.5 Current Clinical Trials

Several pathways have been implicated in the biology and pathogenesis of NAFLD develop-

ment: insulin resistance, lipotoxicity, oxidative stress, altered immune/cytokine/mitochondrial

functioning, and apoptosis. New therapeutic modalities are being developed to target many

of these pathways. For a detailed overview of NAFLD-targeted drugs that are currently in

the clinical trial pipeline, please refer to Younossi et al. [304].

1.4 In Vitro Models of the Liver

To build high-fidelity cellular models and therapies, components of the native liver mi-

croenvironment must be incorporated (Figure 1-3). The liver’s highly organized structure

is key to its role as a complex tissue supporting myriad synthetic and metabolic func-

tions. In addition to hepatocytes, the main parenchyma of the liver, there are several

non-parenchymal cell types such as liver sinusoidal endothelial cells (LSECs), Kupffer cells,

cholangiocytes and stellate cells. In each lobule of the liver, an array of parallel hepatocyte

cords are sandwiched between the sinusoid, carrying circulating blood, and the bile duct,

carrying hepatocyte-secreted bile acids. Notably, this arrangement dictates a unique set of

architecturally-driven cell-cell and cell-matrix cues, which give rise to liver-specific pheno-

types. Gradients of physicochemical stimuli along the sinusoid drive zonal phenotypes with

disparate metabolic and synthetic functional profiles [82]. Interrupting the natural order of

cell arrangement in the liver is directly connected with diseases discussed in Section 1.2. In

this book chapter we will primarily focus on human platforms, which are biologically distinct

from animal-derived cell models of the liver that are reviewed more in depth elsewhere [84].

1.4.1 Two-Dimensional Liver Culture

Hepatocytes are responsible for more than 500 metabolic and synthetic functions of the

human body, often categorized broadly as protein synthesis and secretion, detoxification,

bile synthesis and nitrogen metabolism. Primary hepatocytes quickly lose their phenotype

and function after a few days in traditional monolayer culture and require a collagen-coated

surface for adherence and survival [20]. In contrast, when primary human hepatocytes are

cultured between two layers of collagen gel (i.e. sandwich culture configuration), they retain
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Figure 1-3: Advances in hepatic tissue engineering. Traditional tissue culture
approaches such as addition of extracellular matrix, soluble factors, co-cultivation
with supporting cell types, hanging drop, microwell molding, and non-adhesive sur-
faces have enabled the early study of hepatocyte phenotype in vitro in both 2D and
3D cultures. The advent of technologies from disciplines such as chemical engineering
and electrical engineering has led to a new level of control for hepatic tissue cultures,
such as micropatterning to template cell interactions, microphysiological systems to
study the impact of bioactive perfusate, polymeric biomaterials for constructing 3D
cell-laden grafts, perfusion technologies for decellularization/recellularization strate-
gies, and 3D printing for scalable engineering of cellular grafts. Adapted from [146].

viability, polarity and many axes of relevant metabolic and synthetic function [263, 67].

Guguen-Guillouzo et al. found that a random co-culture with a liver epithelial cell line was

sufficient to support hepatic albumin secretion, suggesting the importance of heterotypic

cell interactions for long-term ex vivo culture [94]. Bale et al. demonstrated that other non-

parenchymal liver cells can better recapitulate hepatic response to inflammatory stimuli,

through higher-order intercellular interactions captured in a multicellular platform [8]. It
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was later discovered that a micropatterned architecture consisting of hepatocyte-filled islands

surrounded by a non-biomimetic cell type, mouse fibroblasts, can also stabilize hepatocytes,

suggesting the existence of conserved co-culture signals across species. These micropatterned

co-cultures (MPCCs) enable the study of drug-induced liver injury (DILI) and hepatotropic

pathogen infection for several weeks in vitro [170, 129, 128]. Furthermore, Davidson et al.

added hepatic stellate cells to the traditional MPCC to create an in vitro model of NASH

[52].

Despite the utility of 2D hepatic cultures in screening assays, a wealth of literature

suggests that they are dissimilar to hepatocytes in vivo. Specifically, 2D formats, even with

overlaid collagen matrix, are more flattened than their native cuboidal architecture. On a

subcellular level, this translates to major differences in cytoarchitecture, which is linked to

aberrant polarization and non-physiological behavior [305, 159]. Griffith and Swartz have

described the improved presentation of relevant biochemical and mechanical cues in 3D

cultures, typically cell-laden hydrogels, compared to traditional 2D cultures [89].

1.4.2 Three-Dimensional Liver Constructs

Commonly, 3D hepatic cultures consist of primary cell or induced pluripotent stem cell

(iPSC)-derived spheroid and organoid cultures, which are typically embedded in ECM-based

hydrogels [156]. Spheroids and organoids can be manufactured using a variety of techniques,

such as microwell mold-based technologies, which offer a high degree of composition and

size control, but are difficult to scale. Spinning flasks and bioreactors can produce large

populations of spheroids, though they are typically non-uniform in size and function. Bell

et al. showed that primary human hepatic spheroids fabricated and cultured in microwell

plates serve as useful models of hepatotoxicity and multiple liver pathologies [16].

Toward transplantable cell therapies, Stevens et al. used microwell molds to create 3D

hepatic spheroid co-cultures of primary human hepatocytes and fibroblasts, which can be

embedded in agarose, fibrin or polyethylene glycol hydrogel scaffolds. The resulting tissue

constructs support hepatic function in vitro and in vivo after ectopic transplantation into

the peritoneal cavity [257]. Furthermore, Stevens et al. demonstrated that implanting a

tissue seed, consisting of hepatic aggregates and vascular cords, into an FRNG (fumarylace-

toacetate hydrolase-deficient (Fah-/-), recombinase activating gene-deficient (Rag1-/-), non-
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obese diabetes (NOD), interleukin-2 receptor 𝛾 chain-deficient (Il2r𝛾-null)) mouse model of

hereditary tyrosinemia leads to a 50-fold expansion in serum human albumin and formation

of perfusable vessels after 80 days of cycled exposure to regenerative stimuli [256]. Relatedly,

Takebe et al. constructed liver buds consisting of iPSC-derived hepatocyte-like cells, mes-

enchymal stem cells, and human umbilical vein endothelial cells; mesenteric transplantation

of these human liver buds resulted in vascularization and rescued a lethal TK-NOG mouse

model of liver injury [266].

To create clinically-viable engineered liver constructs, cell sourcing (discussed further in

Section 1.6) and clinical-scale manufacturing of organoids and spheroids must be addressed.

Toward this end, Takebe et al. constructed a large-scale liver bud microwell culture platform,

enabling the formation of 108 liver buds [267].

1.4.3 Physiological Microfluidic Models of Liver

Despite improvements to in vitro liver platforms as model systems and implants, static cul-

tures lack physiologically-relevant dynamic components. The native liver’s dynamic physi-

ology arises from blood circulation and multi-organ crosstalk. Thus, to improve biological

fidelity, many have attempted to create microfluidic models of the liver [114]. By leverag-

ing techniques from the semiconductor manufacturing industry like soft lithography, groups

have fabricated microphysiological systems with pre-formed channels to allow for perfusion

of nutrients and to aid in waste removal [87, 19, 115, 133, 135, 242]. These so-called liver-on-

chip platforms allow for the study of biochemical and mechanical cues such as growth factor

gradients and shear stress. Lee et al. demonstrated that the presence of human stellate cells

and application of shear via flow enabled formation of stable hepatic spheroids on chip [151].

Furthermore, by linking microfluidic channels between multiple tissue models, multi-organ

phenomena such as drug metabolite toxicity and disease progression can be captured in

vitro, which is not possible in traditional cultures [238, 68, 91].

1.4.4 Drug Development Applications

Even though disease modeling in liver-on-a-chip devices is in its early stages, one area where

the field has made significant headway is in studying drug metabolism. The pharmaceutical

pipeline is clogged by drugs that pass the pre-clinical (in vitro and animal testing) phase but
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fail after several years of human trials. Approximately 90% of the drugs that make it to hu-

man trials fall under this category and end up costing pharmaceutical companies hundreds

of millions of dollars per drug. For drug studies, in particular, animal models are often not

predictive of human outcomes, due to species-specific drug metabolism pathways such as

those regulated by cytochrome P450 enzymes. Additionally, given their ability to integrate

multiple organ systems, liver-on-a-chip systems have been shown to more faithfully model

human ADME/TOX and capture adverse drug reactions. These physiologically coupled de-

vices have predicted the formation of toxic metabolites by the liver, which have downstream

deleterious effects on other organ systems. For example, Viravaidya et al. characterized

the conversion of naphthalene into its toxic metabolite with a liver-lung-fat tissue chip, in

which they observed depleted glutathione levels in the downstream lung chamber caused by

accumulated compounds in the fat chamber [291]. Coupling organ systems offers preclinical

analysis of ADME/TOX and of cancer drug metabolism [45, 273], which is typically limited

to animal models.

1.4.5 Controlling 3D Architecture and Cellular Organization

Another approach to improving the functionality of tissue-engineered constructs is to more

closely mimic in vivo microarchitecture by generating scaffolds with a highly defined material

and cellular architecture, which would provide better control over the 3D environment at

the microscale.

A range of rapid prototyping and patterning strategies have been developed for poly-

mers using multiple modes of assembly including fabrication using heat, light, adhesives,

or molding, and these techniques have been extensively reviewed elsewhere [281]. For ex-

ample, 3D printing with adhesives combined with particulate leaching has been utilized to

generate porous PLGA scaffolds for hepatocyte attachment [136], and microstructured ce-

ramic [211] and silicon scaffolds [122, 200] have been proposed as platforms for hepatocyte

culture. Furthermore, molding and microsyringe deposition have been demonstrated to be

robust methods for fabricating specified 3D PLGA structures towards the integration into

implantable systems [292].

Microfabrication techniques have similarly been employed for the generation of patterned

cellular hydrogel constructs. For instance, microfluidic molding has been used to form bi-
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ological gels containing cells into various patterns [270]. In addition, syringe deposition in

conjunction with micropositioning was recently illustrated as a means to generate patterned

gelatin hydrogels containing hepatocytes [294]. Patterning of synthetic hydrogel systems

has also recently been explored. Specifically, the photopolymerization property of PEG

hydrogels enables the adaptation of photolithographic techniques to generate patterned hy-

drogel networks. In this process, patterned masks printed on transparencies act to localize

the UV (ultraviolet) exposure of the pre-polymer solution, and thus, dictate the structure

of the resultant hydrogel. The major advantages of photolithography-based techniques for

patterning of hydrogel structures are its simplicity and flexibility. Photopatterning has been

employed to surface pattern biological factors [100], produce hydrogel structures with a

range of sizes and shapes [219, 14], as well as build multilayer cellular networks [161, 271].

Consequently, hydrogel photopatterning technology is ideally suited for the regulation of

scaffold architecture at the multiple length scales required for implantable hepatocellular

constructs. As a demonstration of these capabilities, photopatterning of PEG hydrogels

was utilized to generate hepatocyte and fibroblast co-culture hydrogels with a defined 3D

branched network, resulting in improved hepatocyte viability and functions under perfusion

[282]. More recently, a ’bottom-up’ approach for fabricating multicellular tissue constructs

utilizing DNA-templated assembly of 3D cell-laden hydrogel microtissues demonstrates ro-

bust patterning of cellular hydrogel constructs containing numerous cell types [153]. Also,

the additional combination of photopatterning with dielectrophoresis-mediated cell pattern-

ing enabled the construction of hepatocellular hydrogel structures organized at the cellular

scale. Overall, the ability to dictate scaffold architecture coupled with other advances in

scaffold material properties, chemistries, and the incorporation of bioactive elements (dis-

cussed further in Section 1.7) will serve as the foundation for the future development of

improved tissue-engineered liver constructs that can be customized spatially, physically, and

chemically.

1.5 In Vivo Models

While there have been impressive advances in cell culture models of the human liver, exper-

imental animal models still play an important role in the effort to engineer liver therapies.

Commonly performed surgeries such as bile duct ligation and partial hepatectomy are ex-
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perimentally tractable models of acute liver injury, yet they are of little clinical relevance.

Drug-induced (e.g. carbon tetrachloride, acetaminophen, or thioacetamide) hepatotoxicity

to induce necrotic lesions is more recapitulative of human pathophysiology, but the pheno-

type is difficult to reproduce [205]. Additionally, modeling chronic liver injury in animal

models is problematic because they tend to rapidly correct severe hepatic damage after a

few days, which is not representative of human disease progression and resolution [78]. In

order to model a human-like context for liver injuries, it is necessary to develop improved,

controlled models of human liver injury. Such animal models can be useful for the eval-

uation of human liver biology and the preclinical performance of candidate therapies and

drugs [92, 269]. To accomplish this, human hepatocytes can be transplanted orthotopically

in immunocompromised mice with no liver injury via injection of a cell solution, and are

useful for modeling human-specific drug metabolism, liver injury, and hepatotropic infec-

tions. However, on average, hepatocyte transplantation exhibits poor levels of engraftment

( 10-30%) [98]. Transplanted hepatocytes have the ability to expand preferentially if the host

is compromised by injury or genetic modification. The first genetically engineered mouse

model to demonstrate this was the Alb-uPA mouse, which carries a uroplasminogen activa-

tor under an albumin promoter, causing liver injury and failure [220]. Aiming to improve on

the Alb-uPA system, a transgenic model of hereditary tyrosinemia I was developed, in which

a genetic knockout of FAH leads to the hepatotoxic accumulation of fumarylacetoacetate [6].

FAH knockout mouse injury initiation and duration can be controlled through the adminis-

tration of a small molecule drug, 2-(2-nitro-3-trifluoro-methylbenzoyl)-1,3-cyclohexanedione;

NTBC) in the drinking water. Another inducible model called TK-NOG, which expresses

thymidine kinase under an albumin promoter, causes hepatocyte ablation following acti-

vation by ganciclovir treatment [103]. In the AFC8 injury model, induction by the small

molecule AP20187 drives caspase-8-initiated apoptosis of hepatocytes modified to express

FK506 under an albumin promoter [23]. For all of the above models, engraftment rates

surpassing 70% have been observed. A classical study in parabiotic rats in the 1960’s re-

vealed that hepatic injury results in the expression of systemic, soluble signals that have

the potential to drive liver regeneration [32]. Despite decades of research, the complex sig-

naling cascade driving liver regeneration is still not well understood, but has found utility

in ectopic humanized mouse models. Chronic liver injury often presents with high portal

pressures, which can reduce engraftment levels during an orthotopic transplantation. Thus,
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transplantation to ectopic sites is clinically attractive. Ectopic grafts that anastomose to the

host vasculature can interact with regenerative stimuli from the host liver, causing expansion

and proliferation of the transplanted human hepatocytes. Initially, ectopic transplantation

was demonstrated in the lymph node [141] and spleen [213], and later in the subcutaneous

space and mesenteric fat-pad, both of which offer ease of accessibility for manipulation and

non-invasive imaging [256, 266, 40]. Taken together, the range of liver injury animal models

are an essential tool for studying various perturbations to normal liver biology and building

implantable tissue constructs to address acute and chronic liver failure. The field is just

beginning to uncover mechanisms that control liver regeneration in various disease and in-

jury contexts. The discovery of new soluble regenerative signals will be central to advancing

therapies that have the potential to improve the supply of donor tissue.

1.6 Cell Sourcing

1.6.1 Cell Number Requirements

The development of cell-based therapies poses myriad challenges, partially stemming from

the scale of the liver. An adult human liver is estimated to possess 241 billion hepatocytes,

24 billion stellate cells and 96 billion Kupffer cells [21]. Sourcing such enormous cell numbers

using current technologies is not feasible.

However, many human hepatocyte transplantation studies suggest that clinical inter-

vention is possible with a fewer number of cells, and offer critical insights to help us deter-

mine minimum cell numbers. In a review, Fisher and Strom cataloged 78 different human

hepatocyte transplantation studies, detailing both the input cell number and a qualitative

description of functionality [77]. Correlating these, we can broadly surmise that to correct

inborn errors of metabolism, at least 1-10 billion hepatocytes are needed. However, for acute

liver failure, that number grows to 5-20 billion cells. For liver cirrhosis, hepatocyte trans-

plantations have largely been unsuccessful (discussed further in Section 1.3.4); therefore,

it is unclear what the cellular requirements for cirrhosis are. While injection of hepatocytes

is not the same as implantation within a scaffold, these studies serve as useful inputs into

more complex physiological models.

In order to get us closer to these numbers, many different cell sources have been explored.
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1.6.2 Immortalized Cell Lines

Immortalized hepatocyte cell lines can be derived from liver tumor tissue or directly from

primary hepatocytes in vitro. The prominent lines utilized today are HepG2, derived from

hepatocellular carcinoma, HepaRG [97], a human bipotential progenitor cell line, C3A, de-

rived from HepG2s, and Huh7, derived from liver tumor [42]. Several other fetal and adult

hepatic cell lines have also been established, typically using a combination of viral oncogenes

and the human telomerase reverse transcriptase (hTERT) protein [283]. However, these cell

lines lack the full functional capacity of primary adult hepatocytes and there is a risk that

oncogenic factors could be transmitted to the patient, limiting their use as a cell source for

transplantation therapies.

1.6.3 Primary Cells

Unlike immortalized lines, primary human hepatocytes (PHHs) can provide a whole host of

human liver-specific function. PHHs, however, are limited in supply and their phenotype is

difficult to maintain in vitro. Many methods have been developed for maintaining long-term

functionality of hepatocytes through the use of a variety of configurations and biomaterial

constructs, which are further discussed in Section 1.4. Due to limitations in the supply

of mature human hepatocytes, many groups have attempted to promote the expansion and

proliferation of PHHs in vitro. Peng et al. have shown that TNF𝛼 promotes the expansion

of hepatocytes in 3D cultures and enables serial passaging and long-term culture for more

than 6 months [209]. In a similarly notable study, Hu et al. identified an optimal cell

culture cocktail consisting of B27 supplement (without vitamin A), R-spondin, CHIR99021

(a Wnt agonist), NAC, nicotinamide, gastrin, EGF, TGF𝛼, FGF7, FGF10, HGF, and TGF𝛽

inhibitor (A83-01) and ROCK inhibitor that led to long-term 3D organoid culture of PHHs

[110].

1.6.4 Fetal and Adult Progenitors

Given their ability to differentiate into diverse lineages both in vitro and in vivo, iPSC and

human embryonic stem cell (hESC) cultures can also be utilized to generate hepatocyte-like

cells (HLCs). Various differentiation protocols have been applied to these cultures to yield

cell populations that exhibit some phenotypic and functional characteristics of hepatocytes

56



[87, 237, 88, 34, 248]. These populations are termed HLCs because of their expression of

fetal proteins and fetal-like cytochrome P450 profiles [230]. While they are distinct from

mature adult hepatocytes, HLCs can still serve as a potential cell source in very specific

contexts.

In addition to pluripotent cells, bipotential progenitor cells can also serve as a source for

hepatocytes. Huch et al. delineated conditions that allow for long-term expansion of adult

bile duct-derived EpCAM+ bipotential progenitor cells from the human liver [113]. The

expanded cell population attained using their protocol is stable at the chromosomal level

and can be converted into functional HLCs in vitro and in vivo [113].

1.6.5 Reprogrammed Hepatocytes

HLCs can also be generated using direct reprogramming of mature cell types. For example,

several groups have demonstrated the feasibility of reprogramming fibroblasts into HLCs

without a pluripotent intermediate [308, 111, 65]. Cheng et al. demonstrated that a com-

bination of nuclear factors can stimulate conversion of hepatoma cells to HLCs [42]. These

findings raise the future possibility of deriving human HLCs directly from another adult cell

type.

1.7 ECM for Cell Therapies

The ECM of the liver provides a structural scaffold with bioactive cues that modulate hep-

atic function and promote vascularization. Collagen and fibronectin are the major structural

components of the liver ECM. Along with other non-structural proteins, these components

participate in integrin-mediated signaling between cells and their surrounding matrix. Hep-

atocytes are sensitive to their ECM, and it has been demonstrated that the presence of

abnormal amounts and/or types of ECM components correlates with the onset and progres-

sion of liver fibrosis [296].

ECM scaffolds for hepatic tissue engineering are useful for constructing 3D tissue models

and as a delivery vehicle for implants. Polymeric biomaterial hydrogels gained popularity

as an engineering tool for recapitulating a physiologically-relevant 3D tissue niche. Aside

from creating a permissive environment for hepatocyte survival and growth, ECM scaffolds

for hepatic tissue engineering also enable the formation of biliary and vascular networks,
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which will be further discussed in Section 1.8. Broadly speaking, ECM scaffolds can be

constructed using synthetic and/or naturally-derived polymers.

1.7.1 Natural Scaffold Chemistry and Modifications

A wide range of natural biomaterial polymers spanning polysaccharides (e.g. dextran, chi-

tosan), peptides (e.g. collagen, fibrin), decellularized ECM (dECM) and composites of these

have been employed as hepatic tissue engineering scaffolds [156, 257, 256, 83, 217, 232, 31,

71, 126, 288]. The advantages of biologically-derived materials include their biocompatibil-

ity, naturally occurring cell adhesive moieties, and, in the case of decellularization, native

architectural presentation of extracellular matrix molecules. However, naturally-derived bio-

materials have several barriers to use in the clinic, primarily due to lot-to-lot variability and

xenogeneic origin.

