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Control of both tissue architecture and scale is a fundamental translational roadblock in tissue engineering. An ex-
perimental framework that enables investigation into how architecture and scaling may be coupled is needed. We
fabricated a structurally organized engineered tissue unit that expanded in response to regenerative cues after im-
plantation into mice with liver injury. Specifically, we found that tissues containing patterned human primary he-
patocytes, endothelial cells, and stromal cells in a degradable hydrogel expanded more than 50-fold over the course
of 11 weeks in mice with injured livers. There was a concomitant increase in graft function as indicated by the
production of multiple human liver proteins. Histologically, we observed the emergence of characteristic liver
stereotypical microstructures mediated by coordinated growth of hepatocytes in close juxtaposition with a perfused
vasculature. We demonstrated the utility of this system for probing the impact of multicellular geometric
architecture on tissue expansion in response to liver injury. This approach is a hybrid strategy that harnesses both
biology and engineering to more efficiently deploy a limited cell mass after implantation.

INTRODUCTION
Advances in tissue engineering have enabled the generation of numer-
ous tissue types that can recapitulate many aspects of native organs,
bringing closer the promise that engineered tissues may ultimately re-
place whole-organ transplantation (1, 2). However, constructing com-
plex solid organs remains amajor physical and biological challenge. For
engineered tissues that can be fed by diffusion of nutrients from the
environment (such as the cornea and skin), thick tissues with lowmeta-
bolic requirements (such as cartilage), or small-scale endocrine tissues
(such as b cells of the pancreas), the recapitulation of complex tissue
architecture has not been a limiting factor for clinical translation (1, 2).
However, providing structural organization is likely important for large,
metabolically active solid organs such as the heart, kidney, and liver. For
example, the liver contains more than 100 billion hepatocytes, all
positioned within 50 mm of the circulation (3). The organization of the
circulation and its lining endothelium are integral aspects of the func-
tional organ and are critical to the delivery of vital nutrients to the entire
parenchyma of tissue, as well as to the cell-cell interactions that define
juxtacrine and paracrine signals that drive diverse processes such as em-
bryological development, organ function, and regeneration (4, 5).

A variety of approaches have been examined to promote vascular-
ization and architectural structural control of solid engineered tissues.
For example, inclusion of randomly organized or patterned endothelial
cells has improved both the engraftment rate and persistence of meta-
bolic tissues (6–8). Decellularization of native structures (9, 10) and bio-
fabrication techniques, such as microtissue molding (1, 2) and
bioprinting (3–5), have provided further ways to organize cells into scal-
able vascularized architectures, but all of these approaches offer limited
utility for large solid organs because tissues must be perfused rapidly
(within ~1 hour of tissue assembly) to prevent ischemic injury.

A different approachmay be to nucleate a “seed” of an organ derived
frommature cell populations that can growby in situ expansion, as seen
both in hepatic embryogenesis wherein primordial tissue buds grow
into vascularized organs and in regenerative adult responses wherein
hepatocytes and their vasculature undergo coordinated expansion
(6–9). As a step toward this goal, cells have been expanded after engraft-
ment in solid organs bymanipulating cell signaling pathways (10–12) or
by creating a repopulation advantage for graft cells using injury models
(13–18).However, eachof thesemethodsdepends on the ability of grafted
cells to self-organize to form larger, organized tissue structures and leaves
open the question as to the role of controlled multicellular architectural
interactions during the expansion andultimate functionof grafted tissues.

Here, we fabricated a liver tissue seed that could support the in situ
expansion of its cellular components in response to systemic regenera-
tive cues after implantation in mice with liver injury. Our efforts were
informed by reports of the importance of paracrine signaling between
hepatocytes, endothelial cells, and stromal cells in both liver develop-
ment and regeneration processes (6–9), as well as by our prior engineer-
ing efforts that demonstrated context-dependent cell signaling in
microfabricated tissuemicroenvironments using a range of biomaterials
(2, 19–23). Our combined approach yielded an engineered, fully human
tissue seed composed of human endothelial cells, hepatocytes, and fi-
broblasts in a degradable hydrogel that engrafted ectopically in mice
and expanded more than 50-fold in situ in response to regenerative
signals. The resultant human organoid phenocopied several aspects of
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biliary epithelial cell–like phenotype and whether these cells were of hu-
man origin, we stained tissue sections for human cytokeratin-18 and a
second cytokeratin expressed on biliary epithelial cells but not hepato-
cytes, human cytokeratin-7.Ungraftedmouse control liver tissue did not
stain with either human marker, whereas positive control human liver
tissue contained cytokeratin-18 and cytokeratin-7 double-positive cells
in ductal structures (fig. S5). Ductal structures in ectopic liver seed grafts
stained positive for both cytokeratin-18 and cytokeratin-7, further
confirming that they were composed of human cells with an epithelial cell
phenotype (fig. S5).We hypothesized that biliary epithelial–like cells iden-
tified in liver seed grafts may have arisen at least partially from contam-
inating biliary epithelial cells present in cryopreserved human
hepatocyte samples. To test this hypothesis, we immunostained for
cytokeratin-19 expression using cells from primary hepatocyte samples
immediately upon thawing. We identified cytokeratin-19–positive cells
in both of the human hepatocyte primary cell samples used in this study
(0.16 and 0.13% of total cells in hu8085 and NON sample lots, respec-
tively; fig. S6), suggesting that self-assembling biliary-like structuresmay
have been at least partially derived from these cells. These results sug-
gested that human biliary epithelial–like cells self-assembled to form
ductal-like structures at an ectopic location within human liver tissue
seeds and that these ductal structures were associated with other classic
features of portal triads, such as vasculature and connective tissue.

