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The effectiveness of cell-based therapies to treat liver failure is
often limited by the diseased liver environment. Here, we pro-
vide preclinical proof of concept for hepatocyte transplantation
into lymph nodes as a cure for liver failure in a large-animal
model with hereditary tyrosinemia type 1 (HT1), a metabolic
liver disease caused by deficiency of fumarylacetoacetate hydro-
lase (FAH) enzyme. Autologous porcine hepatocytes were
transduced ex vivo with a lentiviral vector carrying the pig
Fah gene and transplanted intomesenteric lymph nodes. Hepa-
tocytes showed early (6 h) and durable (8 months) engraftment
in lymph nodes, with reproduction of vascular and hepatic mi-
croarchitecture. Subsequently, hepatocytes migrated to and re-
populated the native diseased liver. The corrected cells gener-
ated sufficient liver mass to clinically ameliorate the acute
liver failure and HT1 disease as early as 97 days post-transplan-
tation. Integration site analysis defined the corrected hepato-
cytes in the liver as a subpopulation of hepatocytes from lymph
nodes, indicating that the lymph nodes served as a source for
healthy hepatocytes to repopulate a diseased liver. Therefore,
ectopic transplantation of healthy hepatocytes cures this pig
model of liver failure and presents a promising approach for
the development of cures for liver disease in patients.

INTRODUCTION
Nearly 14,000 patients wait annually for liver transplantation in the
United States. The problem is considerably worse world-wide and
represents one of the most challenging hurdles in medicine.1 With
a universal shortage of organs and limited resources, alternatives to
whole organ transplantation are required to address this problem.
Bioartificial liver devices and repopulation of decellularized liver scaf-
folds for transplantation have yet to prove effective as treatments for
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liver failure. Cell therapy using primary hepatocytes has shown effec-
tiveness in animal models, but the success of this approach has been
limited in the clinical setting,2 often due to the inflammation, fibrosis,
and scar tissue in the failing liver, creating an adverse environment for
hepatocyte engraftment and growth.3

Hereditary tyrosinemia type 1 (HT1) is an ideal disease model to
study treatment options for acute and chronic liver failure. HT1 is
an inborn error of metabolism of the liver caused by a deficiency of
the fumarylacetoacetate hydrolase (FAH) enzyme, which is respon-
sible for the last step of tyrosine catabolism.4 Untreated, HT1 rapidly
produces inflammatory changes and liver injury, often leading to
fulminant liver failure as early as a few months of life.5 In the chronic
form, HT1 leads to persistent accumulation of toxic metabolites in he-
patocytes, causing oxidative damage and subsequent inflammation,
fibrosis, cirrhosis, and high rates of hepatocellular carcinoma
(HCC).6,7 HT1 is clinically managed using 2-(2-nitro-4-trifluorome-
thylbenzoyl)-1,3-cyclohexanedione (NTBC), a drug that inhibits
tyrosine metabolism upstream of FAH, leading to the build-up of
less toxic metabolites.8 However, there is no true cure for HT1 short
of liver transplantation.

We have previously created and characterized the porcine model of
HT1 and showed that this animal is an excellent model of acute
mber 2020 ª 2020 The Author(s).
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and chronic liver failure by reproducing the inflammation, fibrosis,
and cirrhosis pattern seen in many human liver diseases.9 We have
since demonstrated that ex vivo gene therapy involving lentiviral
transfer of a functional FAH cDNA into autologous hepatocytes is
curative in mouse and pig models of HT1.10 In our previous work,
primary hepatocytes for correction were isolated from a partial hep-
atectomy, and corrected cells were transplanted back into donor an-
imals via portal vein infusion. However, orthotopic hepatocyte trans-
plantation may not be feasible in all patients with liver disease, as the
diseased liver is often an inadequate and hostile environment for
transplanted hepatocytes.11

Ectopic sites for transplantation could provide a healthy milieu to
enable hepatocyte engraftment. Lymph nodes are a readily accessible
alternative due to several defining characteristics. For example, they
are prepared to harbor rapid expansion of T and B cells to support
a swift immune response when needed,12,13 and they provide a favor-
able environment for metastatic cell engraftment and growth.14 This
is due, in part, to their high vascularization potential, which permits
neoangiogenesis,15,16 as well as to their reticular network of fibroblasts
and other stromal cells that provide physical and trophic support.17,18