The choice of material determines the physicochemical and biological properties of the

scaffold. For example, early efforts in developing implantable hepatic constructs utilized

collagen-coated dextran microcarriers that enabled hepatocyte attachment since hepatocytes

are known to be anchorage-dependent cells. The intraperitoneal transplantation of these

hepatocyte-attached microcarriers resulted in successful replacement of liver functions in

two different rodent models of genetic liver disorders [55]. Subsequently, collagen-coated

or peptide-modified cellulose [137, 126], gelatin [272], and gelatin-chitosan composite [155]

microcarrier chemistries have also been explored for their capacity to promote hepatocyte

attachment. On the other hand, materials that are poorly cell adhesive like alginate [83]

have been exploited for their utility in promoting hepatocyte-hepatocyte aggregation (i.e.

spheroid formation) and phenotypic stabilization within these scaffolds. Collectively, the

size of engineered tissues created by these approaches is limited by oxygen and nutrient

diffusion to only a few hundred microns in thickness.

To address this constraint, recent work has sought to use decellularized whole organ tissue

as a matrix for liver tissue engineering. The decellularization process utilizes perfusion-based

technologies to remove cells from donor tissues but preserve the structural and functional

characteristics of the native underlying tissue. Recent advances in decellularization protocols

have yielded scaffolds with native liver ECM composition, growth factor presentation, vas-

cular structure, and biliary network architecture [10, 249, 177]. To date, seeding protocols
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have achieved up to 95% efficiency of recellularization with relevant cell populations (e.g.

hepatocytes, vascular cells, bipotent hepatic progenitors); resulting re-cellularized grafts ex-

hibited liver-specific function and survival after transplantation in rodents [201, 288, 10].

Furthermore, cell-laden, xeno-derived decellularized ECM (dECM) scaffolds are compatible

with immunocompetent animal models [177]. However, given the shortage of donor tissue,

the wide use of dECM scaffolds is unlikely.

1.7.2 Synthetic Scaffold Chemistry

In contrast to biologically-derived material systems, synthetic materials enable precisely cus-

tomized architecture (porosity and topography), mechanical and chemical properties, and

degradation modality and kinetics, which are known to drive cell behavior. Synthetic mate-

rials that have been explored for liver tissue engineering include poly(L-lactic acid) (PLLA),

poly(D,L-lactide-co-glycolide) (PLGA), poly(𝜖 -caprolactone) (PCL), and poly(ethylene gly-

col) (PEG) [40, 46, 48, 188, 187, 120, 282, 287]. Polyesters like PLLA and PLGA are the

most common synthetic polymers utilized in the generation of porous tissue-engineering con-

structs. These materials are biocompatible, biodegradable, and have been used as scaffolds

for hepatocyte transplantation [188, 241]. A key advantage of PLGA is the potential to

finely tune its degradation time due to differences in susceptibility to hydrolysis of the ester

groups of its monomeric components (lactic acid and glycolic acid). However, the accumu-

lation of hydrolytic degradation products has been shown to produce an acidic environment

within the scaffold which initiates peptide degradation and stimulates inflammation, which

may affect hepatocyte function [109]. Consequently, as alternatives to macroporous scaffold

systems, approaches aimed at the efficient and homogeneous encapsulation of hepatocytes

within a fully 3D structure have been explored. In particular, hydrogels that exhibit high wa-

ter content and thus similar mechanical properties to tissues are widely utilized for various

tissue-engineering applications including hepatocellular platforms. Synthetic, PEG-based

hydrogels have been increasingly utilized in liver tissue-engineering applications due to their

high water content, hydrophilicity, resistance to protein adsorption, biocompatibility, ease

of chemical modification, and the ability to be polymerized in the presence of cells, thereby

enabling the fabrication of 3D networks with uniform cellular distribution [210]. PEG-based

hydrogels have been used for the encapsulation of diverse cell types, including immortalized
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and primary hepatocytes and hepatoblastoma cell lines [40, 282, 287]. The encapsulation

of primary hepatocytes requires distinct material modifications (e.g. 10% w/v polyethylene

glycol (PEG) hydrogel, inclusion of RGD adhesive motifs) as detailed below, as well as,

analogous to 2D co-culture systems, the inclusion of non-parenchymal supporting cell types

such as fibroblasts and endothelial cells [287].

1.7.3 Modifications in Scaffold Chemistry

The relatively inert nature of synthetic scaffolds allows for the controlled incorporation

of chemical/polymer moieties or biologically active factors to regulate different aspects of

cellular function. Chemical modifications like oxygen plasma treatment or alkali hydrolysis

of PLGA [104, 194], or the incorporation of polymers like poly(vinyl alcohol) (PVA) or

poly(N-p-vinylbenzyl-4-O-𝛽-D-galactopyranosyl-D-glucoamide) (PVLA) into poly(lactic-co-

glycolic acid) (PLGA) or poly-l-lactide acid (PLLA) scaffolds [188, 125, 149] have improved

hepatocyte adhesion by modulating the hydrophilicity of the scaffold surface [37]. Biological

factors may include whole biomolecules or short bioactive peptides. Whole biomolecules are

typically incorporated by non-specific adsorption of extracellular matrix molecules such as

collagen, laminin or fibronectin [104, 75] and covalent conjugation of sugar molecules such as

heparin [99, 134], galactose [46, 208], lactose [99] or fructose [154] or growth factors such as

EGF [176]. Alternatively, short bioadhesive peptides that interact with cell surface integrin

receptors have been extensively utilized to promote hepatocyte attachment in synthetic

scaffolds. For example, conjugation of the RGD peptide to PLLA has been shown to enhance

hepatocyte attachment [35], whereas RGD modification significantly improved the stability

of long-term hepatocyte function in PEG hydrogels [40, 287]. The additional incorporation

of adhesive peptides that bind other integrins may serve as a way to further modulate and

enhance hepatocyte function within synthetic polymer substrates. Moreover, Stevens et al.

demonstrated that integration of matrix metalloproteinase-sensitive peptide sequences into

hydrogel networks as degradable linkages has been shown to enable cell-mediated remodeling

of the hydrogel [255].

The capacity to modify biomaterial scaffold chemistry through the introduction of bi-

ologically active factors will likely enable the finely tuned regulation of cell function and

interactions with host tissues important for implantable systems.
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1.7.4 Porosity

A common feature of many implantable tissue engineering approaches is the use of porous

scaffolds that provide mechanical support, often in conjunction with cues for growth and

morphogenesis. Collagen sponges, various alginate and chitosan composites and PLGA

are the most commonly used porous scaffolds for hepatocyte culture, and are generally

synthesized using freeze-dry or gas-foaming techniques. Pore size has been found to regulate

cell spreading and cell-cell interactions, both of which can influence hepatocyte functions

[217], and may also influence angiogenesis and tissue ingrowth [199]. Porous, acellular

scaffolds are normally seeded using gravity or centrifugal forces, capillary action, convective

flow, or through cellular recruitment with chemokines, but hepatocyte seeding is generally

heterogeneous in these scaffolds [300, 150].

1.8 Vascular and Biliary Tissue Engineering

Beyond compatibility with hepatic cell types, scaffolds should also be conducive to vascu-

lature formation. Relying on vascularization by the host is not sufficient for large tissue

constructs required for the clinic, because cells that are not near capillary structures (> 150

– 200 𝜇m) are at a risk for necrosis after a matter of hours due to a lack of oxygen, nutrient

availability and waste transport. In this section, we discuss composite approaches toward

building scalable, vascularized constructs.

1.8.1 Vascular Engineering

Approaches to engineering vessels can generally be categorized as bottom-up induction of

vascular assembly and top-down fabrication of vascular conduits [245]. Bottom-up vascular

engineering approaches are built upon the idea of neovascularization, or new vessel forma-

tion. Vessel formation can occur by angiogenic sprouting, the formation of vessels branching

off of an existing blood vessel, or vasculogenesis, the self-assembly of single endothelial cells

or progenitor cells into lumenized vessels. Despite the ability of single vascular cells to co-

alesce to enable self-assembly, vasculogenesis is accelerated by co-culture with supporting

stromal cells, such as fibroblasts, mesenchymal stem cells and pericytes [245, 265, 54]. Stud-

ies exploring angiogenesis and sprouting events suggest that chemical gradients, fluid-driven
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shear stress, and a hypoxia are key players in vessel formation [185, 247, 79, 206].

Top-down fabrication approaches dictate geometry and architecture, rather than driv-

ing self-assembly. Polymer molding using microetched silicon has been shown to generate

extensive channel networks with capillary dimensions, though it is not amenable to high-

throughput manufacturing [28]. While direct printing of cells can be cytotoxic, 3D printing

has become a popular approach for fabricating hollow channels that enable vascular cell

seeding. The challenge lies in using this approach to build patent capillary beds, which

are 5-10 𝜇m in diameter. While 2-photon polymerization has an impressively high feature

size resolution at 100 nm, the tradeoff between build volume (i.e. building constructs large

enough for clinical impact), build speed (i.e. impacting manufacturability) and printer reso-

lution renders it inappropriate for most applications in tissue engineering. Alternate printers

using direct-ink writing (DIW) of viscoelastic materials have emerged as a powerful tool for

fabrication of patterned hydrogel constructs. DIW can achieve minimum feature size res-

olutions from 1 to 250 µm, depending the ink ‘building block’ size [280]. However, DIW

printing requires yield-stress fluid inks with restrictive viscosities (102-106 mPa·s), such that

they fluidize under stress but regain the original shear elastic modulus after printing [280].

Kolesky et al. demonstrated that DIW and fugitive inks were useful for multi-material

printing as well as construction of thick (>1 cm), vascularized tissues [140, 139]. Miller et

al. demonstrate the use of thermal microextrusion approach to create sacrificial sugar glass

lattices that can be embedded in various cell-laden biomaterials, evacuated and subsequently

lined with vascular cells [180].

Taken together, self-assembly-driven formation of a capillary bed can be combined with

printing of larger vessels to enable the fabrication of a fully vascularized tissue construct.

Song et al. used 3D printing to create curved vascular channels using a fugitive ink [247].

The vascular cells lining the channel were able to degrade the surrounding hydrogel matrix

and undergo sprouting when exposed to angiogenic factors. They further demonstrated that

the curvature and complexity of printed vasculature impacted the extent of sprouting, which

will be an important consideration for vessel patterning in future clinical applications [247].
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1.8.2 Host Integration

For vascularized constructs to survive after implantation, the engineered vessels must anas-

tomose with the host vasculature. To date, the exact mechanism that drives integration with

the host is not well understood [245]. A number of studies have elucidated the contribu-

tion of cytokines important in angiogenesis and recruitment of host vasculature in implant

constructs, such as VEGF [241], basic fibroblast growth factor (bFGF) [148], and vascular en-

dothelial growth factor (VEGF) in combination with platelet-derived growth factor (PDGF)

[221]. Furthermore, preimplantation of VEGF releasing alginate scaffolds prior to hepato-

cyte seeding was demonstrated to enhance capillary density and improve engraftment [127].

Additionally, while building an artificial liver tissue construct, Stevens et al. demonstrated

that the co-implantation of parallel endothelial cell cords with primary human hepatocyte

and fibroblast spheroids led to better hepatic performance and survival when compared to

an implant with non-patterned endothelial cells, suggesting that there may be an optimal

templated endothelial geometry that enables vascularization and host integration in vivo

[256]. Surgical anastomosis poses an alternative to biologically-driven anastomosis, though

this approach requires invasive surgery and access to suture-able vessels both in the graft

and in the host. Strategies to incorporate vasculature into engineered constructs include the

microfabrication of vascular units with accompanying surgical anastomosis during implan-

tation [122, 90].

In addition to interactions with the vasculature, integration with other aspects of host

tissue will constitute important future design parameters. For instance, incorporation of

hydrolytic or protease-sensitive domains into hepatocellular hydrogel constructs could enable

the degradation of these systems following implantation [255]. Of note, liver regeneration

proceeds in conjunction with a distinctive array of remodeling processes such as protease

expression and extracellular matrix deposition. Interfacing with these features could provide

a mechanism for the efficient integration of implantable constructs. Similarly to whole

liver or cell transplantation, the host immune response following the transplant of tissue-

engineered constructs is also a major consideration. Immunosuppressive treatments will

likely play an important role in initial therapies, although stem cell-based approaches hold

the promise of implantable systems with autologous cells. Furthermore, harnessing the

liver’s unique ability to induce antigen-specific tolerance [215] could potentially represent
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another means for improving the acceptance of engineered grafts.

1.8.3 Biliary Network Engineering

Importantly, future iterations of hepatic grafts should include a biliary system, which is

responsible for excretory functions. In a similar vein, we envision that a combination of

‘top down’ manufacturing, such as the aforementioned technologies for generating patent

vascular conduits, and ‘bottom up’ approaches, which could involve leveraging biological

phenomena that drive biliary morphogenesis, will be useful for building a biliary network.

The biliary tree is a complex, 3D network of tubular conduits of various sizes and proper-

ties. The liver contains an intrahepatic compartment that is lined by biliary epithelial cells,

termed cholangiocytes, that aid in the modification and removal of hepatocyte-secreted

bile. Even though the blood vessel fabrication approaches delineated above have not yet

been applied to engineering bile networks for implantable liver constructs, advancements in

cholangiocyte sourcing methods have made it feasible. Sampaziotis et al. identified a proto-

col for directed differentiation of human iPSCs into cholangiocyte-like cells [223]. In 2017,

the same group provided the first proof-of-concept study to reconstruct the gallbladder wall

and repair the biliary epithelium using human primary cholangiocytes expanded in vitro

[224]. Furthermore, current studies are focused on the development of in vitro models which

exhibit biliary morphogenesis and recapitulate appropriate polarization and bile canaliculi

organization [260, 118, 5], as well as platforms for the engineering of artificial bile duct

structures [182, 64].

1.9 Engineered Cell Therapies as Satellite Transplants

In this review, we present engineered cell therapies as an alternative to donor-harvested

organs and tissues, and focus on solid organs that require transplantation of functional cells

or engineered cell-laden grafts. There are multiple tissues that fit this description, including

the liver, which performs over 500 complex, metabolic functions [20], and the pancreas,

which imparts tight control of glucose homeostasis via exocrine secretions. Importantly,

satellite cell therapies have specific utility in use cases in which a remote functional unit of

cells can address host deficiency. We envision that these cell-based therapies can act as a

bridge to transplant or as a long-lasting, synthetic organ.
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Cell therapies can be engineered using autologous cell sources such as induced pluripotent

stem cells (iPSCs) or cadaveric donors. Additionally, cell sources may be xeno-derived, es-

pecially considering recent progress toward immunocompatibility through engineered cross-

matching and removal of pathogenic, zoonotic viruses [198]. Availability of cells and the

capacity for expansion and self-renewal is key for sustaining these cell therapies, and are

current topics of preclinical research. There is clinical precedent for the success of en-

graftment of allogeneic cells; for example, transplantation of donor islet cells led to a 50%

reduction in dependence on exogenous administration of insulin in patients with diabetes

[204, 105].

1.9.1 Success Criteria

Early iterations of engineered cell therapies were simplistic in nature and consisted of in-

jections of dissociated cell mixtures (and were discussed further in Section 1.3.4). While

success through initial attempts was promising, research in the field of regenerative medicine

strongly suggests that long-term integration and function of an engineered graft is closley

tied to rationally-designed cell structures and scaffolds. Here we define three success criteria

for engineered cell therapies as life-saving artificial organs:

1. Engraftment: which entails the successful initial survival and integration of cells or a

cell-laden construct with the host, which in some instances will involve morphogenetic

processes such as vasculogenesis and angiogenesis, or surgically-assisted anastomoses,

2. Function: which describes the capacity of the transplanted cells to carry out organ-

specific function and response (such as drug metabolism and protein synthesis of the

liver, or glucose-sensing and insulin production of the pancreas), and

3. Persistence: which captures the propensity for the artificial graft to sustain function

and integration over a long period of time, such that it may compensate or replace

the function of a missing or diseased organ, without being compromised by immune

attack.
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1.9.2 Anatomic Sites for Transplantation

The success of engineered cell therapies in the clinic has been in part impaired by the

limited exploration of heterotopic transplantation sites. While most organ transplants are

performed at the orthotopic site, this is not ideal because a diseased host organ is often

inhospitable to engraftment (e.g. elevated portal hypertension, cirrhosis, or fibrosis of the

liver). Thus, assessment of satellite locations for heterotopic transplant is of great clinical

interest. Importantly, there is precedent for tissue function in heterotopic locations in normal

biology [106, 57], disease settings such as malignant cancers [240], clinical procedures such

as auxiliary liver transplantation [15], direct injection of donor cells [213, 107, 141], and

engineered cell therapies in the preclinical space [256, 256, 40, 266].

As alluded to in Section 1.3.4, satellite cell therapies benefit from the choice of a

hospitable, heterotopic location, from which they can provide compensatory organ-specific

function for the damaged and/or diseased host organ. Importantly, heterotopic transplan-

tation sites represent key differences in local microenvironment, including oxygen tension,

nutrient supply, blood supply and pre-existing microvasculature, and immune surveillance.

Engineered cell therapies may consist of artificial scaffolds that leverage and/or compensate

for any aspects of the local environment, such as through provision of cues that promote

vasculogensis or angiogenesis in the case of insufficient native vascular supply. Anatomic

locations and delivery options that are amenable to implantation and engraftment include

intravenous delivery, subcutaneous injection, renal subcapsular implantation, lymph node

implantation, and intraperitoneal implantation in the mesentery or omentum. Furthermore,

other factors also affect the choice of anatomic site for a satellite cell therapy, including the

local immune environment, surgical accessibility in the case of need for removal to ensure

safety, and compatibility with accommodating a growing cell mass [57]

1.10 New Readouts for Liver Function

As new technologies for creating liver therapies and preclinical models become more com-

plex and widespread, real time, longitudinal, noninvasive, and more scalable readouts are

needed for evaluation. Advances in and integration of disparate fields have enabled new

sensors for monitoring long-term function, assessing therapeutic efficacy, and elucidating

biology. For longitudinal and real time monitoring, imaging modalities such as magnetic

66



resonance spectroscopy, bioluminescence imaging, and radioactive labeling provide ways to

gauge liver status and metabolic function noninvasively over time. In addition to traditional

blood protein measurements using host biomarkers, nanotechnology also has enabled new

ways to diagnose liver disease. For example, nano-sized synthetic protease-sensitive activ-

ity markers have successfully been employed to noninvasively detect liver fibrosis with high

signal-to-noise ratio using urinary detection [144]. For evaluation and elucidating biology,

soft epidermal electronics or electronically integrated tissues provide ways to analyze tissue

characteristics and augment existing function. Electrochemical sensors, force-sensitive can-

tilevers, and electrosensitive materials have been integrated within tissue culture platforms

and benchtop organ-on-chip systems or engineered artificial tissues to track cell signaling

[307]. Although preliminary in many ways, these new readouts can help improve translation

of therapies, refine non-human experimental models, and ultimately bridge the gap between

in vitro data and clinical translation.

1.11 Outlook

Traditionally, hepatic tissue engineering research has focused on designing the microenvi-

ronment to support a stable hepatic phenotype. As concomitant advances in pluripotent

cell research and polymer chemistry have been actualized, new cell sources and extracellu-

lar matrices have been added to the pipeline. This interdisciplinary synergy has been the

driving force behind the development of tissue engineered grafts with long-term survival

and growth. In order to inch closer to the regenerative medicine north star of an ex vivo

engineered graft that can serve as a replacement for the native organ, there are several areas

to consider for improvement: a) vascularization of thick, dense grafts through a combina-

tion of self-assembly and bioprinting, b) engineering of the hepatic graft to prevent immune

rejection in allogeneic and xenogeneic settings, c) improved understanding of metabolic and

cellular requirements of various liver diseases, d) development of scalable, renewable cell

sources that do not compromise the functional capabilities of cells, e) leveraging of animal

injury models as bioreactors for cell sourcing, and f) upscaling of grafts in a manner that is

compatible with the FDA’s Good Manufacturing Practice (GMP) standards.
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1.12 Thesis Scope & Organization

The lack of clinically viable options (including but not limited to donor organs, cell trans-

plantation, extracorporeal devices, and implantable cell-laden constructs) to sufficiently treat

patients with serious liver diseases is our main motivation pursuing the development of satel-

lite cell therapies. While there are several challenges associated with the clinical translation

of these technologies, this thesis focuses more deeply on building precise engineering meth-

ods to control and study the underlying cell-cell interactions, which we showed to reveal new

insights into 2D liver models, 3D tissue constructs, and implanted satellite grafts in small

animal models.

Figure 1-4: Thesis Overview. This thesis broadly encompasses three phases.
BUILD: Designing a molecular tool to control cell-cell interactions in a way that
enables organogenesis (left). DISCOVER: Applying such a tool to unlock new bi-
ology in 3D hepatic ensembles, which act as organ building blocks of satellite cell
therapies (middle). TRANSLATE: Addressing several challenges related to opti-
mization and testing of satellite cell therapies in vivo (right). Unpublished.

This thesis can be bucketed into three thrusts as shown in Figure 1-4. Our work is

summarized below in brief overview and expanded upon in dedicated Chapters in this doc-

ument:

Aim 1: BUILD

We have created a synthetic biology-driven tool (termed CAMEO, Controlled Apoptosis

in Multicellular tissues for Engineered Organogenesis) that enables precise control of cell-

cell interactions toward the end goal of engineering organogenesis. This tool is broadly
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applicable to all avenues of tissue engineering. Here, we study 2D hepatocyte-fibroblast

co-cultures as an exemplar, and find that our results corroborate the existing literature de-

scribing related hepatocyte-fibroblast systems.

Aim 2: DISCOVER

We then employed CAMEO to investigate cell-cell interactions in 3D hepatocyte-fibroblast

ensembles, which was previously experimentally intractable. We discover that primary hu-

man hepatocytes do not require sustained fibroblast co-culture for long-term phenotype

stability in vitro. Furthermore, we elucidate key drivers of phenotypic stabilization in our

3D hepatic ensembles.

Aim 3: TRANSLATE

In this Aim, we describe an approach for using our hepatic organ building blocks as

the functional unit in satellite cell therapies. Here, we pursue several collaborative efforts

in order to manufacture pre-vascularized grafts and highly-dense grafts. We also discuss

considerations for further development of satellite cell therapies.