Concomitant expansion of blood vessels lined with
human endothelial cells
Given that lacunae in the human liver form the vascular sinusoidal
network that feeds hepatocytes with blood, we wondered whether inter-

connected lacunae observed in hepatic liver seed grafts contained red
blood cells and whether regenerative cues would promote expansion of
the total blood in the liver seed graft.We observed numerous cells resem-
bling red blood cells in the lacunae of expanded seed grafts by hematox-
ylin and eosin staining (Fig. 4A). We further confirmed the identity of
such cells by staining forTer-119, an erythrocytemarker (Fig. 5A).Wealso
quantified total blood area andobserved that liver seed grafts fromanimals
subjected to cycles of liver injury and regeneration contained significantly
more red blood cells compared to those from control animals (Fig. 5A;
P < 0.05), suggesting that the blood pool coordinately expanded with
the expansion of hepatic seed grafts in animals with liver injury.

The presence of red blood cells in expanded tissue seed grafts sug-
gested that vascular networks might be present in these grafts. Further-
more, several existing ectopic engraftment models have been shown to
recruit host-derived vascular components, and human hepatocytes and
vascular cells are known to expand in concert during liver regeneration
(6, 28, 29). These observations led us to hypothesize that the prepatterned
human endothelial cells within hepatic seed grafts may also expand in
response to regenerative cues after liver injury. Thus, we immunostained
expanded liver seed graft sections with antibodies recognizing human
CD31 (endothelial cells), Ter-119, and arginase-1. Vessels lined in part
by human endothelial cells were identified throughout the liver seed
grafts that had expanded in FNRG mice treated with cycles of NTBC
(Fig. 5B). Incubation of explanted graft sections in a solution containing
lectins that bound specifically to human ormouse endothelium demon-
strated that vessels were lined with both human and mouse endothelial
cells (fig. S7).Many of these vessels containedTer-119–positive erythroid
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Fig. 5. Vascularization of human liver seed grafts. (A) Lacunae between he-
patocytes (red) contained Ter-119–positive red blood cells in liver seed grafts in
animals with liver injury (left, green). Graph shows that liver seed grafts in
animals with NTBC-induced liver injury and regeneration contained a greater
number of red blood cells than did those in control animals. (B) Blood vessels
containing Ter-119–positive red blood cells (white) and lined in part by human
endothelial cells (red) were identified in tissue seed grafts (left). Liver seed grafts
from animals with liver injury contained more human CD31 (huCD31)–positive
blood vessels compared to grafts in control mice (right). Scale bars, 25 mm. *P <
0.05, ***P < 0.001 (Student’s t test).
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Fig. 4. Characterization of human liver seed graft morphology. (A) Immuno-
histochemical staining of human liver tissue seed grafts from animals with liver injury
sacrificed at day 80 revealed densely packed polyhedral cells resembling hepatocytes
[stainedwithhematoxylin andeosin (H&E)] thatwerepositive for both arginase-1 (B) and
cytokeratin-18 (C). These human hepatocytes sometimes self-organized into cord-like
structures (white star) (B). Hepatocytes were polarized, forming MRP2-positive bile can-
alicular–like structures between hepatocytes (white arrows, inset) and larger vacuoles
lined with MRP2 (white stars) (C). (D) Hepatic units within the human liver seed grafts
were surrounded by a syncytium of interconnected lacunae lined with collagen III as
indicated by reticulin staining. (E) Human liver tissue seed graft sections stained with
hematoxylin and eosin contained duct-like structures that resembled bile ducts (black
arrows). (F) Cells in the ductal structures present in expanded liver seed grafts stained
positive for cytokeratin-19, which is a marker for biliary epithelial cells but does not stain
human hepatocytes (left). Cells organized in ductal structures stained positively for both
cytokeratin-18 and cytokeratin-19 (white arrows, inset) (middle). Ductal structures were
typically located adjacent to blood vessels linedwith human CD31–positive endothelial
cells and containing Ter-119–positive red blood cells (right). Scale bars, 25 mm.
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and then immunostained using primary antibodies against human
arginase-1 (rabbit, 1:400; Sigma-Aldrich), human CD31 (mouse, 1:20;
Dako), and Ter-119 (rat, 1:100; BD Pharmingen), respectively. Signal
was visualized after incubation with secondary goat anti-mouse–Alexa
Fluor 555, donkey anti-rat–Alexa Fluor 488, and donkey anti-rabbit–
Alexa Fluor 647 antibodies (Jackson ImmunoResearch). For identifica-
tion of primary human hepatocytes and biliary cells, sections were
blocked using M.O.M. Block Reagent and normal donkey serum, then
immunostained with primary antibodies against human cytokeratin-18
and cytokeratin-19 (rabbit, 1:250; Abcam) or human cytokeratin-7
(rabbit, 1:300; Novus), and followed with species-appropriate secondary
antibodies conjugated to Alexa Fluor 555 and 647. Positive control hu-
man adult liver sections were purchased fromAbcam. For identification
of biliary cells in human hepatocyte cell lots, 50,000 freshly thawed cells
from each human hepatocyte lot were deposited on glass slides using a
CytospinCytocentrifuge and then immunostained for cytokeratin-19, as
described above. Images were obtained using a Nikon Eclipse Ti micro-
scope, Nikon 1AR ultrafast spectral scanning confocal microscope, or
Zeiss AxioCam HRm stereoscope.