Future Perspectives

Lastly, we close this thesis with a discussion of new avenues both outside of and within

tissue engineering that are enabled by our CAMEO technology. In this Chapter, we also pro-

vide additional commentary on considerations for applying satellite cell therapies to diseased

animal models.

1.13 Lay Summary
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Chapter 2

BUILD: Development of a

Non-Invasive Tool for Probing

Intercellular Communication

2.1 Introduction

Three-dimensional (3D) tissue engineered models have evolved to encompass a range of ap-

plications spanning therapeutic cell-based therapies to in vitro organoid models. In all use

cases, recapitulation of physiologic functions and native tissue behavior is key to studying

and harnessing complex, tissue-specific phenomena in normal and pathophysiological states

[165, 268, 207, 24, 284, 27, 197]. Across these systems, it is experimentally difficult to decou-

ple the dynamic contributions of homotypic and heterotypic cell-cell interactions, cell-matrix

interactions, soluble bioactive factors, chemical cues, and mechanical stimuli. Many existing

approaches were designed to decipher these interactions, including tunable hydrogel systems

[165, 276]; controlled manipulation via magnetic, fluidic, optical, electrical, mechanical, and

intermolecular forces [278, 301]; and time-lapse microscopy for tracking cell fate and cellular

rearrangement [38, 110, 227]. However, the contribution of cell-cell interactions remains

difficult to disentangle, especially in engineered tissues with high cellular diversity.
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2.1.1 Manipulation of Cell-Cell Interactions

For the liver, the inclusion of hepatocytes, which comprise the parenchymal compartment,

has been shown to be required to address numerous liver-specific synthetic and metabolic

functions [20]. However, it is well known that primary hepatocytes rapidly lose viability and

function upon isolation from their native microenvironment, thereby presenting an inherent

challenge for creating bioengineered liver tissue. A body of work has established that the

provision of heterotypic and homotypic cell-cell interactions are of particular importance

in engineered livers, including 3D stem cell-derived and primary tissue-derived ensembles.

Specifically, we and others have shown that co-culture with stromal cells derived from the

liver or elsewhere can enhance phenotypic stability of primary hepatocytes in a biomaterial

context, though whether this enhancement of hepatocyte function and longevity derives

from ongoing, direct cell-cell interaction, or a more transient, even indirect mechanism is

not comprehensively understood [18, 84, 95]. Multiple groups have demonstrated that the

interactions between various species of hepatocytes (including human, rat, monkey, and

dog) and 3T3-J2 murine fibroblasts significantly enhance the long-term phenotypic stability

of hepatocytes in vitro and in vivo [40, 131, 257, 256, 286, 9, 157]. Some evidence points

toward contributions from cell-cell contacts and cell-secreted matrix molecules (e.g. T-

cadherin, decorin, E-cadherin, liver-regulating protein) [131, 86, 101, 130]. Relatedly, we

previously executed a high-throughput screen which identified stromal gene products that

impact hepatocyte function in vitro [233, 234]. However, these phenomena are poorly studied

in both 2D and 3D tissue structures since dynamic and precise manipulation of established

complex, multicellular cultures is experimentally challenging.

In 2D, Hui et al. previously engineered a mechanical tool that enables user-defined con-

trol of cell-cell interactions in both time and space, and demonstrated its utility in studying

the temporal dynamics of hepatocyte-fibroblast interactions [116, 117]. Specifically, Hui et

al. engineered a micromachined silicon substrate (hereby referred to as micromechanical

combs) consisting of interdigitating fingers that could move together and apart (Figure

2-1). In the studies, primary hepatocytes and fibroblasts were cultured on a set of combs,

and the substrates were manipulated during the duration of culture to prescribe temporal

control of cell-cell interactions. Importantly, precise control of cell-cell interactions after ini-

tiation of co-culture is otherwise experimentally challenging and in most cases, intractable.
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In further studies, micromechanical combs were also used to study the interactions of liver

sinusoidal endothelial cells, hepatocytes, and fibroblasts [169].

Figure 2-1: Temporal dynamics of hepatocyte-fibroblast interactions in 2D
micromechanical chip co-cultures. (A) Micromechanical combs enable 𝜇m-
resolution cell positioning, enabling both Contact Mode, in which comb fingers are
locked together in contact, and (B) Gap Mode, in which comb fingers are slightly
separated by an 80 𝜇m gap. (A and B) Zoom-in of bright-field images of hepatocytes
(darker cells) and fibroblasts (lighter cells) cultured on comb fingers (left; scale bar
= 250 𝜇m) and schematic of full micromechanical substrate platform (right). (C)
Contact between hepatocyte and fibroblast combs was required to maintain albumin
secretion over a 2 week period (red square = Contact Mode; blue circle = Gap Mode;
green triangle = hepatocytes alone). (D) After an initial 18-hour period of Contact
Mode, long-term culture in Gap Mode, which allows diffusion of paracrine signals,
sustained albumin secretion for the remainder of the 2 week period (blue circle; ar-
row). In contrast, complete removal of fibroblasts led to deterioration of albumin
secretion (green triangle). Adapted from [116].

The micromechanical combs were designed to snap together in Contact Mode (in which

hepatocytes and fibroblasts were cultured in direct contact; Figure 2-1A) or in Gap Mode

(in which hepatocytes and fibroblasts were cultured in across an 80 𝜇m gap, allowing for

only paracrine signal exchange between the two cell populations; Figure 2-1B). Similar

to previous work, it was found that initial juxtacrine interactions between hepatocytes and
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fibroblasts in Contact Mode (Figure 2-1C, red) were essential for supporting liver-specific

function such as the secretion of albumin; in contrast, hepatocytes that were either cultured

initially in Gap Mode (Figure 2-1B, blue) or alone (Figure 2-1B, green) were not able to

sustain liver-specific function. Interestingly, Hui et al. demonstrated that the maintenance of

liver-specific phenotype and viability could be mediated by an initial Contact Mode priming

of 18 hours, followed by followed by sustained paracrine interactions with fibroblasts in Gap

Mode (Figure 2-1C, blue). These findings highlight that there are spatiotemporal nuances

in the role that fibroblasts play in maintaining hepatocytes [116, 117].

2.1.2 Design Criteria

While this platform enables precise, user-defined control of cell-cell interactions and opens

the door to decoupling the contribution of molecular interactions over space and time, the

micromechanical combs system is limited to 2D cultures consisting of 2 distinct cell pop-

ulations cultured on rigid, silicon substrates. In order to enable matched studies in other

2D configurations as well as in 3D formats, we engineered a new method as defined by the

following desired design criteria:

• Non-invasive, on-demand manipulation, enabling compatibility with complex archi-

tectures and 3D microenvironments

• Minimal side effects

• Short time scale of manipulation

• Maximum and complete separation of cell populations

Taking each criteria above into account, we identified suicide genes as the ideal candi-

date for tool building and development. Suicide genes can be installed genetically in a cell,

and upon activation, causes the suicide gene-bearing cell to undergo apoptosis. Common

suicide genes include herpes simplex virus thymidine kinase (HSV-TK) triggered by ganci-

clovir (GCV), Fas ligand activation, activation of caspase proteins via inducible dimerization

(including caspase, 3, 8, 9), deamination of 5-fluorocytosine prodrug via cytosine deaminase

to produce toxic 5-fluororacil, and induction of p53 tumor suppressor.

At current, suicide genes are widely used in clinical applications for cancer, either in

order to (1) introduce a suicide gene into cancer cells to maximize lethality upon induction
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Figure 2-2: HSV-TK/GCV suicide switch activation is sensitive to cell di-
vision (A) Cells bearing HSV-TK were seeded at (A) 3,000/cm2 or (B) 30,000/cm2

and treated with a concentration between 0 to 10 𝜇g/mL ganciclovir. Cell num-
ber was quantified and normalized to day 0, non-treated cells for 4 days post-dose.
(Unpublished, data courtesy of Arnout Schepers)

[251] or (2) as a safety switch for infusions of Chimeric Antigen Receptor T-cell therapies,

which are designed to kill cancer cells but may require elimination if hyper-activation leads

to cytokine release syndrome [26]. In our application, we utilize suicide genes as a method

to remove a select population of cells from a co-culture. Most suicide genes are triggered

by small molecule drugs, which enables non-invasive and on-demand activation by adding

the drug to cell culture media, or infusing a patient with the drug. We also expect that

apoptosis will have minimal side effects, since apoptosis is a normal form of programmed cell

death that is required during development and maintenance of homeostasis. With certain

suicide genes, activation of the switch can lead to apoptosis in less than 3 to 4 hours,

and subsequently reduces and decays a cell into fragments called apoptotic bodies, which

are then eliminated by macrophages. Empirically, we found that the use of HSV-TK was

sensitive to the rate of cell division (Figure 2-2), likely because the mechanism of cell killing

depends on the blockage of DNA elongation, which causes toxicity upon replication. In

contrast, other suicide switches may be deployed on shorter timescales and are independent
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of proliferative state, such as those that rely on triggering initiator caspase proteins. Lastly, it

is possible to engineer and enrich for a suicide gene-bearing cell population using traditional

molecular approaches such as FACS or negative selection media, which is necessary in order

to manipulate an entire or defined subset of a cell population.

As we will demonstrate through this Chapter, we addressed all the above design crite-

ria using a cell line bearing the suicide gene inducible caspase-9 (iCasp9). Using this tool,

we introduce a technique termed CAMEO (Controlled Apoptosis in Multicellular tissues

for Engineered Organogenesis), in which a genetically-modified cell population can be in-

duced to undergo apoptosis-driven elimination from a multicellular tissue construct. We

implemented CAMEO and demonstrated non-invasive, rapid manipulation of established

co-cultures in order to explore the phenotypic stability of both 2D (Chapter 2) and 3D

(Chapter 3) hepatic ensembles. We envision that access to the CAMEO method will also

impact the field of organoid science, in which stromal feeder layers are conventionally used

to promote stem cell renewal and maintenance.

2.2 Results & Discussion

2.2.1 Activation of Suicide Gene-Expressing Fibroblasts Led

to Uniform Elimination by Apoptosis

We sought to design a cell line that could undergo quick, complete removal using a non-

invasive trigger. We employed iCasp9, which is activated by treatment with a small molecule

chemical inducer of dimerization (CID; also known as rapalog, an analog of rapamycin)

and leads to subsequent cell death through the intrinsic apoptosis pathway (Figure 2-3)

[60, 81, 258].

The safety and efficacy of the iCasp9 transgene and CID have previously been shown in

vitro and in vivo in animals and humans [60, 81, 258]. We used a lentivirus to transduce

3T3-J2 murine fibroblasts (‘J2’), shown previously to support primary human hepatocyte

function in both 2D and 3D platforms [18, 129, 152], with a bicistronic expression cassette

encoding iCasp9 and GFP genes, and used FACS to enrich the infected population for the

15% highest-expressing GFP+ cells. Previous users of this construct have demonstrated tight

correspondence between the expression of the reporter (GFP) and target protein (iCasp9)
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Figure 2-3: Schematic for CAMEO: Controlled Apoptosis in Multicellular
Tissues for Engineered Organogenesis. 3T3-J2 fibroblasts bearing an iCasp9
suicide gene were treated with CID to induce iCasp9 dimerization, leading to apop-
tosis and elimination of the cells from culture. Adapted from [41].

Figure 2-4: iCasp9-GFP J2s maintain stable expression of transgenes. (A)
iCasp9-GFP J2s were analyzed by flow cytometry and (B) percentage of GFP+ pop-
ulation was quantified for 7 passages. Adapted from [41].

[258]. However, bicistronic vectors with internal ribosome entry sites (IRES) have well-

documented differences between the expression of the cap-dependent first gene (iCasp9) and

the IRES-dependent second gene (GFP). Mizuguchi et al. showed that the second gene

is often only expressed at a level that is equivalent to 20-50% of that of the first gene,

as measured by protein activity [183]. In either case, our strategy for cell selection and

purification (by sorting for the second gene, GFP) will either yield a 1:1 expression or a 2-

to 5-fold higher expression of iCasp9 than GFP. By flow cytometry analysis, we confirmed

that the GFP+ cell population appeared homogeneous for at least 7 passages, and the

population remained >97% GFP+ even at passage 20 (Figure 2-4). Taken together, this

analysis suggests that the iCasp9-GFP J2 cell line was robustly modified and maintains
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persistent transgene expression for a range of passages that extend beyond the usage for

experiments in this work.

Figure 2-5: iCasp9-GFP J2s are activated by CID. CID-induced dimerization
of iCasp9 unimers was detectable by immunofluorescence imaging. Cells were stained
for caspase-9 (magenta) and counterstained with Hoechst to detect cell nuclei (scale
bar = 50 𝜇m). Adapted from [41].

Figure 2-6: iCasp9-GFP J2s underwent CID-induced activation of Casp9
activity. CID treatment induced activation of caspase-9 cleavage activity
(****p<0.0001 vs. time-matched, dose-matched J2s, n=3). Adapted from [41].

After GFP+ J2 fibroblasts were exposed to CID, iCasp9 dimers were detected by stain-

ing with a caspase-9 antibody, confirming the expression of the bicistronic iCasp9-IRES-

GFP vector (Figure 2-5). Compared to wild-type J2s, iCasp9-GFP J2s underwent signifi-

cantly increased caspase-9 cleavage at 15 (16-fold) and 30 (18-fold) minutes after CID dosing

(Figure 2-6).

To confirm that CID-triggered caspase-9 activation led to apoptosis, unfixed cells were

stained with Annexin V, which binds to an early indicator of apoptosis, and SYTOX, a

general marker of cell death, and analyzed by flow cytometry. The proportion of iCasp9-GFP

J2s undergoing apoptosis increased in a time-dependent manner within the first hour after

CID treatment (Figure 2-7). Lastly, we observed that CID-treated iCasp9-GFP J2s were
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Figure 2-7: CID-treated iCasp9-GFP J2s underwent apoptotic activity.
iCasp9-GFP J2s were treated with vehicle or CID and harvested at 1,5, 30, or 60
minutes post-treatment. Cells were stained with Annexin V (apoptosis marker) or
SYTOX (general cell death marker) and analyzed by flow cytometry to quantify the
extent of apoptotic activity (n=100,000 events). Adapted from [41].

efficiently removed from culture by 1 hour after exposure (Figure 2-8, <1% by cell viability

for ATP). Prior studies using similar inducible iCasp9-based switches have observed similar

time frames for rapid onset of apoptotic activity and subsequent cell death. Specifically,

Straathof et al. created a similar transgenic population of human T cells and used FACS

to sort for a population of GFPhi cells. They observed apoptotic characteristics within

14 hours of dosing (and did not examine earlier timepoints), eventually leading to 99%

of deletion [60]. Marin et al. observed an apoptotic phenotype (as measured by Annexin

V, a marker of apoptosis) within 30 minutes after CID dosing [172], which corroborates

our observation of the quick onset of apoptotic activity (Figure 2-7). Lastly, Di Stasi et

al. observed in vivo elimination of up to 90% of their transgenic cell population within

30 minutes after dosing patients that were previously infused with iCasp9-expressing T

cells [60]. Taken together, these results demonstrate that an iCasp9-bearing population of

J2s could be treated with CID to quickly and efficiently eliminate them from culture by

activating the apoptotic pathway.

2.2.2 2D Hepatic Ensembles are Compatible with CAMEO

Recapitulation of cues from the native hepatic microenvironment, including from cells, ECM,

and soluble factors, has been found to lead to phenotypic rescue of primary hepatocytes as

well as prolongation of longevity and function [84, 40, 287]. In our system, the incorpo-
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Figure 2-8: CID-treated iCasp9-GFP-J2s were removed from culture after
apoptosis. (A) iCasp9-GFP J2s were treated with 5, 50, or 500 nM CID and viability
was measured at 0.5, 1, 2, 4, and 6 hours post-treatment. (B) 24 hours after treatment,
iCasp9-GFP J2s were not detected by immunofluorescence. Adapted from [41].

ration of J2 fibroblasts enhanced phenotypic stability of hepatocytes [116, 129, 152]. To

study this phenomenon, we previously engineered an actuatable 2D platform to enable the

manipulation of established co-cultures. Using this platform, the dependency of hepatocytes

on fibroblasts was interrogated in 2D; it was found that despite an initial priming phase of

direct cell-cell contact with fibroblasts, primary human hepatocytes did not maintain phe-

notypic stability if fibroblast juxtacrine and paracrine support were both removed [116]. We

hypothesized that CAMEO-driven removal of fibroblast support would also be disruptive

to hepatocyte culture in 2D. As a first step to test this hypothesis, we cultured primary

human hepatocytes and J2 fibroblasts in a micropatterned co-culture (MPCC), in which

we corroborated our past findings [129] that hepatocyte phenotypic stability is enhanced

by J2 co-culture (Figure 2-9A). iCasp9-GFP J2 and J2 fibroblasts both provided support

of multiple axes of liver function, including synthesis of albumin protein (Figure 2-9B),

production of urea as a byproduct of nitrogen metabolism (Figure 2-9C), and expression

of drug metabolism-related enzymes (Figure 2-9D), suggesting that genetic modification

of J2s did not abrogate their capability to support hepatocytes. Throughout this work, we

make use of the aforementioned readouts as a representative and stringent panel of readouts

for the assessment of hepatocyte function.

Furthermore, hepatocyte albumin production was not abrogated if MPCCs were cultured

with conditioned ‘apoptotic’ medium, suggesting that at least one axis of liver-specific func-

tion was not affected by exposure to neighboring apoptotic cells (Figure 2-10). Altogether,
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Figure 2-9: PHH cultured in 2D MPCC format are supported by iCasp9-
GFP J2 fibroblasts MPCCs or pure hepatocytes were assayed for albumin secretion
rate (A, n=3). MPCCs containing wild-type and modified J2s were assayed for al-
bumin secretion rate (B, n=6), urea secretion rate (C, n=6), and basal expression of
CYP3A4 (D, n=5, day 10). Adapted from [41].

these data suggest that CID-driven removal of stromal cells by apoptosis is a compatible

system for probing phenotypic stability of hepatocytes in MPCCs.

Figure 2-10: PHH cultured in 2D MPCC format are not de-stabilized by
treatment with media enriched with apoptotic cell fragments. MPCCs were
treated with conditioned apoptotic media, vehicle, CID or untreated and assayed for
albumin secretion rate (n=4, ****p<0.0001 vs. CID).. Adapted from [41].
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2.2.3 CID is not Acutely Toxic to 2D Hepatic Ensembles

Figure 2-11: CID does not have potent hepatotoxic or stress-related effects
on primary human hepatocytes Expression of genes (fold-change over vehicle
control) associated with cellular stress and hepatic disease (n=2). Adapted from [41].

In addition to negligible effects of apoptotic cells in 2D hepatic ensembles, suggesting the

lack of any apparent toxicity to co-cultured primary human hepatocytes, we also assessed

specific hepatic markers for liver-specific damage by quantifying gene expression of a panel

broadly related to hepatotoxicity and cellular stress. We treated 2D MPCCs with vehicle

(as a negative control), CID (as the experimental condition) and acetaminophen (as the

positive control, “APAP”; 25 mM).

We found a 1.3- and 5.7- fold increase in hemeoxygenase-1 (HMOX1) expression in CID-

and APAP-treated MPCCs, which is expected because elevation of plasma HMOX1 is a

marker of APAP-induced hepatotoxicity [80]. Relatedly, NADPH quinone oxidoreductase 1

(NQO1) underwent a 0.96- and 1.75- fold change in CID- and APAP-treated cultures com-

pared to vehicle controls, respectively. NQO1 upregulation has been specifically described

in human liver in response to APAP-induced hepatotoxicity and other disease states such

as primary biliary cirrhosis [1]. We also evaluated expression of DnaJ Heat Shock Protein

Family (Hsp40) Member C3 (DNAJC3), which is a known marker of endoplasmic reticulum

stress, and has been shown to cause apoptosis of beta cells in vitro and in patient samples

[160, 147]. We observed a 1.06- and 1.43-fold increase in DNAJC3 expression in CID- and
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APAP-treated MPCCs compared to vehicle-treated cultures, respectively.

Broadly, we also compared the upregulation of several genes associated with cellular

stress and DNA damage across various disease and injury contexts, including hepatocellular

carcinoma [143, 88, 277]. We found upregulation of glutamate cysteine ligase catalytic

subunit (GCLC; 1.03- and 2.14-fold), DNA damage inducible transcript 4 (DDIT4; 0.81-

and 1.47-fold), growth arrest and DNA damage 45-alpha (GADD45A; 1.46- and 6.46-fold)

in CID- and APAP-treated MPCCs compared to vehicle treated controls, respectively. Taken

together, only very modest changes in injury-associated gene expression were observed in

CID-treated MPCCs compared to more robust upregulation of these same transcripts in

APAP-treated positive controls. We interpret this data to suggest that exposure to CID

does not induce high levels of acute toxicity in primary human hepatocytes.

We next sought to eliminate inducible apoptosis gene-bearing cells in a multicellular

culture, by treating iCasp9-GFP J2-bearing MPCCs with CID (Figure 2-12A). CID-dosed

MPCCs displayed selective removal of the iCasp9-GFP J2 population (Figure 2-12B-C),

whereas unmodified J2s plated in MPCCs were unaffected by CID exposure (data not

shown).

2.2.4 2D Hepatic Ensembles Depend on the Sustained Pres-

ence of Stromal Cells

To query the dependence of hepatocytes on fibroblasts with CAMEO, we deleted fibroblasts

from MPCCs by CID treatment at various time points and assessed the albumin production

rate as a surrogate marker of phenotypic stability. We observed that the deletion of stromal

cells resulted in loss of hepatocyte phenotypic stability at early (day 1), intermediate (day

3), and late (day 7) time points (Figure 2-13). Taken together, these data suggest that

the function of primary human hepatocytes is heavily reliant on stromal support in this 2D

MPCC configuration, which is consistent with our past 2D studies [116, 129].

2.3 Conclusion

In this work, we leverage an inducible apoptosis switch to study the temporal role of fi-

broblasts in the maintenance of phenotypic stability of hepatic tissue engineered models.
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Figure 2-12: CID treatment led to selective removal of iCasp9-bearing cells
from 2D MPCCs (A) MPCCs comprised of primary human hepatocytes (brown)
and iCasp9-GFP J2 or wild-type J2 fibroblasts (blue) were treated with CID to remove
iCasp9-GFP J2s by apoptosis. (B) Vehicle- or CID-treated MPCCs were visualized
using brightfield microscopy or (C) stained and visualized by immunofluorescence
imaging (scale bar = 250 𝜇m). Adapted from [41].

Specifically, we engineered the 3T3-J2 mouse fibroblast line to constitutively express a

caspase-9-driven apoptotic switch and used it to query the temporal dependence of primary

human hepatocytes on stromal support. Previously, inducible caspase-9 has been deployed

as a safety measure for engineered cell therapies (e.g. adoptive T cell therapy, engineered

cell therapy, mesenchymal cell therapy) across a range of applications (e.g. regeneration,

anti-cancer) [60, 81, 258].

Recently, inducible apoptosis gene-engineered stromal cells were used to probe the con-

tribution of cancer-associated fibroblasts to metastatic potential in vivo [235]. In this work,
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Figure 2-13: 2D MPCC cultures depend on the sustained presence of stro-
mal cells MPCCs were treated with CID at day 1 (A), 3 (B), or 7 (C) after initiating
co-culture and assayed for albumin secretion rate (n=5, normalized to day 13, arrows
indicate CID dose day). Adapted from [41].

we demonstrate a new use case for inducible apoptosis genes as tools for tissue engineering.

Here, we show that iCasp9-bearing fibroblasts are amenable to quick, efficient, and robust

removal. We show that iCasp9-bearing cells can be specifically and efficiently removed from

2D co-cultures. Using CAMEO, we demonstrate that fibroblasts enable significant enhance-

ment of the phenotypic stability of hepatocytes in 2D MPCCs, which is consistent with our

previous findings in a related 2D model [116].

2.4 Methods

2.4.1 Cell Culture

Primary cryopreserved human hepatocytes (Lot ZGF, 33-year-old, Caucasian, male; Biorecla-

mationIVT) were maintained in high-glucose Dulbecco’s modified Eagle’s medium (DMEM)

with 4.5 g/L glucose (CellGro) containing 10% (v/v) fetal bovine serum (FBS) (Gibco),

1% (v/v) ITS supplement (insulin, transferrin, sodium selenite; BD Biosciences), glucagon

(70 ng/mL), dexamethasone (0.04 µg/mL), 0.015 M HEPES, and 1% (v/v) penicillin-

streptomycin (Invitrogen). 3T3-J2 murine fibroblasts were a kind gift provided by Howard

Green (Harvard Medical School) and were cultured in DMEM with 4.5 g/L glucose, 10%

bovine serum, and 1% (v/v) penicillin-streptomycin.
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2.4.2 Micropatterned Co-Cultures

Micropatterned co-cultures (MPCC) were fabricated as described previously [129, 170].

Briefly, collagen was adsorbed in each well of a 96 well plate (glass bottom), and then

patterned using an elastomeric polydimethysiloxane mold and oxygen plasma gas ablation.

Human hepatocytes were thawed and seeded (70k/well) on the collagen islands (500 µm

with 1,200 µm center-to-center spacing). Adhered hepatocytes ( 10k/well) were allowed to

spread overnight before fibroblasts were seeded for co-culture (7k/well).

2.4.3 Cell Line Generation and Validation

J2s were lentivirally transduced using the 3rd generation lentiviral system with an iCasp9-

IRES-GFP plasmid (gift from David Spencer, Addgene; #15567 pMSCV-F-del Casp9.IRES.GFP;

cloned in-house to a lentivirus plasmid backbone with an SFFV promoter) [258]. Briefly,

plasmids were co-transfected into HEK-293T cells with pVSVG, pRSV-REV, and pMDLg/pRRE

using the calcium phosphate transfection method. Assembled viruses were collected in the

culture supernatant after 48 hours and precipitated using PEG-IT (SBI), resuspended in

PBS, and stored at -80°C. To transfect J2s, virus was added to growth media and cul-

tured overnight. iCasp9-GFP J2s were purified (top 15% of cell population; GFP) by FACS

(FACSAria II, BD Biosciences). iCasp9-GFP J2 fibroblasts at passage 22 were grown at

confluence for 2 weeks to mimic experimental culture conditions, without a decrease in the

percentage of the cell population with positive GFP expression (Figure 2-4). iCasp9-GFP

J2s were plated in monolayer and dosed with ethanol vehicle or CID (B/B homodimerizer,

AP20187; rapalog; Takara/ClonTech) at a concentration of 50 nM (1:10,000 dilution) un-

less otherwise noted in the text. Cultures were then assayed for cell viability using the

CellTiter-Glo® Luminescent Cell Viability Assay (Promega), for caspase-9 activation using

the CaspGLOWTM Fluorescein Active Caspase-9 Staining Kit (Thermo Fisher Scientific)

and Caspase-Glo®9 Assay Systems (Promega), or stained with the Pacific BlueTM Annexin

V/SYTOXTM AADvancedTM Apoptosis Kit (Thermo Fisher) to identify apoptotic cells by

flow cytometry (>100,000 cells analyzed per condition).

86



2.4.4 CID Treatment

MPCCs were dosed with 50 nM CID (1:10,000 dilution of stock prepared in ethanol) for all

co-culture experiments.

2.4.5 Biochemical Assays

Spent supernatant was collected from cultures every other day and stored at -20°C. Human

albumin was quantified using an enzyme-linked immunosorbent assay using a sheep anti-rat

albumin antibody (ELISA) (Bethyl Laboratories) and 3,3’,5,5’-tetramethylbenzidine (TMB,

Thermo Fisher). Urea concentration was measured using a colorimetric (diacetylmonoxime)

assay with acid and heat (Stanbio Labs). CYP3A4 activity was assessed with the lumino-

genic P450-GloTM CYP450 assay kit (Promega) for nonlytic assays using cultured cells.

Cultures were pre-treated with 25 µM rifampin or 1:1000 DMSO vehicle control prepared in

hepatocyte maintenance media for 72 hours (daily replenishment) where indicated.

2.4.6 Immunofluorescence Imaging

For immunostaining of cellular constructs, tissues were fixed in 4% paraformaldehyde. For

identification of primary human hepatocytes, tissues were incubated with primary antibody

against human arginase-1 (rabbit, 1:400; Sigma-Aldrich) followed by Alexa Fluor® 546-

conjugated rabbit anti-human secondary antibody (1:1000; Life Technologies). Alternatively,

hepatocytes were visualized by pre-labeling with 1 𝜇M CellTracker Deep Red (Thermo

Fisher) for 20 minutes at 37°C. Nuclei were stained with Hoechst (1:2000).

2.4.7 Imaging

Fiji was used to uniformly adjust brightness/ contrast, pseudocolor, and merge images. A

Nikon Ti-E inverted epifluorescent microscope was used to capture brightfield and fluores-

cence images.

2.4.8 Statistical Analysis

All data are expressed as mean ± standard deviation and/or visualized as dot plots (n =

2-6 as indicated). Statistical significance (𝛼 = 0.05) was determined using the appropriate
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statistical test (unpaired 2-tailed t-test, 1-way ANOVA, 2-way ANOVA), and followed by

multiple comparisons testing (Tukey’s post hoc test) (GraphPad).
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Chapter 3

DISCOVER: New Insights into

Cell-Cell Interactions of Engineered

Hepatic Ensembles

3.1 Introduction

In the previous Chapter, we introduced CAMEO as a synthetic biology-driven technology

for enabling user-controlled, precise manipulation of cell-cell interactions. We demonstrated

the utility of this technology by probing the importance of cell-cell interactions in 2D hepatic

ensembles consisting of hepatocyte-fibroblast co-cultures in a micropatterned 96-well culture.

We found that hepatocytes require sustained presence of fibroblasts for long-term phenotypic

stability, which corroborates past work by Hui et al. in which an actuatable micromechanical

comb system was used to probe a similar hepatocyte-fibroblast co-culture [116, 117].

The true utility of the CAMEO technology extends beyond use cases with complex 2D

architectures, such as the micropatterned co-culture described in the previous chapter, which

consists of hepatocyte "islands" surrounded by fibroblasts. We envisioned that CAMEO can

also address use cases in 3D multicellular cultures. In this Chapter, we lay the groundwork

for applying CAMEO to 3D hepatic ensembles, and demonstrate its ability to elucidate new

mechanistic information that describes the dynamic underlying cell-cell interactions that

drive phenotypic stability.
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Here, we cultured 3D hepatic ensembles, which consist of hepatocyte-fibroblast spheroids

in fibrin hydrogel scaffolds. This culture system was originally described by Stevens et

al. and highlights the importance of microscale organization within cellular compartments

in 3D engineered tissues, as well as the inclusion of supportive stromal cells for both in

vitro performance and in vivo persistence in the context of an implanted engineered graft

[257, 256].

3.2 Results & Discussion

3.2.1 Optimization of CAMEO for 3D Hepatic Ensembles

In order to adapt the CAMEO technology to use cases involving 3D microenvironments, we

first assessed the ability of CID to drive cell apoptosis on short time frames. Subsequently,

we also tuned the aggregation speed of hepatocyte-fibroblast spheroids in accordance with

findings from Hui et al., in which a crucial "switch" in hepatocyte-fibroblast dependence

occured after 18 hours of co-culture [116].

Figure 3-1: CID quickly deletes iCasp9-bearing fibroblasts. iCasp9-GFP fi-
broblasts were encapsulated in fibrin hydrogels and treated with CID, then assayed
for viability (n=3). Adapted from [41].

First, we sought to confirm the effectiveness of CID treatment for the elimination of

iCasp9-GFP fibroblasts embedded in a hydrogel. We encapsulated iCasp9-GFP fibroblasts in

a fibrin hydrogel and treated with CID, and found that fibroblast viability was undetectable

by 6 hours (Figure 3-1). Our observation of cell killing time in 3D was approximately 6x

(1 hour vs. 6 hours) longer than our findings in 2D (Figure 2-8). We hypothesize that

altered cellular cue presentation in 2D vs. 3D, which has been reviewed in depth elsewhere
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Figure 3-2: iCasp9-GFP fibroblasts are robustly deleted from culture.
iCasp9-GFP fibroblasts were encapsulated in fibrin hydrogels and treated with CID
at day 1, 3, or 7 after encapsulation. Number of cells (by nuclei count) present in
the culture at day 21 were quantified for 3 representative fields of view per sample.
Adapted from [41].

.

[7], may lead to increased resistance to apoptosis in 3D. Other potential contributors could

be a reduction in effective CID concentration, as we prepared 50 nM CID in hepatocyte

growth medium for both 2D (100 𝜇L volume of supernatant) and 3D (100 𝜇L volume of

supernatant, effectively "diluted" by 2-fold when applied to a 100 𝜇L cell-laden hydrogel)

cultures; however, a 10-fold increase in the CID concentration (i.e. 5 vs. 50 nM CID,

Figure 3-1) did not compensate for the killing kinetics, suggesting that a 1:1 correction of

CID concentration is not able to speed up cell killing speed. We also do not expect that

diffusion limitation would greatly hinder the transport of CID small molecule peneration

into our 3D cultures.

In the future, we may employ CAMEO in epithelial cells; relatedly, more sophisiticated

cell populations such as hepatocytes, the expression of hepatic efflux pumps - which are

known to be upregulated in 3D - regularly eliminate xenobiotics, and could also act on

CID [84]. Additionally, cell-matrix interacitons lead to the activation of focal adhesion

kinase, which need to be cleaved by the caspase family before the onset of apoptotic activity

[297, 2]. Furthermore, in 3D epithelial systems, it has been shown that polarized structures

can drive protection of cultured cells against apoptosis, compared to cultures with non-

polarized structures [295].

In this study, we selected the CID concentration for our studies that would lead to near-

complete killing of fibroblasts in each of our 2D and 3D hepatic ensemble systems. Future

investigation can further explore the cell-cell and cell-matrix interactions that control the
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onset of apoptosis, as well as the kinetics of apoptotic activity, and may contributed toward

engineered control of cell killing speed.

Figure 3-3: Spheroid compaction kinetics were accelerated by increasing
fibroblast:hepatocyte ratio. (A) Hepatocytes and fibroblasts were cultured in mi-
crowells at an increasing fibroblast:hepatocyte ratio (1:1 to 1:4; with 500k hepatocytes
in each sample) and imaged at 24 hours post-seeding. (B) Images were quantified for
circularity as a measure of compaction (n=5, *p<0.05 vs. stromal cell-matched 1:1
spheroids). Adapted from [41].

.

Furthermore, we assessed the robustness of cell-killing by performing a long-term exper-

iment in our 3D hydrogel environment. We cultured iCasp9-GFP fibroblasts embedded in

fibrin hydrogels, treated with 50 nM CID, and then observed cultures for cell regrowth over a

time period of 3 weeks (to match functional experiments described later in this Chapter). We

observed either negligible or undetectable cell growth in multiple fields of view of the fixed

samples at the endpoint (Figure 3-2). Notably, fibroblasts were not growth-arrested prior

to culture, suggesting that lack of regrowth is either due to complete removal of fibroblasts,

or a remnant quiescent population.

In our prior work, we found that phenotypic stability and longevity of primary hepato-

cytes cultured as 3D microtissues were transiently supported by pre-aggregation to increase

homotypic cell-cell interactions, and were further enhanced upon inclusion of J2 fibroblasts

[152]. Thus, here we incorporate iCasp9-GFP J2 fibroblasts into these 3D hepatic ensembles,

which were fabricated by plating primary human hepatocytes and fibroblasts in microwells

in order to facilitate physical cell-cell contacts, as previously described [257, 256]. Optimal

overnight aggregation into stable spheroids was achieved by increasing the amount of fibrob-

lasts co-seeded in the microwells (Figure 3-3). We also attempted to accelerate aggregation

by increasing the number of hepatocytes per microwell and did not observe any appreciable

92



Figure 3-4: Geltrex® does not accelerate aggregation of primary hepato-
cytes. Primary rat hepatocytes were cultured in microwell molds with media supple-
mented with 5-80% Geltrex®. Brightfield images were captured at 24 and 48 hours
post-seeding. Primary rat hepatocytes were co-seeded at a 1:1 ratio with normal
human dermal fibroblasts as control. Unpublished data.

differences within 1 day post-seeding (data not shown). Lastly, we supplemented the cell

seeding solution with Geltrex®, which is a basement membrane matrix mix that has been

previously shown to promote spheroid aggregation [66], and is compatible with seeding in

ultra-low attachment surfaces that are similar to the passivated microwells we use to prepare

spheroids. We tested the addition of Geltrex® as a possible accelerant of spheroid aggre-

gation in an attempt to de-couple the kinetics of compaction from the composition of the

spheroid microstructure. As a representative model, we cultured primary rat hepatocytes

(instead of primary human hepatocytes) with neonatal human dermal fibroblasts at a 1:1

ratio in microwell molds and observed full compaction within 24 hours (Figure 3-4, Col-

umn 1), which is consistent with our prior experience that primary rat hepatocytes achieve

spheroid compaction more quickly than primary human hepatocytes, which can take upward

of 5 days [16]. When we cultured primary rat hepatocytes alone in microwell molds, we did

not observe spheroid compaction at the 24 hour timepoint, but did observe it at the 48

hour timepoint (Figure 3-4, Column 2). To query the impact of doping Geltrex® into the

compaction media on hepatocyte aggregation, we supplemented the media with 5 to 80%

Geltrex® at the time of seeding. Even at the highest concentration of Geltrex® supplemen-

tation, we did not observe accelerated kinetics of compaction (Figure 3-4, Column 3-7).

Of note, typical Geltrex® supplementation is usually <5% v/v%, and in this experiment
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we tested supplementation in regimes that compromised the presence of relevant nutrients

in the growth media to test the full range of basement membrane matrix supplementation.

Figure 3-5: iCasp9-GFP J2s support primary human hepatocyte in 3D en-
semble format. (A) 3D cultures consisting of pure hepatocytes or hepatocytes and
fibroblasts were assayed for albumin secretion rate (n=9). J2s and iCasp9-GFP J2s
were co-cultured with hepatocytes in spheroid-laden hydrogels and assay for albumin
secretion rate (B, n=6), nitrogen metabolism (C, n=6), and basal CYP3A4 expression
(D, n=6, **p<0.001). Adapted from [41].

For all subsequent studies, spheroids were prepared with 1:4 primary human hepato-

cyte:fibroblast seeding concentration, and we consistently achieved overnight compaction

across multiple experiments. Resulting spheroids were encapsulated in a 10 mg/mL fibrin

hydrogel (crosslinked with 1.25 U/ml thrombin). Fibroblast co-culture, which provided sup-

portive cell-cell interactions and increased aggregation stability, significantly improved the

rate of primary human hepatocyte albumin secretion from the ensembles (Figure 3-5A).

Spheroid-laden hydrogels containing either J2s or iCasp9-GFP J2s both exhibited enhanced

synthetic (albumin production; Figure 3-5B), metabolic (nitrogen metabolism; Figure

3-5C), and detoxification (CYP3A4 activity; Figure 3-5D) functions of hepatocytes.
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3.2.2 CAMEO Enables On-Demand Removal of Fibroblasts

from Embedded 3D Co-Cultures

Figure 3-6: iCasp9-GFP J2s were robustly removed from spheroid co-
cultures after exposure to CID. (A) Hepatocytes were aggregated with fibroblasts
in microwell molds and treated with CID to remove fibroblasts via apoptosis. (B)
Spheroid-laden hydrogels were treated with vehicle or CID on day 1 and imaged on
day 1 through day 7 to assess the robustness of fibroblast elimination (scale bar =
100 𝜇m). Adapted from [41].

We assessed the specificity of CAMEO in 3D by culturing hydrogel-encapsulated, mul-

ticellular spheroids (in which iCasp9-bearing fibroblasts are placed in close proximity to

hepatocytes) and treated the ensembles with CID in an attempt to specifically eliminate

iCasp9-GFP fibroblasts (Figure 3-6A). In these spheroid-laden hydrogel cultures, CID was

able to access iCasp9-GFP J2s, leading to their robust and specific deletion throughout the

hydrogel, without any apparent toxicity to co-cultured hepatocytes (Figure 3-6B). These

results suggest that CAMEO can be employed by dosing embedded co-cultures with CID to

trigger the removal of inducible apoptosis gene-bearin cells in 3d multicellular ensembles.
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Figure 3-7: Fibroblasts are not required to maintain hepatocyte function in
3D spheroid-laden cultures. (A) Spheroid-laden hydrogels were dosed with CID
on day 1 after co-culture initiation and albumin secretion rate was assayed for 3 weeks
of culture (n=9). Fibroblast-depleted (CID) and fibroblast-intact (vehicle) cultures
were treated with rifampin for 72 hours and assayed for induction of CYP3A4 activity
(n=8-10). Adapted from [41].

.

3.2.3 Fibroblasts are Dispensable for Maintenance of Hepato-

cyte Function in 3D Spheroid-Laden Cultures

To probe the dependence of hepatocyte phenotypic stability on fibroblast co-culture in 3D,

we deleted fibroblasts from spheroid-laden hydrogel cultures using CAMEO after 1 day of

hepatocyte-fibroblast co-culture (Figure 3-6A). While 2D MPCC cultures were found to

be dependent on fibroblast interactions for the extent of our experiment (1.5 weeks, Figure

2-13), fibroblast-depleted 3D cultures exhibited stable phenotype, as detected by albu-

min secretion rate, for up to 3 weeks (Figure 3-7A). Furthermore, fibroblast-depleted and

fibroblast-intact cultures underwent similar induction of CYP3A4 activity in response to

rifampin treatment (Figure 3-7B). Notably, when CID-triggered iCasp9-GFP J2 deletion

was delayed until later time points (after 3 or 7 days of hepatocyte-fibroblast co-culture),

hepatocyte function was negatively impacted, suggesting that primary hepatocytes cultured

with J2s and embedded in fibrin are sensitive to deletion kinetics (Figure 3-8). Taken
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together, these findings, enabled by CAMEO, demonstrate that there is a window of oppor-

tunity for fibroblast deletion in this particular tissue engineered context.

Figure 3-8: Late removal of fibroblasts from 3D hepatic ensembles led to
decreased liver-specific function. Spheroid-laden hydrogels were treated with
CID at day 1 (A), 3 (B), or 7 (C) after initiating co-culture and assayed for albumin
secretion rate (n=9, normalized to day 15, arrows indicate dose day). Adapted from
[41].

3.2.4 Effects of Fibroblast Removal at Later Stages of Co-

Culture

As discussed above, later deletion (i.e. 3 or 7 days after initiation of hepatocyte-fibroblast

co-culture) of fibroblasts from 3D hepatic ensembles had negative effects on hepatocyte

function (Figure 3-8). It is possible that irregular apoptotic activity was linked to a patho-

physiological process, which has been previously described in fetal and adult liver to be

implicated in phenotypic dysfunction, tumorigenesis, and fibrosis/cirrhosis [293]. Poor hep-

atocyte function at later stages may also be due to a "bystander injury" effect caused by

apoptosis of target cells. In anti-cancer therapy, the phenomenon refers to an unexpectedly

large tumor-killing effect in the context of herpes simplex virus thymidine kinase (HSV-TK)

inducible suicide gene therapy. In this approach, dosing ganciclovir (product which under-

goes phosphorylation-based activation in TK-expressing cells) killed not only TK-expressing

cells, but also neighboring non-TK-expressing cells. Multiple groups have converged upon

a mechanism that invovles the expression of gap junction channels (involving connexin 32

and connexin 43), which enabled the cell-to-cell transfer of toxic ganciclovir metabolites

[178, 285, 171].