For SWITCH (system-wide control of interaction time and kinetics of
chemicals) tissue clarification, 1-mm-thick sections of explanted expanded
liver seed grafts were treated with glutaraldehyde and then cleared with
200 mM SDS using methods we developed previously (48). To visualize
mouse versus human vessels, cleared expanded liver seed graft sections
were incubated in a solution of lectin (500 mg/ml) fromHelix pomatia ag-
glutinin (HPA) conjugated to Alexa Fluor 488 (Sigma-Aldrich) and lectin
(100 mg/ml) fromUlex europaeus agglutinin–1 (UEA-1) conjugated to tet-
ramethyl rhodamine isothiocyanate (Vector Laboratories) in PBS, which
have been shown previously to bind to mouse or human endothelial cells,
respectively (1). Images were obtained using an Olympus 10× CLARITY
immersion medium 0.6–numerical aperture objective.

RNA-seq and bioinformatics
Total RNAwas extracted from explanted liver tissue seed grafts (n = 3),
primary cryopreserved human hepatocytes (immediately after thawing;
n = 2), human liver (n = 1), HUVECs (n = 1), andNHDFs (n = 1) using
Qiagen RNeasyMini Kits. RNAwas passed through initial quality con-
trol using an Agilent bioanalyzer, polyadenylate-purified and converted
to complementary DNA using the Illumina TruSeq protocol, run on
SPRIworks System (BeckmanCoulter) using custombarcodes for library
preparation, enriched by polymerase chain reaction, and submitted for
Illumina sequencing. Forty-nucleotide paired-end sequencing was then
performed on an Illumina HiSeq 2000. A standard pipeline was used
for quality control of HiSeq outputs, consisting of gathering FastQC
and tag count statistics at the flowcell level, as well as individual FastQC
on each sample.

The FastQ files for each sample were aligned to both human
reference genome hg19 using STAR (49). HTSeq (50) was used to ob-
tain transcript counts from the SAM outputs of the STAR alignment
using Ensembl gene annotations. The count data were normalized for
read depth and analyzed using the DESeq2 package in R, clustering was
performed using the pheatmap package, and plots were produced in R
and GraphPad Prism. Healthy adult human liver control RNA was ob-
tained commercially (Thermo Fisher and Clonetech).

Statistical analysis
All data are expressed asmeans ± SEM. Statistical significance (P< 0.05)
was determined using Student’s t test (two-sided) or one-way ANOVA,
followed by Tukey’s post hoc test.
Stevens et al., Sci. Transl. Med. 9, eaah5505 (2017) 19 July 2017
SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/9/399/eaah5505/DC1
Fig. S1. Bioprinting of scalable liver seed grafts.
Fig. S2. Hepatic aggregates formed from hepatocytes and fibroblasts.
Fig. S3. Liver seed grafts synthesize DNA after partial hepatectomy.
Fig. S4. Global transcriptome of liver seed grafts.
Fig. S5. Liver seed grafts contain cells that express biliary epithelial cell markers.
Fig. S6. Human hepatocyte samples contain rare cytokeratin-19–positive cells.
Fig. S7. Liver seed grafts contain blood vessels lined with human and mouse endothelial cells.
Fig. S8. Liver seed grafts contain rare endothelial cells that express markers associated with the
cell cycle.
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seeds should be able to expand in response to the body's own repair signals.
production of human proteins like transferrin and albumin. This study suggests that implanted engineered tissue 
injury. After growth, the human artificial liver seeds were able to carry out normal liver functions such as
liver ''seeds'' in biomaterials that were able to grow and expand after implantation into mice in response to liver 

. fabricated human artificialet alas a bridge to or alternative for whole organ transplantation. In new work, Stevens 
There is an enormous clinical need for liver transplant tissue. Bioengineered livers might ultimately be used

Tissue seeds blossom after transplant
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