We performed a literature-based analysis to assess the likelihood of gap channel-based
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transfer of apoptotic intermediates or dimerized iCasp9 unimers between iCasp9-expressing

and wild-type cells. Kim et al. demosntrated in a 2D co-culture of primary rat hepatocytes

and 3T3 J2 murine fibroblasts that primary rat hepatocytes express connexin 32 and con-

nexin 26, and murine fibroblasts expression connexin 43 at homotypic interfaces [132]. IN

their study, heterotypic gap junctions were not detected, through the presence of fibrbolasts

supported the expression homotypic hepatocyte gap junction proteins and hepatic func-

tion. In our 3D spheroid-laden hydrogels, which consist of primary human hepatocytes and

murine fibroblasts, the expression of gap junction proteins that can form direct intecellular

communication channels has yet to be evaluated. Relatedly, Karademir et al. elucidated the

residues that are responsible for docking incompatibiltiy between connexin 36 (expressed by

primary rat hepatocytes as per Kim et al. [132]) and connexin 43 (expressed by murine fi-

broblasts, as per Kim et al. [132]). Their study showed that rational substitution of multiple

amino acid residues at the docking interface was necessary to enable stable binding [124].

Taken together, we do not expect to observe an iCasp9-specific bystander effect due to gap

junction communication and transfer of apoptotic intermediates such as dimerized iCasp9

unimers. In a future study, we could directly evaluate the extent of any heterotypic gap

junction communication and its relevance to a possible iCasp9-specific bystander effect by

modulating gap junction function with a small molecule inhibitor such as 18𝛽-glycyrrhetinic

acid (which has been shown to be compatible with similar hepatocyte-fibroblast co-cultures)

[132], or by manually introducing apoptotic intermediates, apoptotic bodies, or fluorescent

dye (e.g. Lucifer Yellow for dye coupling studies) via microinjection. Notably, others have

also concluded that the bystander effect is likely to be less relevant for suicide gene therapies

driven by iCasp9 [299].

3.2.5 Presentation of Cues in 2D and 3D Microenvironments

A key finding in this work is that removal of stromal cells at early timepoints does not affect

hepatocyte spheroid function (Figure 3-8). Of note, this finding is not reproduced in a

similar 2D model (Figure 2-13), suggested that differences in the cell microenvironment

across 2D and 3D contexts, such as presentation of cell-cell and cell-matrix interactions, may

shed light on the underlying mechanism. Such interactions have been studied at length both

within and beyond our group, though efforts have not yet pointed at a single or set of factors
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Figure 3-9: Differential presentation of cues across culture formats may
drive co-culture effects. 2D hepatic ensembles (A) and 3D hepatic ensembles
(B) consist of drastically different cell-cell and cell-material presentation, which may
give rise to differences in effects on hepatocyte phenotype after fibroblast removal.
Albumin plots of response to CID-triggered removal of fibroblasts are borrowed from
Figure 2-13A and Figure 3-8A. Adapted from [41].

that can presented in a synthetic, acellular format to rescue primary human hepatocyte

function [131, 86, 101, 130, 233, 234]. Studies of hepatocyte-only cultures have identified

multiple factors which comprise the microenvironment that stabilize hepatocyte phenotypic

stability [164, 158]. The niche is further modified in the presence of supportive fibroblasts,

and includes juxtacine cadherin-based interaction (i.e. E-cadherin between hepatocytes

[164]; T-cadherin between hepatocytes and fibroblasts [50]), paracrine interactions [116],

and cell-matrix interactions [212].

Taken together, our findings with 2D and 3D hepatocyte-fibroblast ensembles using

CAMEO motivated us to focus on differences in cell-cell interactions in the first 24 hours of

co-culture. Below, we list the major differences in presentation of cues within the microen-

vironment, which may be responsible for the differential impact of fibroblast removal from

our hepatic ensembles:

• juxtacrine interactions

• paracrine signaling
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• autocrine signaling

• cell-matrix adhesion

• retention of biologically active cues in the matrix (e.g. sequestered paracrine factors,

apoptotic debris)

• changes in nutrient concentration and oxygen tension

• mechanical stress, due to physiological shear - which is more pertinent to microphysi-

ological systems such as organ-on-chip platforms, and will not be discussed further in

this body of work

Most of the described interactions can occur between cells of the same identity (i.e. ho-

motypic hepatocyte-hepatocyte interactions) or distinct identities (i.e. heterotypic hepatocyte-

fibroblast interactions). As discussed above, it is well appreciated through these works that

hepatocyte-fibroblast interactions are complex and multifactorial, and that the presentation

of a single component from the hepatocyte-fibroblast interactome is not likely to be suffi-

cient for rescuing and stabilizing hepatocyte phenotype. In the following experiments, we

instead take the approach of preserving the entire interactome, and systematically remov-

ing particular types of interactions from the categories above. We selected elements of the

interactome that were reasonably supported by literature, and also had available reagents

and methods to enable precise manipulation.

3.2.6 Retention of Fibroblast-Derived Cues Does Not Drive

Phenotypic Stability of Hepatocytes

After initial rescue with stromal support, it has been shown that presentation of certain

supportive cues can enhance hepatocyte phenotypic stability [116, 129]. In our 3D spheroid-

laden fibrin hydrogel cultures, apoptotic debris and fibroblast-derived paracrine factors and

matrix are trapped in the hydrogel after CID-triggered deletion of fibroblasts 3-10, which

may constitute a persisting supportive milieu for the hepatocytes. In 3D cell-laden hydro-

gels treated with CID, resultant apoptotic bodies are retained in the hydrogel matrix for

the duration of a 3-week culture in vitro. To visualize, we encapsulated iCasp9-GFP fibrob-

lasts in fibrin hydrogels and dosed with 50 nM CID or vehicle control. After fixation, we
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stained samples for DNA (Hoechst) and apoptotic DNA nicks (TUNEL) and found higher

amounts of TUNEL+ DAPI+ colocalization in CID-treated cultures (82% in CID-treated vs

0% in vehicle-treated, (Figure 3-10)). In contrast, residual apoptotic bodies in 2D cultures

began to to detach from the tissue culture plastic surface within 30 minutes post-dose and

were not readily detectable after downstream fixation and processing for brightfield and im-

munofluorescence imaging (data not shown). To test the hypothesis that retained apoptotic

debris plays a major role in hepatocyte phenotypic stability, we focused on modifying the

presence of fibroblast-derived components in lng-term culture after CID dosing by either

dosing CID before fibrin encapsulation, or by encapsulating aggregating a biomaterial with

reduced capacity to sequester proteins.

First, we dosed co-cultures with CID prior to encapsulation in fibrin hydrogels (instead of

after encapsulation) and removed apoptotic debris and conditioned supernatant by differen-

tial centrifugation (Figure 3-11A). Since protocols for collection of apoptotic bodies require

centrifugation speeds upwards of 1-2,000xg [50, 4], we were confident that we achieved suffi-

cient depletion of the apoptotic body fraction, as well as other components of the conditioned

supernatant, which have even smaller mass and would thus require even greater centrifuga-

tion speeds to pellet. After removing apoptotic bodies and conditioned supernatant, we en-

capsulated fibroblast-depeleted spheroids in fibrin hydrogel with fresh medium. We did not

observe any significant differences in albumin secretion between the CID pre-encapsulation

condition (i.e. hepatocyte-fibroblast spheroids dosed with CID prior to encapsulation), and

the CID post-encapsulation conditions (i.e. hepatocyte-fibroblast spheroids dosed after en-

capsulation), suggesting that apoptotic debris and other retained fibroblast-derived factors

were not the main drivers of hepatocyte phenotypic stability (Figure 3-11B).

Additionally, we reduced the retention of fibroblast-secreted proteins by encapsulating

hepatic spheroids (containing primary human hepatocytes and iCasp9-GFP fibroblasts) in

alginate, which, compared to fibrin, is less adhesive to cells and has a greatly reduced

intrinsic binding capacity for paracrine factors, due to the lack of a promiscuous protein-

binding domain (Figure 3-11A) [76, 174]. Spheroid-laden alginate beads were dosed with

CID and cultured for a 2 week period. We assessed the secretion of human albumin as a

proxy for hepatic function over two weeks, and observed no significant differences between

untreated and CID-treated cultures (Figure 3-11C). Taken together, these results suggest

that the maintenance of functional hepatocytes in 3D after elimination of fibroblasts is
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Figure 3-10: Apoptotic debris is retained in fibrin hydrogels after CID treat-
ment. Representative images of colocalization of TUNEL and DNA stain in vehicle
(0% colocalization) and CID-treated (82%) iCasp9-GFP J2 fibroblasts that were pre-
encapsulated in a fibrin hydrogel (scale bar = 100 𝜇). Adapted from [41].

unlikely to be driven by the retention of either apoptotic bodies or of matrix-bound factors.

3.2.7 Early Provision of Cell-Cell and Cell-Matrix Interac-

tions Drive Hepatocyte Phenotypic Stability in 3D

Given that the retention of sequestered paracrine factors and apoptotic bodies were not

found to be critical cues for driving hepatocyte phenotypic stability in 3D, we then fo-

cused on specific cell-cell and cell-matrix adhesive factors that could be at play. Previous

studies in monocultures formats suggest that E-cadherin-mediated cell-cell interactions and

integrin 𝛽1-mediated cell-matrix interactions significantly contribute to hepatocyte pheno-

typic stability [164, 158]. In our 3D co-culture, we hypothesized that homotypic cell-cell

interactions (such as E-cadherin engagement) and cell-matrix integrations (which require

𝛽1 integrin) were promoted by the inclusion of fibroblasts via compaction and deposition of

matrix components (Figure 3-12A). To perturb these interactions, we incubated function-

blocking monoclonal antibodies against human 𝛽1 integrin or human E-cadherin either with

primary human hepatocytes before compaction (i.e. before co-culturing with fibroblasts), or

after compaction and before encapsulation (Figure 3-12B). We specifically selected mon-

oclonal antibodies with verified function-blocking activity (and not function-activating or

neutralizing activity) based on several literature references and manufacturer specification

documentation [164, 158, 212]. We found that transient, pre-compaction functional block-
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Figure 3-11: Retention of apoptotic debris and other fibroblast-secreted
proteins do not drive maintenance of hepatocyte phenotypic stability in
3D. (A) Hepatocytes were aggregated with fibroblasts in microwell molds. Resulting
spheroids were treated with CID prior to harvest from the microwell molds (followed
by subsequent removal of apoptotic debris and conditioned supernatant via centrifu-
gation, 60xg, 6 minutes, 3 rounds; “Pre-Encapsulation”), encapsulated in fibrin and
then treated with CID (“Post-Encapsulation”), or resuspended in 2 w/v% alginate
and crosslinked in a warmed 2 w/v% calcium chloride bath. All cultures were dosed
with CID on day 1. Collected supernatant was assayed for albumin secretion rate
at day 3 for pre- and post-CID dosed spheroids encapsulated in fibrin hydrogels (B)
and day 13 for alginate-encapsulated spheroids (C) (n=5-10, n.s. between groups).
Adapted from [41].

ade of 𝛽1 integrin or E-cadherin significantly reduced albumin secretion at later time points,

which we measured as a proxy for hepatocyte function (Figure 3-12C). When we blocked

𝛽1 integrin or E-cadherin post-compaction, hepatocyte function was slightly reduced but

largely preserved, as compared to pre-compaction inhibition (Figure 3-12C). Taken to-

gether, these results suggest that adhesion via E-cadherin and 𝛽1 integrin were crucial for

promoting longer-term hepatocyte phenotypic stability in a 3D hydrogel-laden co-culture,
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and that even fleeting fibroblast co-culture is sufficient to establish these stabilizing effects

early in culture (i.e. the first 24 hours after co-seeding in microwell molds). Importantly, it

has been shown that cadherin and integrin-based interactions dramatically influence cellular

behavior and interactions in a 3D niche [7], which may explain why stromal cell removal

from 3D hepatic cultures (Figure 3-7) was more readily compensated for than in a similar

2D platform (Figure 2-13).

Figure 3-12: Early provision of 𝛽1 integrin-mediated cell-matrix interactions
and E-cadherin-mediated cell-cell interactions was required for hepatocyte
phenotypic stability in 3D. (A) Hepatocyte (brown) and fibroblast (blue) co-
culture and encapsulation in fibrin (grey) hydrogels enabled the formation of integrin-
mediated (dimer including orange 𝛽1 integrin subunit) cell-matrix interactions and
E-cadherin-mediated (brown diamonds) cell-cell interactions. Fibroblasts modified
the ECM by depositing matrix (blue). Secreted soluble factors (blue stars) can be
bound to the matrix and act as a reservoir of paracrine factors. (B) Hepatocytes
were incubated with function-blocking monoclonal antibodies against 𝛽1 integrin,
E-cadherin or an isotype control before aggregation (“Pre-Compaction”) or after com-
paction (“Post-Compaction”). After brief incubation (10 𝜇g/ml, 20 minutes at 37°C)
with the antibody, excess reagent was removed by centrifugation washes. (C) Result-
ing spheroids were encapsulated in fibrin hydrogels. Supernatant was analyzed for
secreted human albumin on day 3 (n=5-8). Adapted from [41].
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3.3 Conclusion

In this work, we leverage the CAMEO system discussed in Chapter 3, which consists of an

inducible apoptosis switch that can be non-invasively triggered via the addition of a small

molecule compound into the culture media. Specifically, we engineered a mouse fibroblast

line, known to support primary hepatocytes of multiple species, to constitutively express a

caspase-9-driven apoptotic switch. We cultured iCasp9-GFP fibroblasts with primary hu-

man hepatocytes and activated apoptosis, leading to subsequent removal of fibroblasts at

different time points post co-culture initiation to query the temporal dependence of primary

human hepatocytes on stromal support in 2D . We found, using our MPCC system, that pri-

mary human hepatocytes are dependent on fibroblast co-culture support, which corroborates

previous findings with a similar co-culture system built and tested by Hui et al [116].

Unlike existing technologies from our lab and others that can manipulate cell-cell inter-

actions only in 2D cultures, an inducible apoptosis switch-bearing cell population can be

triggered in both 2D and 3D in vitro formats (as well as in vivo settings). In this Chapter,

we build upon these prior findings and extend the use case of CAMEO for 3D multicellular

ensembles. Similarly, we focus on the temporal role of fibroblasts in the maintenance of

phenotypic stability of our 3D liver models. In this body of work, our 3D hepatic ensembles

consist of hepatocyte-fibroblast spheroids that are encapsulated in a fibrin hydrogel and cul-

tured in a static in vitro format that is amenable to medium-throughput experiments and

analyses (i.e. in a 96-well plate). Here, we first demonstrate that CAMEO is compatible

with 3D cultures, in the sense that iCasp9-bearing cells that are cultured in close proximity

with non-iCasp9-bearing cells within a porous hydrogel microenvironment are still able to

be apoptosed post-co-culture initiation. Interestingly, we observed that early removal of

fibroblasts did not negatively impact the maintenance of primary human hepatocyte phe-

notype and function, and further discovered that crucial interactions in the first 24 hours of

co-culture include both homotypic cell-cell (i.e. E-Cadherin engagement between primary

human hepatocytes) and cell-matrix (i.e. 𝛽1 integrin ) interactions.

Our work with CAMEO for tissue engineering and cell therapy applications are a new

contribution to the field. Previously, inducible caspase-9 has been deployed as a safety

measure for engineered cell therapies (e.g. adoptive T cell therapy, engineered cell therapy,

mesenchymal cell therapy) across a range of applications (e.g. regeneration, anti-cancer)
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[60, 81, 258]. Recently, inducible apoptosis gene-engineered stromal cells were used to probe

the contribution of cancer-associated fibroblasts to metastatic potential in vivo [235].

We envision that the CAMEO method will also impact the field of organoid biology

(i.e. tissue cultures consisting of hiPSC, hESC, and other epithelial cells), in which stro-

mal feeder layers are conventionally used to promote stem cell renewal and maintenance

[49]. Feeder layers commonly consist of xenogeneic stromal cells (e.g. murine embryonic fi-

broblasts, murine 3T3 fibroblasts), which pose a significant translational challenge, thereby

motivating the development of feeder-free and animal product-free strategies. Concerns with

feeder layer cultures include overgrowth (i.e. limiting scale-up of tissue engineering by de-

pleting nutrients and space), contamination of the target cell culture, and zoonosis [165, 49].

Transfer of zoonotic pathogens and immunogenic components can also happen through the

use of conditioned medium; Martin et al. demonstrated that mammalian sialic acid Neu5Gc

from conditioned medium elicited an antibody response in humans, thereby limiting clinical

use [173]. In the case of hESCs and hPSCs, acellular support strategies for cell culture

consisting of defined growth factor cocktails and functionalized culture surfaces have been

elucidated [165, 62]. For most epithelial cells, the exact chemical and physical factors to cre-

ate a perfect synthetic feeder substitute remain to be defined. Feeder cell support is thought

to act through (a) growth factors, (b) detoxification of culture medium (e.g. removal of

pro-apoptotic signals), (c) synthesis and provision of ECM proteins and/or (d) physical con-

tact (e.g. mechanotransductive interactions, engagement of juxtacrine pathways). CAMEO

may be useful as an additional degree of engineered control for dissecting these complex

intercellular phenomena, which have been historically difficult to deconvolute.

3.4 Methods

3.4.1 Cell Culture

Primary cryopreserved human hepatocytes (Lot ZGF, 33-year-old, Caucasian, male; Biorecla-

mationIVT) were maintained in high-glucose Dulbecco’s modified Eagle’s medium (DMEM)

with 4.5 g/L glucose (CellGro) containing 10% (v/v) fetal bovine serum (FBS) (Gibco),

1% (v/v) ITS supplement (insulin, transferrin, sodium selenite; BD Biosciences), glucagon

(70 ng/mL), dexamethasone (0.04 µg/mL), 0.015 M HEPES, and 1% (v/v) penicillin-
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streptomycin (Invitrogen). In some experiments, we used freshly isolated primary rat hep-

atocytes, which were isolated from 2 to 3 month old adult female Lewis rats, as previously

described [231]. 3T3-J2 murine fibroblasts were a kind gift provided by Howard Green

(Harvard Medical School) and were cultured in DMEM with 4.5 g/L glucose, 10% bovine

serum, and 1% (v/v) penicillin-streptomycin. Normal human dermal fibroblasts (Lonza)

were cultured in DMEM with 4.5 g/L glucose, 10% fetal bovine serum, and 1% penicillin-

streptomycin.

3.4.2 Hepatic Spheroid Culture and Encapsulation

Hepatic spheroids were cultured as described previously [257, 256, 41]. In brief, cryop-

reserved human hepatocytes were thawed and immediately plated with fibroblasts in Ag-

greWells (400 𝜇m pyramidal microwells) and incubated overnight at a 1:4 hepatocyte:fibroblast

ratio. Where indicated, some optimization experiments involved the use of primary rat hepa-

tocytes and neonatal human dermal fibroblasts, and were co-seeded in media supplemented

with 5-80% Geltrex®. Hepatic spheroids (about 150 hepatocytes per spheroid, 100 µm

diameter) were imaged and analyzed to quantify the extent of spheroid compaction. Indi-

vidual spheroids were isolated manually using Fiji [228], and greyscale erosion was applied

to threshold for hepatocytes ( 7 𝜇m). Resulting morphologies were traced and measured for

circularity. Resulting spheroids were embedded in fibrin (10 mg/mL bovine fibrinogen, 1.25

U/mL human thrombin; Sigma-Aldrich) using 96 microwell plates as molds. Spheroid-laden

hydrogels were cultured in hepatocyte media supplemented with 10 𝜇g/ml aprotinin, a serine

protease inhibitor, to prevent hydrogel degradation. Alternatively, spheroids were cultured

in alginate beads and hepatocyte media. Alginate beads were formed using sterilized 2%

w/v alginate (Sigma-Aldrich) and 2% w/v calcium chloride (Sigma Aldrich), both dissolved

in HEPES-buffered saline (20 mM HEPES, 150 mM NaCl in ddH2O). Spheroids were re-

suspended in alginate and added dropwise into a pre-warmed, stirred calcium chloride bath,

then washed and collected using a 40 𝜇m cell strainer before culturing in hepatocyte media.

3.4.3 CID Treatment

spheroid-laden hydrogels were dosed with 50 nM CID (1:10,000 dilution; B/B homodimer-

izer, AP20187; rapalog; Takara/ClonTech) for all co-culture experiments. Spheroids were
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dosed with CID after encapsulation in fibrin hydrogels, except where noted in the text. In

the case of pre-encapsulation CID treatment, spheroids were treated with 50 nM CID prior

to harvest from microwell molds. The contents of the microwell molds (including hepato-

cytes, fibroblast-derived apoptotic debris, and conditioned media) were collected, diluted

at least 5-fold, and centrifuged at 60xg for 6 minutes for 3 washes total in order to isolate

hepatocytes via differential centrifugation. Pelleted hepatocytes were then encapsulated in

fibrin hydrogels and cultured in hepatocyte media.

3.4.4 Functional Antibody Blockade

Primary human hepatocytes or compacted hepatocyte-fibroblast spheroids (immediately

after harvest from microwell molds) were incubated with 10 𝜇g/mL functional blocking

monoclonal antibody (mouse anti-human 𝛽1 integrin, clone P5D2; mouse anti-human E-

cadherin, clone 67A4; EMD Millipore) or an isotype control (Santa Cruz Biotechnology) for

20 minutes at 37 ∘C in hepatocyte media. Excess antibody was removed by centrifugation

at 60xg for 6 minutes for 3 washes total. Pelleted hepatocytes were then encapsulated in

fibrin hydrogels and cultured in hepatocyte media.

3.4.5 Biochemical Assays

Spent supernatant was collected from cultures every other day and stored at -20°C. Human

albumin was quantified using an enzyme-linked immunosorbent assay using a sheep anti-rat

albumin antibody (ELISA) (Bethyl Laboratories) and 3,3’,5,5’-tetramethylbenzidine (TMB,

Thermo Fisher). Urea concentration was measured using a colorimetric (diacetylmonoxime)

assay with acid and heat (Stanbio Labs). CYP3A4 activity was assessed with the lumino-

genic P450-GloTM CYP450 assay kit (Promega) for nonlytic assays using cultured cells.

Cultures were pre-treated with 25 µM rifampin or 1:1000 DMSO vehicle control prepared in

hepatocyte maintenance media for 72 hours (daily replenishment) where indicated.

3.4.6 Immunofluorescence Imaging

For immunostaining of cellular constructs, tissues were fixed in 4% paraformaldehyde. For

identification of primary human hepatocytes, tissues were incubated with primary anti-

body against human arginase-1 (rabbit, 1:400; Sigma-Aldrich) followed by Alexa Fluor®
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546-conjugated rabbit anti-human secondary antibody (1:1000; Life Technologies). Alterna-

tively, hepatocytes were visualized by pre-labeling with 1 µM CellTracker Deep Red (Thermo

Fisher) for 20 minutes at 37°C. Nuclei were stained with Hoechst (1:2000).

3.4.7 Imaging

Fiji was used to uniformly adjust brightness/ contrast, pseudocolor, and merge images.

Spheroid-laden hydrogels were imaged on a Zeiss 710 confocal microscope using a water

immersion 40X objective or the Leica SP8 spectral confocal microscope using the 10X air

or 25X water immersion objective. Live imaging was captured using a Nikon Spinning-disk

Confocal Microscope with TIRF module.

3.4.8 Quantitation

iCasp9-GFP J2s were encapsulated as single cells in a fibrin hydrogel. Cultures were dosed

with vehicle or CID and cultured for 3 weeks. Cultures were fixed with 4% paraformalde-

hyde, stained with Hoechst (1:2000) and imaged with a Nikon Ti-E inverted epifluorescent

microscope. Number of cells (by counting nuclei) was quantified for 3 representative 20x

field of views per sample.

3.4.9 Statistical Analysis

All data are expressed as mean ± standard deviation and/or visualized as dot plots (n =

3-10 as indicated). Statistical significance (𝛼 = 0.05) was determined using the appropriate

statistical test (unpaired 2-tailed t-test, 1-way ANOVA, 2-way ANOVA), and followed by

multiple comparisons testing (Tukey’s post hoc test) (GraphPad).

3.5 Acknowledgements

Dr. Arnav Chhabra was my thought partner and experimental teammate for all of this

work. Dr. Tiffany Vo, Dr. Quinton Smith, Trevor Nash, Keval Vyas, Dr. Jen

Bays, and Dr. Linqing Li provided insightful advice which was readily incorporated in

this project - I am especially grateful to Jen and Linqing for entertaining my very rushed

request for advice and discussion when I was pushing to finish my paper revision before the

109



COVID-19 pandemic shutdown.

Jeffrey Wyckoff and Eliza Vasile of the Imaging core of the Koch Institute Swanson

Biotechnology Center were essential for capturing live videos and high-resolution stills of

our 3D microlivers.

The late Howard Green of Harvard Medical School provided the 3T3-J2 fibroblast cell

line as a kind gift. Wilson Wong of Boston University was crucial to initial discussions

surrounding the feasibility of this work, and provided much helpful guidance and discussion.

This work was supported in part by the NIH (R01 EB008396, R01 EB000262, UG3 EB017103),

Koch Institute Support (core) Grant P30-CA14051 from the National Cancer Institute, the

National Science Foundation Cellular Metamaterials Engineering Research Center, and the

Boston University Biological Design Center.

110



Chapter 4

TRANSLATE: Engineered Hepatic

Ensembles as Cell Therapies

4.1 Introduction

In the preceding Chapters of this thesis, we discussed the development of tools that enable

the study of underlying cell-cell interactions in hepatic ensembles comprised of primary

human hepatocytes and murine fibroblasts. While these advances constitute significant

progress for cell culture models of the human liver, the true relevance of clinical translation

cannot be fully realized until these findings are properly adapted for in vivo implantation

in both small and large animal models of health and disease, which is the first step toward

translation to human patients with liver disease. Notably, our hepatic ensembles also act as

fundamental building blocks for satellite cell therapies, and therefore this work is directly

relevant to the development and optimization of the satellite cell therapy concept.

Our satellite cell therapies rely on defined tissue microarchitecture, which is not readily

reproduced at scale. Specifically, we have previously found that tissues containing primary

human hepatocytes, endothelial cells, and stromal cells in a geometrically-defined architec-

ture have significantly increased capacity to respond to in vivo cues than their un-patterned

counterparts [256, 257, 40]. Stevens et al. implanted multiple hepatic grafts of approxi-

mately 6 mm diameter and 2 mm thickness, which is a graft geometry that is compatible

with oxygen exchange and nutrient demand [256]. However, these engineered tissues were

not able to slow or reverse the progression of liver failure due to hereditary tyrosinemia

111



Figure 4-1: Pathway of cell therapies for solid organ replacement or aug-
mentation. Preclinical 2D and 3D in vitro models enable the study of tissue-specific
biology, and may also be re-purposed as building blocks for artificial tissues. The
evolution of a solid cell therapy product may be subjected to additional requirements
and constraints as the product is scaled and evaluated for safety in the clinic. Un-
published.

type I, likely because the grafts did not support enough cells to offset disease phenotype

and sequelae. Each animal in this study had approximately 600k primary human hepato-

cytes, which constitutes only 0.4% of the hepatocyte mass in an average mouse liver. As

per the Introduction to this thesis document, clinical studies on hepatocyte transplantation

approximate that 0.5-5% of the total hepatocyte mass is required to correct inborn errors

of metabolism, and closer to 10% of the total hepatocyte mass is needed to address acute

liver failure [77, 202]. To approach these numbers, it is important to pursue both cell sourc-

ing challenges (i.e. obtaining and expanding primary and stem-derived hepatocytes) and

biomanufacturing challenges. In this Chapter, we will focus primarily on challenges related

to biomanufacturing, and will continue to use primary human hepatocytes as our workhorse.

We will describe substantial progress we have made toward addressing challenges related

to implementing our hepatic cell therapies as an example of a satellite cell therapy for serious

organ injury and disease of human patients, including:

• Assessing the importance of an intact fibroblast population pre- and post-implantation

• Incorporating vasculature to meet nutrient and oxygen demands of scaled-up tissues

• Assessing optimal graft configuration to optimize in vivo performance (i.e. persistence

of hepatic function, formation of perfusable vasculature)
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• Validating compatibility with manufacturing methods that fabricate cell-dense tissue

constructs

• Assessing of ability to surgically remove a hepatic graft to accomplish phenotype

reversal

In this Chapter, we also define realistic constraints and considerations for small animal

model testing and comment on challenges related to xenogeneic and allogeneic cell therapies.

4.2 Results & Discussion

4.2.1 Motivation for Engineered Vasculature in Hepatic Cell

Therapies

In all instances of scaling cell therapies for solid organ disease, graft design must support

and maintain vessel-like structures that enable an influx of nutrients and oxygen as well

as the removal of waste products. In early clinical efforts, hepatocyte transplantation was

shown to be highly inefficient, leading on average to engraftment of only 0.1-0.3% of the

host liver mass following the infusion of 3-5% of the total recipient liver cells [77]. In cases

of orthotopic injection, hepatocytes are subjected to an inhospitable disease-like environ-

ment, in which disease-associated cues could readily affect the viability and performance of

engrafted donor cells. With satellite cell therapies, we decouple an organ-specific graft from

the orthotopic location, and enable integration and functional persistence in a heterotopic

(otherwise referred to as "satellite") location. Specifically, satellite cell therapies consist of

cells housed in an engineered scaffold, and embedded cells have the benefit of existing in

a defined microenvironment that enables high viability and performance, with the caveat

that integration with the host is critical in order to provide bioactive function to the host.

For the liver, as discussed in the Introduction, the placement of hepatic cell therapies is

also readily compatible with such satellite anatomic locations. Aside from seminal work by

Bucher et al. that revealed that regenerative stimuli resulting from liver injury is sufficiently

captured in the systemic circulation as secreted, soluble cues, heterotopic transplantation

(e.g. in the spleen, lymph node, subcutaneous space, mesenteric fat pad) has been demon-

strated to provide a supportive microenvironment for hydrogel-encapsulated cell therapies

113



[213, 32, 266, 141, 256, 40].

Figure 4-2: Fabrication approaches for engineered microvessels. Microves-
sels can be fabricated using either top-down (left) or bottom-up (right) approaches.
Top-down approaches generally involve rational fabrication of pre-designed structures
through 3D printing, spatial laser degradation, or layer-by-layer assembly. Resulting
lumen structures can be lined with endothelial cells. Bottom-up approaches often
leverage bioactive cues including chemical and physical stimulants that induce angio-
genic sprouting or vasculogenesic self-assembly of endothelial cells to give rise to a
network of interconnected microvasculature. Adapted from [245].

In such implantable satellite grafts, scaling of the graft is contingent on including or

providing vasculature. Song et al. previously reviewed recent technologies related to fab-

rication approaches for engineered microvessels, and categorized the strategies as top-down

manufacturing of pre-formed structures using 3D printing, spatial laser degradation, and

layer-by-layer assembly, and bottom-up presentation of bioactive cues to endothelial cells in

order to stimulate de novo vessels via vasculogenesis, or to coax angiogenic sprouting of new

buds and vessels from existing vessel-like structures. It is likely that cell therapies for solid

organs will make use of both of these approaches. Currently, it remains a challenge to:
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1. integrate vessel structures across different length scales,

2. perform surgical anastamosis of inlet and outlet vessels to enable immediate integra-

tion with the host, and

3. prevent clotting and collapse of vessels in an engineered graft upon implantation and

integration with the host.

Lastly, a challenge of vascular engineering includes the maintenance of an interconnected

network in the presence of parenchymal cells. In our work, we have often observed that co-

culture of two specialized cell populations (e.g. primary human hepatocytes and endothelial

cells) will compromise the involved cell populations for myriad reasons, including increased

metabolic demand and the introduction of new ingredients from disparate culture media

recipes. In this vein, we performed optimization to balance the performance of both cell

populations, and found that a 50:50 mixture of hepatocyte and endothelial cell media was

ideal for co-culture, compared to other ratios or recipes in which growth factors and supple-

ments were adjusted to compensate for other variables (data not shown).

4.2.2 CAMEO Reveals that Fibroblasts are Integration of Non-

Vascularized Satellite Grafts

In pilot studies, we prepared satellite grafts consisting of only hepatocyte-fibroblast spheroids,

as described in the Chapters 2 and 3, and relied on the fibrin gel housing and its natu-

ral vasculogenic potential to recruit host vasculature and drive integration with the host

[189]. Specifically, we transduced primary human hepatocytes with AAV8 vectors carrying

a CMV-driven firefly luciferase cassette in order to enable a noninvasive live animal imaging

readout. Firefly luciferase-expressing hepatocytes were then prepared as spheroid-laden hy-

drogel grafts, treated with CID pre-implantation to remove the fibroblast population, and

immediately implanted into the parametrial fat pad of nude mice (Figure 4-3A). As a read-

out of graft viability, we assessed the CMV-driven promoter activity in human hepatocytes

contained in the implanted satellite graft at an early time point (3 days) after implanta-

tion using IVIS. We observed a 4.8-fold increase in luciferase activity in vehicle-treated (i.e.

fibroblast-intact) satellite grafts compared to CID-treated (i.e. fibroblast-depleted) grafts,

which suggests that the presence of fibroblasts in the graft could be a major driver of graft
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integration and persistence in animals (Figure 4-3B). Additionally, hepatocyte viability of

implanted grafts did not improve over a 2-week period post-implantation (data not shown).

Furthermore, we show that the satellite grafts persist in the location of surgical placement

by visualizing the luciferase activity pattern of representative mice (Figure 4-3C).

We have previously shown that inclusion of fibroblasts in the microstructure of the

cellular compartment significantly improved integration and persistence of hepatic satellite

grafts, compared to grafts with either no or fewer fibroblasts [257]. However, in the work by

Stevens et. al. and Chen et al., it was not clear if the fibroblast population was only essential

for initial stabilization of the hepatocytes [257, 40]. In this work, we used CAMEO to

demonstrate that the continued presence of fibroblasts in hepatic satellite grafts is necessary

for promoting graft viability and integration. It is otherwise generally well accepted that the

inclusion of fibroblasts for hepatocyte function and endothelial morphogenesis is a robust

method for enhancing performance, and circumventing the use of additional growth factors

and cytokines [130, 131, 49, 84, 53, 12, 138, 259, 123, 18].

4.2.3 Development of Hepatic VasculoChip as a Satellite Graft

A primary reason for graft loss after pre-implant fibroblast removal in spheroid-only grafts

could be due to the fact that satellite grafts are dependent on fibroblast-derived cues in

the absence of an endothelial population. It has been shown across a large body of work

that the inclusion of endothelial cells greatly enhances the potential for vasculogenesis and

angiogenesis [245, 53, 12, 138, 259, 123]. Biomanufacturing methods can now reliably cre-

ate structures at the same length scale as vessels that comprise native capillary beds (i.e.

between 1-10 𝜇m print resolution with common 3D-printing techniques at build speeds, vol-

umes, and conditions compatible with biologically active inks and matrices; reviewed more

in depth in [280, 193]).

However, the formation of a complex and intricate capillary bed-like network, which

is critical for supporting the metabolic demand and overall health of tissues and organs,

is not currently possible. In this work, we leveraged a microfluidic vasculogenesis model

consisting of needle-molded channels that were seeded to create endothelialized lumens, and

surrounded with a fibrin hydrogel containing randomly seeded endothelial cells and fibrob-

lasts, as previously described in [246]. This device, termed the VasculoChip, was cultured
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Figure 4-3: Pre-implantation removal of fibroblasts from spheroid-only
grafts results in early graft loss. (A) Primary human hepatocytes were mod-
ified with AAV2/8 to constitutively express firefly luciferase to enable non-invasive
assessment of viability in live animals. Modified hepatocytes were co-seeded with fi-
broblasts in microwell molds to form spheroids, encapsulated in fibrin hydrogels, and
treated with CID prior to implantation into the fat pad of nude mice. (B) On day
3 post-implant, graft viability was assessed via IVIS (n=3-6 mice per experimental
group; total flux of bioluminescence, p/s). (C) Representative images of 2 mice per
cohort (red = highest signal, purple = lowest signal). Unpublished.

under flow and formed perfusable, endothelial-lined networks which were connected to 2

needle-molded channels (device dimensions: 1 mm length, 1 mm width, 800 𝜇m thickness).

We adapted the VasculoChip to co-culture with hepatocyte-fibroblast spheroids (hereby re-

ferred to as Hepatic VasculoChip). We assessed performance of the Hepatic VasculoChip as

well as iterations of the device without endothelialized lumens or bulk endothelial cells, and

observed that hepatocyte performance was enhanced over time in the Hepatic VasculoChip

configuration (Figure 4-4A). We further demonstrated that the device could be scaled-up

(device dimensions: 6 mm diameter with 2 mm thickness) as an implantable satellite graft

that is compatible with manual manipulation with microsurgical tools and anchoring with 5-

0 sutures, and that the scaled-up device could host 4 lumenized endothelial channels and the

formation of a perfusable, capillary bed network (Figure 4-4B). We performed immunoflu-

orescent imaging of Hepatic VasculoChip devices and detected intact hepatocyte-fibroblast

spheroids and interconnected vascular morphology (Figure 4-4C).

The Hepatic VasculoChip is reliant on the initial inclusion of a fibroblast population
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Figure 4-4: Hepatic VasculoChip: Hepatic spheroids are compatible with
microfluidic VasculoChip device in vitro. (A) Hepatic spheroids were seeded
in microfluidic VasculoChip devices either with fibroblasts in the bulk (left), with
fibroblasts in the bulk surrounding an endothelialized lumen (middle), or with fibrob-
lasts and endothelial cells in the bulk surrounding an endothelialized lumen (right; i.e.
VasculoChip with hepatic spheroids). Devices were cultured in vitro on a rocker and
supernatant was analyzed for albumin secretion. (B) Devices consisted of 4-channel
configuration, and formed microvessels that were connected to the needle-molded lu-
menized vessels, as visualized by perfusion with lysine-fixable FITC-dextran. (C)
Hepatic spheroids (autofluorescence signal) and endothelial cell channels (UEA lectin
staining) were visualized in the Hepatic VasculoChip device at day 10 (scale bar =
200 𝜇m). Unpublished.

not only to stabilize hepatocyte-fibroblast spheroids, but also to drive vascular morpho-

genesis. Using CAMEO, we queried the importance of fibroblasts past an early stage of

co-culture. All fibroblasts in the following experiments were growth-arrested iCasp9-GFP

NHDFs, including the fibroblast compartment of the hepatocyte-fibroblast spheroids and

the fibroblasts seeded in the bulk of the hydrogel to drive neovascularization. We seeded

2-channel Hepatic VasculoChip devices and removed the entire fibroblast population on day

5 of in vitro culture (Figure 4-5A). Devices were fixed at day 7 immediately after perfu-

sion of lysine-fixable FITC dextran through the inlet and outlet channels, and visualized

using confocal fluorescence microscopy. In both vehicle-treated (i.e. fibroblast-intact) and

CID-treated (i.e. fibroblast-removed) devices, we detected hepatocytes using a hepatocyte-

specific marker (arginase-1), suggesting that hepatocytes were viable and maintained phe-

notype. We also observed that hepatocytes appeared to be constrained to their spheroid-like

118



structures, which is consistent with our prior observation of little to no migration of pri-

mary human hepatocytes post-seeding or encapsulation. Additionally, we also observe UEA

lectin staining of endothelial networks, which were able to transport and retain dextran

without significant leakage (Figure 4-5B). Lastly, we also performed functional analysis

of hepatocyte function, and detected a significant improvement in secreted albumin levels

and urea production levels in Hepatic VasculoChip devices treated with CID to remove the

iCasp9-bearing cell population, compared to devices with intact fibroblasts (Figure 4-5C).

Taken together, here we demonstrate that the Hepatic VasculoChip supports functional neo-

vascularization and hepatocyte phenotypic stability across multiple axes, even following the

removal of the entire fibroblast population via CAMEO.

Toward in vivo applications, we then proceeded to construct scaled-up 4-channel Hepatic

VasculoChip devices and assess hepatic performance over a 10 day period in vitro after

CID-driven deletion of fibroblasts at day 3 (with a repeat dose at day 4 to ensure maximum

ablation of the iCasp-bearing fibroblast population) (Figure 4-6A). We assessed levels of

secreted human albumin every other day and observed an increase in albumin secretion in

CID-dosed devices compared to vehicle-treated and non-treated devices after administration

of CID. Differences between groups were increasingly pronounced through day 8, and reached

statistical significance compared to fibroblast-intact groups by the endpoint of 10 days of in

vitro culture (Figure 4-6B). By eye, we observed that vasculature began to form around day

5 to 7 post-seeding, and that some devices had structurally-collapsed vessels by day 8 and 10

post-seeding (data not shown). These results suggest that the deletion of fibroblasts from

4-Channel Hepatic VasculoChip devices enhances the function of vascularized engineered

hepatic tissues in vitro through 10 days of culture, though there may be a trade-off with the

maintenance of integrity of engineered vasculature at longer culture time frames. In next

steps, we proceeded to assess and optimize a timeline for implantation of satellite grafts

comprised of 4-Channel Hepatic VasculoChip devices.

To assess the role of pre-formed, perfusable vasculature in the integration and persistence

of satellite grafts, we prepared 4-Channel Hepatic VasculoChip devices with iCasp9-bearing

NHDF, primary human hepatocytes, and HUVECs, and dosed devices at day 3 and 4 post-

seeding with CID to remove fibroblasts. Devices were implanted at 3 different time points

after the initial CID dose, including (1) two days later for a total of 5 days of in vitro culture,

(2) 4 days later for a total of 7 days of in vitro culture, and (3) 7 days later for a total of
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Figure 4-5: Deletion of fibroblasts from 2-Channel Hepatic VasculoChip
enhances the function of vascularized engineered hepatic tissues in vitro.
(A) Two-channel Hepatic VasculoChip devices were seeded with hepatic aggregates
and endothelial cells, treated with vehicle or CID at day 5 to remove fibroblasts,
and fixed on day 7. (B) Representative max projections of dextran-perfused (cyan)
vehicle- and CID-treated devices stained for UEA human-specific lectin (red) and
human arginase-1 (green) (scale bar = 150 (i) or 50 (ii) 𝜇m). (C) Spent supernatant
was analyzed for secreted human albumin (i) and urea production (dotted vertical
line indicates dose day; n=4-5, *p<0.05, **p<0.01). Adapted from [246].

10 days of in vitro culture (Figure 4-7A). Hepatic VasculoChips were surgically implanted

into the fat pad of nude mice, and blood was collected over a 2 week time period to assess

graft performance. Blood was centrifuged, and the resulting plasma fraction was assayed for

human-specific albumin secretion using an ELISA assay that does not have cross-reactivity

with rodent albumin. We expected to detect human albumin in the blood of animals in which

the graft was integrated (i.e. viable, vascularized, and anastomosed to the host circulation)

and the hepatocytes were phenotypically stable (i.e. able to perform liver-specific function
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Figure 4-6: Deletion of fibroblasts from 4-Channel Hepatic VasculoChip en-
hances the function of vascularized engineered hepatic tissues in vitro. (A)
Four-channel Hepatic VasculoChip devices were seeded with hepatic aggregates and
endothelial cells, and were either untreated or treated with vehicle or CID at day 3 and
day 4 to remove fibroblasts, and cultured until day 10 in vitro. (B) Spent supernatant
was analyzed for secreted human albumin (n=5, *p<0.0001). Unpublished.

such as production of secreted proteins and metabolites).

In mice implanted with grafts that were cultured for a total of 5 days in vitro, we

found either low or no detectable levels of albumin in the blood plasma (Figure 4-7A).

In mice receiving grafts that were cultured for a total of 7 days in vitro, we found high

initial values of human albumin (ranging from 400-800 ng/mL), which rapidly dropped by

day 5 post-implantation in both non-treated and CID-treated grafts (Figure 4-7B). Initial

albumin levels at day 2 were modestly higher in CID-treated graft-bearing mice, though

grafts with intact fibroblasts had modestly higher levels of human albumin after 1 week

post-implantation. Lastly, mice receiving grafts that were cultured for a total of 10 days

in vitro overall had lower albumin levels compared to the initial human albumin values

of grafts that were implanted after 7 days of in vitro culture (Figure 4-7C). Similarly,

human-specific albumin secretion was modestly higher in CID-treated graft-bearing mice

at early time points, and rapidly dropped to low and undetectable levels by 1 week post-

implantation. We surmise that initial graft performance in vivo was related to the formation
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Figure 4-7: Graft performance in vivo depends on in vitro culture period
after fibroblast deletion from 4-Channel Hepatic VasculoChip. (A) Hepatic
VasculoChips were seeded and cultured in vitro for 3 days before triggering CID-
driven removal of fibroblasts. Devices were then cultured in vitro for an additional
two (1), four (2), or seven (3) days prior to implantation into the fat pad of nude
mice. (B-D) Human albumin was quantified in the plasma fraction of collected blood
samples over a 2 week period (n=4-8). Unpublished.

and maintenance of vessels in the Hepatic VasculoChip. It is possible that grafts implanted

after 5 days of in vitro pre-culture had not formed fully perfusable vasculature, though we

previously observed the semblance of intact vasculature in devices prior to 8 days of in

vitro culture. Across our experimental cohorts, we observed ideal performance of hepatic

grafts when devicess were pre-cultured for 7 days in vitro. We also note that vasculature

appeared to have partially collapsed by day 8 or 10 of in vitro culture, and saw accordingly

low albumin secretion levels in grafts implanted after 10 days of in vitro culture. In this

condition, the low but detectable (80-300 ng/mL) values of human albumin may be due

to the recovery of collapsed vessels, or the effect of a partial intact population of vessels.

Taken together, these findings suggest that hepatic satellite grafts are sensitive to the in

vitro pre-conditioning period leading up to graft implantation.

We further hypothesized that the removal of fibroblasts prior to implantation was a driver

of graft loss and lack of maintenance, as per our earlier findings that fibroblasts were required

for graft viability in a simpler graft (i.e. hepatocyte-fibroblast spheroids only; Figure 4-3.
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Figure 4-8: In vivo deletion of fibroblasts from implanted 4-Channel Hepatic
VasculoChip did not improve graft persistence. (A) 4-Channel Hepatic
VasculoChip devices (with intact fibroblasts) were implanted in the fat pad of nude
mice. CID was administered intraperitoneally at day 5 and 6 post-implantation.
(B) Human albumin was quantified in collected blood samples for 3 weeks (n=6).
Unpublished.

Thus, we assessed the deletion of fibroblasts from Hepatic VasculoChips after implantation to

the fat pad of nude mice. Based our assessment of ideal implantation time frame (Figure 4-

7), we prepared Hepatic VasculoChips using a 7-day in vitro pre-culture timeline, implanted

all devices with fibroblasts intact, and then injected a solution of CID (prepared as per the

manufacturer’s suggestions for in vivo dose administration) intraperitoneally on days 5 and

6 after implantation to trigger apoptosis in vivo. In related studies with iCasp9-bearing

cell-laden grafts, we confirmed that intraperitoneal administration of CID led to ablation

of iCasp9-bearing cells even in an in vivo setting (data not shown). Additionally, we did

not observe any acute toxicity effects to the animals after CID administration. We collected

blood from animals and prepared the plasma fraction for downstream analysis of human-

specific proteins over a period of 3 weeks post-implantation. We found that human albumin

secretion into the blood reproduced the trend and levels of human albumin secreted by

satellite grafts that were treated with CID pre-implantation on a different dosing schedule

(Figure 4-7C, in vitro dose of CID on day 3 and 4 with implantation on day 7; Figure

4-8, in vivo dose of CID on day 5 post-implantation, with devices cultured similarly for

7 days in vitro). These findings suggest that the presence of fibroblasts during the early
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post-implantation phase did not improve the integration and maintenance of the satellite

graft, which is in contrast with our findings in vitro (Figure 4-4, 4-5, 4-6).

4.2.4 Implantation Considerations: Host Immune System

There are several reasons that may contribute to why the satellite grafts did not persist

long-term in the animals, including rejection by the animal host immune system and non-

ideal graft geometry. Below, we will discuss considerations for each of these categories in the

context of our results and relevant literature detailing related hepatocyte-fibroblast grafts.

Similarly, prior work in our lab utilized nude mice as the workhorse for implantation studies.

Chen et al. implanted hepatic satellites contained in non-degradable, poly(ethylene glycol)-

RGDS hydrogel scaffolds into the fat pad of nude mice [40], and observed persistence for up

to 3 months. Similarly, Stevens et al. implanted hepatic satellites in natural material-based

matrices into the fat pad of nude mice for up to 4 weeks [257]. Furthermore, Stevens et

al. demonstrated that hepatic satellites in natural material-based matrices were also able

to persist and functionally expand in the fat pad of immunodeficient mice with hereditary

tyrosinemia type I [256].

In our studies, we implanted satellite grafts into the fat pad of nude mice, which lack a

thymus, and thus are unable to produce T cells that assist with recognition of and attack

against a foreign graft. We expected that these satellite grafts would demonstrate similar

time frames of persistence in vivo, but did not observe this trend in our studies. It is possible

that the fibrin hydrogel (which can be quickly degraded in vivo) did not provide sufficient

protection against the host immune attack, as we would have expected a non-degradable

poly(ethylene glycol) hydrogel to do as per studies by Chen et al. [40]. In fact, Chen et al.

demonstrated that the poly(ethylene glycol) hydrogel was able to protect from graft loss in

the intraperitoneal space in mice with fully competent immune systems. This is corroborated

by a body of work that notes a relationship between hydrogel porosity and the invasion of

cells and vessels: porosity can be readily controlled through a materials science approach,

including but not limited to the choice of monomer building block size, co-polymerization

with a degradable or sacrificial material, and tuning degradation kinetics with enzyme-

sensitive or hydrolytically-degradable linkers [44, 195] . We also built satellite grafts with

different human hepatocyte donors compared to studies by Chen et al. and Stevens et al.,

124



which may interact differently with the murine immune system. Furthermore, Chen et al.

demonstrated that a direct transplanation of hepatocytes into an immunocompetent Swiss-

Webster mouse model led to loss of cell function by day 4 post-implantation as measured by

IVIS, which is similar to the timeline of our graft loss withint he first week post-implantation.

More recently, NSG (NOD scid gamma) mice have become the gold standard for human-

ized mouse studies, and have demonstrated broad utility through demonstration of human

cancer xenografts in mice [119, 236]. In addition to T cell deficiency like nude mice, NSG

mice are also B and NK cell-deficient. In next steps of this work, we assessed the utility

of NSG mice for human satellite grafts and hypothesized that we would observe improved

graft persistence due to a further deficiencies of the host immune system compared to that

of nude mice.

4.2.5 Implantation Considerations: Graft Configuration

Besides animal immune system interactions with our human cell-containing satellite grafts,

another driver of graft loss could be sub-optimal satellite graft composition and microar-

chitecture. Stevens et al. previously demonstrated that graft architecture was a major

driver in the ability of the graft to respond to in vivo injury-associated cues, and many

have previously found that microarchitecture greatly impacts both hepatocyte viability and

phenotype as well as endothelial cell angiogenesis and vasculogenesis [256, 245, 20]. In this

work, we primarily focused on a recent device featured in a publication by Song et al., in

which needle-molded channels form a lumen that can be endothelialized, and co-seeding with

fibroblasts and endothelial cells in the surrounding hydrogel was conducive to the formation

of perfusable, functional neovasculature [246]. While we found that these devices supported

both hepatocyte phenotype and function as well as formation of functional vasculature in

vitro, we consistently observed that these satellite grafts were not able to persist in vivo.

We optimized the manufacture of these satellite grafts to identify the ideal pre-implantation

culture period as well as pre- and post-implantation removal of fibroblasts via CAMEO,

but did not observe improvement of graft persistence that recapitulated trends from prior

studies by Stevens et al. and Chen et al. [257, 256, 40]. We also observed that grafts were

red to the eye upon explant (data not shown), suggesting that red blood cells were able to

infiltrate the graft, and then likely clotted or were captured in the vessels after collapse or
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occlusion. This observation suggests that the formed engineered vasculature may be difficult

to maintain after implantation. In the future, surgical anastamosis of the graft inlet and

outlet vessels may be necessary ensure flow-based maintenance of the graft.

Pivoting from an approach in which we combine the top-down manufacture of needle-

molded channels as well as the bottom-up assembly of a capillary bed, we focused on using

templated endothelial cords, which were previously described by Stevens et al. and Baranski

et al. [256, 11]. We performed process optimization of the cords fabrication process (which

consists of an 8-hour protocol with high sensitivity to the user) to increase reproducibility

and reduce failure points leading to inconsistency of engineered cords structure (data not

shown). The cords geometry was previously shown to act as a template for formation

of neovascular architecture after implantation [11]. We also assessed the utility of tri-cell

spheroids containing primary human hepatocytes, fibroblasts, and endothelial cells (data not

shown) but leave the further optimization and assessment of this configuration for future

work.

4.2.6 Satellite Graft Geometry Impacts in vivo Persistence

Given the considerations regarding immune background and graft geometry discussed in

the preceding two subsections, we designed an experiment to test the impact of satellite

graft geometry in NSG mice (lacking an injury stimulus). We tested 3 graft configura-

tions head-to-head: hepatocyte-fibroblast spheroids, hepatocyte-fibroblast spheroids with

random endothelial cells, and hepatocyte-fibroblast spheroids with templated endothelial

cords (Figure 4-9A). All satellite grafts contained roughly 250-300k hepatocytes and 600k

endothelial cells per animal and were implanted to the fat pad in the peritoneal space. We

collected blood samples twice-weekly until 35 days post-implant, and then collected blood

samples weekly for downstream human albumin level analysis. We found that spheroid-

only grafts and spheroid with random endothelial cell grafts outperformed grafts containing

spheroids and templated endothelial cells (Figure 4-9B), which was in contrast with find-

ings from Stevens et al. in the context of mice with liver injury [256].

In some mice, we surgically retrieved the satellite graft at day 35 post-implantation in

order to assess the impact on measurable phenotype (i.e. we hypothesize that human al-

bumin is entirely produced by the engineered satellite graft). In one representative mouse,
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human albumin levels were undetectable after removal of the graft (Figure 4-9C). In com-

parison, a representative mouse with an unperturbed, intact graft continued to secrete mea-

surable levels of human albumin into the circulation. Importantly, this also suggests that

the parenchymal compartment of our satellite grafts do not migrate out of the satellite graft

housing, which is an important element of safety for the clinical translation of satellites

as cell therapies. In immediate future work, we will construct satellite grafts with iCasp9-

bearing fibroblasts to assess the role of fibroblasts in implant integration and persistence. We

propose experiments in which all or a partial population of fibroblasts in the graft contain

the iCasp9 gene.

Figure 4-9: Graft microarchitecture and cellular composition impacts in vivo
persistence and performance, and can be reversed by survival explant. (A)
Hepatic spheroid-only (left), hepatic spheroid and random endothelial cell (middle) or
hepatic spheroid and templated endothelial cell (right) grafts were implanted in the
fat pad of NSG mice. In some mice, grafts were retrieved during a survival surgery
performed on day 35 post-implantation. (B) Human albumin was quantified in blood
plasma for 56 days (n=2-4). (C) In a representative mouse with a graft containing
hepatic spheroids and random endothelial cells, surgical removal of the graft on day
35 (red arrow) led to an immediate drop to undetectable levels of human albumin
(red symbols, red line) (n=1). Unpublished.
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4.2.7 Hepatic Spheroids as Building Blocks for Cell-Dense Con-

structs

Lastly, we assessed our ability to use hepatic spheroids as organ building blocks for highly

cell-dense constructs. We aimed to show that hepatic spheroids could be compatible with

denser constructs because this would enable an increase in the cell dose of our satellite cell

therapy while staying within geometric constraints.

Thus far, we have shown that hepatic spheroids can be readily encapsulated in both

synthetic and naturally-derived biopolymers, and can be cultured under both static and

dynamic conditions in the presence of a vascular compartment [257, 256, 40, 246]. In these

formats, we compose our satellite grafts using a density of roughly 106 cells/mL. Mov-

ing toward higher cell densities, we piloted our hepatic spheroids with a recently developed

biomanufacturing protocol for forming highly dense cellular constructs (108 cells/mL) known

as Sacrificial Writing into Functional Tissue (SWIFT) [239]. Importantly, SWIFT printing

is an attractive scaling technique for our hepatic satellite grafts because it both increases the

overall cell density and is compatible with building block units with defined microstructure

and microarchitecture. SWIFT-printed tissues are formed by harvesting and compacting

spheroids and then directly extruding a sacrificial vessel network into the spheroid slurry.

Using a temperature-based trigger, the resultant slurry is then polymerized and the printed

fugitive ink is simultaneously cleared, resulting in a perfusable lumen that can be endothe-

lialized and cultured under flow (Figure 4-10A). For these experiments, we used freshly

isolated primary rat hepatocytes because each donor can provide up to 200 M hepatocytes,

and we frequently required between 50-100 M hepatocytes for each experiment. Primary rat

hepatocytes are less resource restricted and have been commonly used in our lab and across

the field to perform pilot experiments, such as in this set of studies in which we explore

compatibility with scaling. In the future, we envision that adaptation to use of primary

human hepatocytes would not pose a significant biological risk, and that we can perform

the bulk of the manufacturing risk mitigation using primary rat hepatocytes.

SWIFT-printed hepatic tissues retained the lumen structure formed by the sacrificial

lumen print for several days of in vitro culture (Figure 4-10B). Additionally, after day 10 of

in vitro culture, tissues contained arginase-1+ hepatocytes and phalloidin+ hepatocytes and

fibroblasts, suggesting that tissues were viable and phenotypically stable (Figure 4-10B).
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Lastly, we performed in vitro culture under flow via pump perfusion of two SWIFT-printed

constructs; SWIFT-printed tissues secreted rat albumin continually over a period of 10 days

in vitro, suggesting that tissues remained functional over an extended culture period. These

pilots lay the groundwork for building cell-dense tissue constructs with biomanufacturing

methods such as but not limited to SWIFT printing.

Figure 4-10: Hepatic spheroids are compatible with cell-dense embedded
printing. (A) Sacrificial writing into functional tissue (SWIFT) printing allows for
direct printing of bio-compatible, fugitive ink into a dense slurry of spheroids. In
brief, spheroids are harvested and compacted in a desired mold (1), and then a printer
extrudes fugitive ink to prescribe the geometry of vascular channels (2), which are
then sacrificed and act as perfusable channels for dynamic in vitro culture (3). (B)
Representative image of SWIFT-printed channel on day 0, immediately after gelation
(arrow indicates sacrificial lumen). (C) Representative image of sacrificial lumen after
10 days of in vitro culture of a tissue containing primary rat hepatocytes (arginase-1,
green) and fibroblast (F-actin, phalloidin, magenta) spheroids (nuclei counterstained
with Hoechst; scale bar = 500 𝜇m). (D) Spent supernatant was collected from in
vitro culture over 10 days, and secreted rat albumin was quantified (n=2 tissues).
Panel A adapted from [239]. Panels B-D are unpublished.

4.3 Conclusions

In this Chapter, we have described a workflow for optimizing tissues containing hepatic

spheroids with engineered vasculature with the end-goal of implantation into animal models

129



for preclinical testing. First, we show that inclusion of fibroblasts and endothelial cells

represent crucial cell compartments of a satellite graft, and have implications for in vivo

integration, function, and persistence. We also demonstrate that CAMEO is compatible with

the Hepatic VasculoChip, and that fibroblast deletion improves hepatic phenotype in vitro.

We show that graft integration and performance is sensitive to the pre-conditioning period

in vitro. Importantly, we discuss important considerations for the choice of immunodeficient

mouse model, and share preliminary work that compares the performance of different graft

microarchitecture and cellular composition in NSG mice (which are more immunodeficient

than the nude mice we used previously). Lastly, we demonstrate an important aspect of

safety for satellite grafts by showing phenotype reversal upon a survival explant of the

satellite graft. Further considerations for designing and testing satellite graft therapies in

both healthy and diseased mouse models are described in the following Chapter.

4.4 Methods

4.4.1 Cell Culture

Human umbilical vein endothelial cells (HUVEC; pooled from 4 donors; Lonza) were cul-

tured in Endothelial Growth Medium-2 (EGM-2, Lonza) and used before passage 7 for all

experiments. Normal human dermal fibroblasts (NHDF; single donor; Lonza) were cul-

tured in high-glucose Dulbecco’s modified Eagle’s medium (DMEM) with 4.5 g/L glucose

(CellGro) containing 10% (v/v) fetal bovine serum (FBS) (Gibco) and 1% (v/v) penicillin-

streptomycin (Invitrogen). Primary cryopreserved human hepatocytes (Lot ZGF, 33-year-

old, Caucasian, male; BioreclamationIVT) were maintained in high-glucose Dulbecco’s mod-

ified Eagle’s medium (DMEM) with 4.5 g/L glucose (CellGro) containing 10% (v/v) fetal

bovine serum (FBS) (Gibco), 1% (v/v) ITS supplement (insulin, transferrin, sodium selen-

ite; BD Biosciences), glucagon (70 ng/mL), dexamethasone (0.04 µg/mL), 0.015 M HEPES,

and 1% (v/v) penicillin-streptomycin (Invitrogen). In some experiments, we used freshly

isolated primary rat hepatocytes, which were isolated from 2 to 3 month old adult female

Lewis rats, as previously described [231]. Multicellular cultures containing both hepatocytes

and HUVECs were maintained with a 50:50 mixture of hepatocyte media and EGM-2 media.
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4.4.2 Lentiviral Transduction

iCasp9-GFP NHDFs were generated by lentivirally transducing NHDFs using a 3rd genera-

tion lentiviral system with an iCasp9-IRES-GFP plasmid, as previously described elsewhere

(gift from David Spencer, Addgene; #15567 pMSCV-F-del Casp9.IRES.GFP; cloned in-

house to a lentivirus plasmid backbone with an SFFV promoter) [258, 246, 41]. Briefly,

individual plasmids were co-transfected into HEK-293T cells with pVSVG, pRSV-REV,

and pMDLg/pRRE using the calcium phosphate transfection method. Supernatants con-

taining the assembled viruses were collected after 48 hours and precipitated using PEG-IT

(SBI). The concentrated viral pellet was resuspended in PBS and stored at -80°C. NHDFs

and HUVECs were transduced in growth media overnight with the appropriate lentiviral

titers that had been optimized for minimal changes in cell morphology and proliferation.

The cells were then washed in PBS the next day and fed with fresh growth media for expan-

sion. For iCasp9-GFP NHDFs, a GFPhi population (top 30%) was selected via flow-assisted

cytometry (FACSMelody, BD Biosciences).

4.4.3 Hepatic Spheroid Culture

Hepatic spheroids were cultured as described previously [257, 256, 41]. In brief, cryopre-

served human hepatocytes were thawed and immediately plated with NHDFs or iCasp9-GFP

NHDFs in AggreWells (400 𝜇m pyramidal microwells) and incubated overnight at a 1:1 or

1:2 hepatocyte:fibroblast ratio.

4.4.4 Hepatic VasculoChip Seeding

"VasculoChip" microfluidic devices were prepared as described previously [246]. Molds

for two- and four-channel VasculoChip devices were constructed using stereolithography

(Proto Labs). Polydimethylsiloxane (PDMS) was cured at a standard mixing ratio (10:1

base:activator) overnight at 60°C in the mold, and individual devices were cut and plasma-

bonded to glass slides. To enhance ECM bonding to the PDMS walls, the surface within

the tissue chamber of the devices was functionalized with 0.01% poly-L-lysine and 1% glu-

taraldehyde following plasma-activation and washed overnight in distilled water. On the

day of seeding, devices were soaked in 70% ethanol and dried for sterilization. Acupuncture

needles (300 𝜇m diameter) (Hwato) were blocked with 0.1% (w/v) bovine serum albumin
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(BSA) (Sigma) in phosphate buffer saline (PBS) for 45 minutes and inserted through the

two needle guides. Devices with needles were further sterilized via UV exposure for at least

15 minutes. On the day of device seeding, NHDFs or iCasp9-GFP NHDFs were growth-

arrested with 10 µg/mL mitomycin in FGM-2 for 2.5 hours and thoroughly washed 5 times

with FBM. We note that mitomycin C-arrested and untreated NHDFs performed similarly

in their ability to support vascular morphogenesis, and we used growth-arrested cells for

all studies in this work. Both HUVECs and NHDFs were lifted from culture plates using

TrypLE Express (Gibco), centrifuged at 200xg for 5 minutes, and resuspended to a con-

centration of 20 million cells/mL in EGM-2. A solution of HUVECs (3 million cells/mL),

NHDFs or iCasp9-GFP NHDFs (0, 1 million, 3 million, or 6 million cells/mL), fibrinogen

(2.5 mg/mL), thrombin (1 U/mL) in EGM-2 was prepared for the bulk hydrogel region

of each device. For devices with hepatocytes, a solution of HUVECs (3 million cells/mL),

iCasp9-GFP NHDFs (total of 6 million cells/mL), hepatic aggregates (0.36 million aggre-

gates/mL with about 150 hepatocytes per aggregate), fibrinogen (2.5 mg/mL), thrombin (1

U/mL) was made in a 1:1 media mixture of EGM-2 and hepatocyte maintenance media.

After the addition of thrombin, the solution was quickly injected into the tissue chamber,

and the devices were repeatedly rotated while the solution polymerized. Appropriate media

was added to each well of the device, and the devices were placed in the incubator (37 °C,

5% carbon dioxide). After 15 minutes, the needles were carefully removed from the devices

to create 300 𝜇m hollow channels between the wells. Each channel of the device was seeded

with additional HUVECs at 2 million cells/mL for at least 5 minutes on each side (top and

bottom) in the incubator. Each device received 200 𝜇µL of appropriate media daily and was

cultured on the rocker inside the incubator.

4.4.5 Hepatic Graft Encapsulation and Endothelial Cord Fab-

rication

Tissue graft molds were fabricated by preparing polydimethylsiloxane washer-shaped gas-

kets (inner diameter, 5/8"; outer diameter, 1"). Washer-shaped gaskets were autoclaved for

sterilization and then placed in sterile 60 mm Petri dishes using sterile tweezers. Endothelial

cords were prepared as described previously [256, 11, 39]. To created templated endothelial

cords, HUVECs were suspended at a density of 10 million HUVEC/mL in liquid rat tail col-
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lagen I (2.5 mg/mL) (BD Biosciences) and centrifuged into polydimethylsiloxane channels.

Collagen was polymerized at 37 °C and constructs were incubated in EBM-2 basal medium

for 4 hours to allow for cord formation. Endothelial cord arrays were then released from the

molds and embedded atop a layer of fibrin (10 mg/mL bovine fibrinogen, 1.25 U/mL human

thrombin; Sigma-Aldrich) within the washer-shaped gasket. Subsequently, a layer of fibrin

containing hepatic aggregates was polymerized on top of the endothelial cords, thus encas-

ing the cords in a sandwich of "blank" fibrin gel and hepatic aggregates. For spheroid-only

grafts, a bottom layer of fibrin was first polymerized in the washer-shaped gasket, and then

a layer of fibrin containing hepatic aggregates was polymerized atop. For spheroid grafts

containing random endothelial cells, a bottom layer of fibrin was first polymerized in the

washer-shaped gasket, and then a layer of fibrin containing hepatic aggregates and single-cell

HUVECs (600k per graft) was polymerized atop. Grafts were polymerized for 40 minutes

atv37°C and then hydrated with a 1:1 mixture of EGM-2 and hepatocyte maintenance me-

dia. Media was replaced with CO2-independent medium such as DMEM:Nutrient Mixture

F-12 (Gibco) or media supplemented with 25 mM HEPES before transferring to the animal

facility for implantation.

4.4.6 Animal Implantation

All surgical procedures were conducted according to protocols approved by the Massachusetts

Institute of Technology Institutional Animal Care and Use Committee. All mice were han-

dled aseptically and kept in separate containment areas or imaged in equipment specifi-

cally designated for immunodeficient mice to avoid opportunistic infection with C. bovis.

Four- to 8-week old female CAnN.Cg-Foxn1nu/Crl (BALB/c Nude; Charles River Lab-

oratories, #194, Homozygous) or NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG; The Jackson

Laboratory, #005557) mice were anesthetized using isoflurane and injected subcutaneously

with buprenorphine SR-LAB (slow-release buprenorphine; ZooPharm, 1.0 mg/kg, once pre-

operatively for 72 hours of post-operative analgesia) prior to surgery. An abdominal la-

parotomy was performed on each animal using sterile surgical technique, and hepatic tissue

constructs were sutured to the mesenteric or parametrial fat pad in the intraperitoneal space

using 5-0 multi-filament silk sutures (Ethicon) (1 tissue per animal, 250-500k hepatocytes

per animal). Tissue grafts were prepared using a sterile 6 mm biopsy punch immediately
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prior to implantation. The incisions were closed aseptically using 5-0 multi-filament silk

sutures in a continuous suture pattern for the muscle layer, and the skin was held in place

with sterile wound clips.

4.4.7 In vivo CID Administration

For in vivo administration, CID (B/B homodimerizer, AP20187; rapalog; Takara/ClonTech)

was prepared as per the following formulation: 4% ethanol, 10% poly(ethylene glycol)-400,

and 1.75% Tween-20 in Milli-Q distilled water. The solution was prepared fresh and sterile-

filtered prior to intraperitoneal injection (200 𝜇L per animal).

4.4.8 Live Bioluminescence Imaging

To enable non-invasive imaging of functional hepatocytes, primary human hepatocytes were

transduced in suspension culture immediately upon thawing with an adeno-associated virus

expressing firefly luciferase under a CMV promoter (AAV2/8.CMV.Luciferase2.SVPA, MOI

= 10e7 gc/hepatocyte; Gene Transfer Vector Core, The Schepens Eye Research Institute)

before compaction in AggreWells with fibroblasts. For viral transduction, concentrated

virus was spiked into hepatocyte maintenance medium during incubation in AggreWells

overnight; subsequently, hepatocytes were harvested and re-plated with murine fibroblasts

as described above. Resultant aggregates were incorporated into grafts and implanted into

mice. Immediately before bioluminescence imaging, mice were injected intraperitoneally

with 100 𝜇L of D-luciferin (48 mg/mL, Gold Bio) and imaged using the IVIS Spectrum

(Xenogen) system and Living Image software (Caliper Life Sciences).

4.4.9 Blood Collection and Euthanasia

Blood samples were collected during the experiment via saphenous vein bleeds or at the

terminal point via cardiac puncture or retro-orbital bleed. Samples were collected using

lithium-heparin tubes (Microvette® 200 Capillary Blood Collection Tube Conical Bottom,

Skirted Lithium Heparin Additive; Sarstedt) and centrifuged to produce the plasma fraction,

which was then frozen until analysis. At sacrifice (day 10 to 56 post-implantation), grafts

were explanted and fixed with 4% paraformaldehyde.
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4.4.10 SWIFT Printing

Embedded, cell-dense prints were prepared as described previously [239]. As the sacrificial

ink, 15% (w/w) gelatin stock solution in phosphate buffered saline without calcium or mag-

nesium was prepared at 85°C for 12 hours while stirring. The resulting solution was adjusted

to pH 7.5 using a 2 N NaOH, mixed with 2% (v/v) red food coloring to enable visualization

during printing, and then sterile-filtered and stored at 4°C until use. For hepatic tissue fab-

rication, hepatic spheroids were compacted via centrifugation at 60xg, then resuspended in

10 mg/mL bovine fibrinogen and 1.25 U/mL human thrombin and centrifuged again at 60xg

at 4°C create a spheroid-dense slurry. The slurry was prepared either in a perfusion chamber

mold [239] or a gelatin-molded disk for in vitro culture, and centrifuged at 60xg at 4°C for

compaction. A vascular network was printed by extruding gelatin sacrificial ink in a straight

line through the spheroid-dense slurry matrix, and then the entire tissue was transferred to

a 37°C, 5% Co2 incubator for 45 minutes to complete gelation of the spheroid-dense slurry

matrix and melt the sacrificial gelatin ink. Tissues were perfused for up to 10 days and

media was collected from the collection chamber every other day. At the end of the experi-

ment, tissues were fixed in 4% formaldehyde, soaked in sucrose solution for cryoprotection,

and prepared for cryosectioning (40-60 𝜇m slices) in Optimal Cutting Temperature (OCT)

on a Superfrost Plus slide (VWR Inc.).

4.4.11 Immunofluorescence Imaging

In some samples, lysine-fixable FITC-conjugated 500 kDa dextran solution (1.5 mg/mL) was

added to the devices before imaging to visualize vessel lumens. Tissue sections were blocked

and incubated with primary antibodies against arginase-1 (rabbit, 1:400; Sigma-Aldrich) or

with Alexa FluorTM 568-conugated F-actin (Phalloidin; 1:200; Life Technologies), and fol-

lowed with species-appropriate secondary antibodies conjugated to fluorophores if necessary.

HUVECs were stained with UEA lectin (1:500) for 1 hour at room temperature, followed

by secondary goat anti-rabbit Alexa FluorTM 568 (1:1000) overnight at 4°C.

4.4.12 Biochemical Assays

Blood plasma was thawed and human albumin was quantified using an enzyme-linked im-

munosorbent assay using the sheep anti-rat albumin antibody (ELISA) (Bethyl Laborato-
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ries) and 3,3’,5,5’-tetramethylbenzidine (TMB, Thermo Fisher).

4.4.13 Imaging

Images were captured on a Zeiss Confocal microscope, or with the Leica SP8 confocal micro-

scope (Leica, Wetzlar, Germany) using either a Leica 10x/0.30NA W U-V-I WD-3.60 Water

or 25x/0.96NA W VISIR WD-2.50 Water objective, and Leica LAS X imaging software.

4.4.14 Statistical Analysis

All data are expressed as mean ± standard deviation and/or visualized as dot plots (n =2-

8 as indicated). Statistical significance (𝛼 = 0.05) was determined using the appropriate

statistical test (unpaired 2-tailed t-test, 1-way ANOVA, 2-way ANOVA), and followed by

multiple comparisons testing (Tukey’s post hoc test) GraphPad).
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Chapter 5

FUTURE PERSPECTIVES

5.1 Introduction

In the preceding chapters of this thesis, we mainly focus on describing applications of the

CAMEO technology to the development of satellite cell therapies for the liver, which we

frame in the context of tissue engineering and regenerative medicine. In this Chapter, we

will (1) describe additional use cases of CAMEO for engineering organogenesis and (2)

outline potential projects that fall outside of these spaces. We substantiate some of these

ideas with preliminary data in the body of this Chapter.

5.2 CAMEO for Engineered Organogenesis

5.2.1 Multiplex Demonstration of CAMEO

In next steps, we aim to leverage CAMEO to more closely examine the contribution of

stromal cells to the phenotypic stability of hepatocytes in a variety of multicellular, tissue

engineered platforms for the study of human liver biology and development of implantable

grafts. From a clinical perspective, the inclusion of stroma in a co-culture can be limiting,

due to the additional complexity, as well as the potential to serve as a significant nutrient sink

and transport barrier. Aside from enabling removal for practical and translational purposes,

we envision that inducible apoptosis genes can also be deployed in other compartments of

multicellular tissue ensembles in order to study interactions and their impact on phenotype
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and function. We expect CAMEO to be readily incorporated into a variety of cell types be-

cause most cell populations are genetically tractable as per lentiviral modification protocols.

Thus, we envision vast utility in the investigation of multicellular microenvironments and

dissection of requirements for phenotypic stability, network formation, in vivo host integra-

tion, and more. Importantly, eventual clinical application of multicellular engineered livers

may require incorporation of additional non-parenchymal cell types such as Kupffer cells,

stellate cells, liver sinusoidal endothelial cells, and cholangiocytes to include an immune

component, build a perfusable vascular network, and grow a biliary tree, respectively.

5.2.2 CAMEO in the Clinic

CAMEO offers a preclinical tool that will enable the precise, systematic removal of cells

from complex multicellular ensembles with temporal control. Furthermore, we envision that

orthogonal inducible apoptosis genes could be designed to enable a multiplexed evolution

of the CAMEO platform, and that various triggers could include other synthetic small

molecules or natural derivatives as well as light-, electric field-, magnetic field-inducible

gene circuits [303, 142, 278, 301]. The choice of trigger could relate to the location of the

cell therapy, i.e. a light-inducible trigger would likely need to be implanted subcutaneously.

The administration of CID has been previously demonstrated to be safe and efficacious

in both humans and animals and there exist established regulatory frameworks in develop-

ment that may enable cell therapies to include xenogeneic components [60, 81, 258, 229].

Additionally, other supportive stromal cells of human origin have been shown to enhance

the phenotypic stability of hepatocytes [256], and can be used as a substitute for 3T3-J2

murine fibroblasts if necessary. Lastly, interestingly, we envision that CAMEO-driven gener-

ation of apoptotic debris may actually be a useful immunomodulatory strategy for inducing

therapeutic immune tolerance to xenogeneic or allogeneic cell therapies [214, 261]. Taken

together, we posit that CAMEO is useful not only for dissecting the role of various cell pop-

ulations in implant integration and persistence in the host, but also enables new approaches

in a clinical setting.
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5.2.3 Synthetic Biology to Control Paracrine Cues for Organo-

genesis and Expansion

In this thesis, we mainly focus on the removal of cells via apoptosis as a way to control cell-

cell interactions in a spatiotemporal fashion. Besides the ablation of a cell population, we can

also employ a similar synthetic biology-driven framework to control other biological cues that

drive relevant cell behaviors and states, such as cell expansion and vascular morphogenesis.

In this section, we will more fully describe a research plan for employing tools from synthetic

biology and genetic engineering in order to control specific paracrine factors toward this end.

Firstly, a major challenge of hepatic cell-based therapies is rooted in cell sourcing. While

hepatocytes have a native capacity to undergo multiple rounds of replication in vivo in re-

sponse to a regenerative stimulus, this ability is lost ex vivo. The limited source of hepa-

tocytes is a major bottleneck for the translation of hepatic cell-based therapies, and there

is much interest in identifying molecules that drive expansion as well as enhance hepatic

function. In work by Shan et al., a high-throughput screen was used to identify small

molecules that induce proliferation and/or enhancement of hepatocyte function [234]. Of

note, the hepatocyte screening platform consisted of both hepatocytes and fibroblasts, which

leaves the possibility that the identified factors acted indirectly on hepatocytes via action

on fibroblasts.

Additionally, we could curate a list of known mitogens that are involved in regeneration

in vivo. In a development context, it is known that the Hippo-Yap and Wnt/𝛽-catenin path-

ways play a prominent role in regulating liver mass [302, 112, 275]. Relatedly, effectors of

these pathways appear to drive hepatocyte expansion and vascular elaboration upon injury

[252, 30]. Specifically, in seminal work done by Ding et al., it was shown that liver sinusoidal

endothelial cells drive liver regeneration through the secretion of angiocrine factors Wnt2

and HGF [61]. To build on preliminary advances [275, 190] in testing these and additional

factors in vitro, we propose to do functional testing of cell-cell signaling factors and phys-

iological cues (i.e. shear stress [163]) that regulate hepatocyte expansion and proliferative

angiogenesis. We can employ synthetic biology tools, as we did with CAMEO, to engineer

the inducible or constitutive knockdown or over-expression of these factors to significantly

impair or enhance tissue function and expansion, respectively. We will generate cell lines

with desired engineered expression and then use them to form our satellite implants. In
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some cases, we will engineer support cells such as fibroblasts to express inductive signals

instead. We envision that these experiments will lay the groundwork for identifying factors

that contribute to synthetic tissue expansion, which can be employed for in vitro as well as

in situ expansion.

5.3 CAMEO Beyond Tissue Engineering

In this section, we will describe additional use cases for CAMEO that are beyond immediate

applications in tissue engineering and regenerative medicine.

5.3.1 Gene Manipulation in Multicellular Cultures

CAMEO has applications in drug discovery and personalized medicine. In a set of experi-

ments related to a previous publication by Mancio-Silva et al., we demonstrate that CAMEO

can enable the genetic manipulation of hepatocyte-fibroblast co-cultures [168]. In this work,

we dosed 2D MPCCs (consisting of primary human hepatocytes and 3T3-J2 murine fibrob-

lasts) with an siRNA targeting CYP3A4, which is a liver-specific drug metabolism enzyme.

MPCCs were sequentially seeded with primary hepatocytes on day 0 and fibroblasts on day

1 (Figure 5-1A). Hepatocyte islands were transduced with CYP3A4 siRNA on day 0 post-

seeding, resulting in a 94.9% knockdown compared to untreated controls (Figure 5-1A).

Alternatively, MPCCs were cultured for one week before siRNA treatment in order to stabi-

lize hepatocyte phenotype and function prior to gene manipulation. At day 7, MPCCs with

intact fibroblasts had a markedly reduced knockdown efficiency of CYP3A4 activity (ap-

proximately 17.9%) (Figure 5-1B). We hypothesized that the fibroblasts were acting as a

barrier and/or a sink for the CYP3A4 siRNA. To test this hypothesis, we employed CAMEO

to remove the seeded fibroblast cells prior to administering CYP3A4 siRNA treatment. In

CID-pre-treated cultures, the knockdown efficiency at day 7 was restored to 93.2%, which

is similar to the efficiency on day 0 prior to fibroblast seeding (Figure 5-1B). These results

demonstrate a proof-of-concept application for CAMEO that harmonizes with applications

in drug development and personalized medicine.

Beyond use cases in 2D platforms, CAMEO could also enable cell-specific access in 3D

hepatic ensembles in in vitro and in vivo settings. For example, we envision that clearance of

fibroblasts or other disposable cell types would enable genetic manipulation of cell types that
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require matrix embedding or co-culture to undergo differentiation and/or acquire phenotypic

stability.

Figure 5-1: Removal of fibroblasts expands capabilities of MPCCs as a
testbed for therapeutic candidates (A) MPCCs were seeded sequentially with
primary human hepatocytes on day 0 and 3T3-J2 murine fibroblasts on day 1. Hep-
atocytes were dosed with CYP3A4 siRNA on day 0, prior to fibroblast co-culture.
MPCCs assayed for CYP3A4 activity. (B) Hepatocytes were co-cultured with fibrob-
lasts for 7 days in the MPCC format and dosed with CID to remove fibroblasts before
treatment with CYP3A4 siRNA. MPCCs were assayed for CYP3A4 activity. (n=6-8,
****p<0.0001 vs. control). Unpublished.

5.4 Assessment of Satellite Cell Therapies in Disease

Models

In this thesis, we have focused on the testing of satellite cell therapies in healthy mouse

models that lack injury stimulus. As a first step, optimization of satellite graft geometry

and performance is most quickly screened in these mouse models, though immediate next

steps must involve mouse models that sustain acute or chronic liver-specific injury stimuli.

Here, we discuss realistic constraints and considerations for testing satellite cell therapies

in small animal models. We also comment on considerations for developing allogeneic or

xenogeneic cell therapies, in which the use of immunosuppressed or immunodeficient animal

models is necessary for testing immune-mismatched tissue construct performance.

We adapted our list of considerations from Rahman et al. [216] and describe each
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component as follows:

• Reversibility of disease phenotype: the disease model must consist of an injury

process that is reversible, in a measurable fashion (e.g. by biochemical serum biomark-

ers that are compatible with clinical trial endpoints; neurological; histopathological;

mortality)

• Physiological fidelity to human pathology: the disease model should recapitulate

specific symptoms and/or timeline of progression that has been described in the clinical

literature

• Surgical implantation window: the disease model must be compatible with im-

plantation of a satellite cell therapy, i.e. IAUCUC-approved compatibility to ensure

humane treatment of animals that experience a laparotomy procedure, and the satel-

lite cell therapy is not affected by administration of any compounds used to induce

disease and injury

• Titration of disease severity: an animal model that is based on dosed compounds

or surgical intervention should be able to be titrated between sub-lethal and lethal

injury levels in a reproducible fashion by the operator (with regard to resulting pathol-

ogy on a predictable timeline)

• Reduction of Hazardous Materials: the disease model should not utilize toxins

or chemicals that pose a risk to the staff that carry out the experiment

• Compatibility with immunosuppression or immunocompromised background:

the disease model is available on an immunodeficient background; in cases where in-

flammation is a major driver of disease pathology, it will be important to consider

further development of the model prior to experimentation; furthermore, drug-drug

interactions or side effects from the administration of immunosuppressive drugs should

also be considered

• Precedence: a history of usage across multiple research groups, with proven repro-

ducibility

• Refractory to existing treatments: a disease model that is not well addressed

by existing approaches that are easily accessible to the target patient population, e.g.
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gene therapy for hemophilia or sofosbuvir for viral hepatitis C

The aforementioned features contribute to an overall difficulty in identifying adequate

mouse models that allow for the study of clinically relevant disease treatment and resolution,

especially in the setting of allogeneic and xenogeneic cell therapies. Animal models to con-

sider include disease resulting from viral or parasitic insult (e.g. hepatitis viruses, schistoso-

miasis), autoimmune origin, toxin action (e.g. alcohol, carbon tetrachloride, thioacetamide,

acetaminophen, dimethyl or dietyl nitrosamine, concanavalin A, ethanol, D-galactosamine

and/or lipopolysaccharide), imbalanced diets (e.g. DDC, methionine-deficient, choline-

deficient, high fat, fructose), surgical intervention (e.g. common bile duct ligation, 70-100%

hepatectomy, devascularization by portacaval shunt and hepatic artery clamping), genetic

background (e.g. TBF-𝛽1 over-expression, ornithine transcarbamylase deficiency, Bcl-xL

knockout, Abcb4 knockout, PDGF overexpression, NTx-PD-1 knockout, FNRG: hereditary

tyrosinema type I, alpha-1 antitrypsin deficiency, hereditary hemochromatosis, carbamoyl

phosphate synthetase 1 deficiency, hemophilias, TK-NOG), biologics (e.g. anti-CD95 anti-

body) and combinations of the above [216, 162]. Multiple models could be used to capture

various aspects of human clinical progression. In the future, new models could be developed

that address a larger overlap of the ideal criteria listed above. Currently, the use of the

FNRG and TK-NOG model are most prominent for immune-mismatched cell therapies.
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