Lastly, inherent plasticity and continued functionality, despite accom-
modation of immigrant cells, make lymph nodes a promising site for
ectopic cell delivery.19 Indeed, intraperitoneal transplantation of he-
patocytes in mice results in colonization of lymph nodes and rescue
from lethal hepatic failure.20

We explored the mouse lymph node as an ectopic transplantation site
for multiple tissues, including liver, and demonstrated that injection
of hepatocytes into a single lymph node generated enough ectopic
liver mass to rescue the metabolic disorder in the mouse model of
HT1.21 In the current study, we demonstrate the therapeutic potential
of ectopic transplantation of ex vivo-corrected hepatocytes into
lymph nodes in a large animal model of liver failure, the HT1 pig,
and show long-term engraftment in the mesenteric lymph nodes, re-
sulting in generation of important liver architecture and serving as a
reservoir for repopulation of the recovering native liver, with multiple
cell lineages seen in the native liver.

RESULTS
Hepatocytes Engraft in Mesenteric Lymph Nodes after Ectopic

Transplantation

A wild-type pig underwent a partial hepatectomy, and harvested he-
patocytes were labeled with 89Zr (half-life [t1/2] 78.4 h)22 prior to
transplantation into 10–20 mesenteric lymph nodes. Radiolabeling
efficiency was �20%, and radioactivity concentration was �0.1
MBq/106 cells. The animal received 6 � 108 hepatocytes through
direct mesenteric lymph node injection. Positron emission tomogra-
phy-computed tomography (PET-CT) imaging at 6, 54, and 150 h
post-transplantation demonstrated the presence of radioactivity
within mesenteric lymph nodes (261.8 ± 108.7, 101.1 ± 34.7, and
70.0 ± 26.4 standardized uptake value [SUV], respectively; Figure 1D;
Video S1) with background activity measuring (0.1 SUV) in the lum-
bar paraspinal muscles. Interestingly, although no radioactivity was
Molecular The
detected within the liver at the 6-h time point, increasing levels
were in the liver at the 54- and 150-h time points (3.3 ± 0.4 and
5.9 ± 0.8 SUV, respectively), indicating accumulation of 89Zr-labeled
cells or cellular debris. The absence of radioactivity in bone, a known
site of uptake for unchelated 89Zr, suggested that the radiolabel was
retained within the dinitrobenzamide (DBN) chelator construct and
not indicative of an unincorporated “free” label. These data at 0.69
and 1.9 t1/2, respectively, suggest possible migration of the trans-
planted hepatocytes from the lymph nodes to the liver or labeled
cellular debris passing through the liver. No radioactivity above back-
ground was found in the spleen, lung, or other organ systems at either
of these time points.

Ex Vivo-Corrected Hepatocytes Are Able to Cure a Pig Model of

Acute Liver Failure after Ectopic Transplantation into Lymph

Nodes

A total of 5, 8-week-old Fah�/� animals were maintained on NTBC
until the time of ex vivo-corrected autologous hepatocyte transplan-
tation into lymph nodes (Figures 1A–1C). Each animal was anesthe-
tized, and a laparoscopic partial hepatectomy was conducted to
provide the cells for ex vivo gene therapy. Isolated hepatocytes
were transduced with lentiviral vectors expressing the Fah or
sodium/iodide symporter (Nis) transgenes, both under the control
of the hepatocyte-specific thyroxine-binding globulin (TBG) pro-
moter. After transduction, the modified autologous hepatocytes
were transplanted into multiple mesenteric lymph nodes. All ani-
mals were autotransplanted with a total of 6 � 108 ex vivo-trans-
duced hepatocytes from individual preparations at 74%–85% post-
isolation viability for doses of 2.9–3.7 � 107 total cells per
kilogram (Table S1; Figure S1). This is an order of magnitude less
than the total number of cells transplanted in several reports of hu-
mans with metabolic liver disease, most of which received liver
transplants a few months later.23 NTBC administration was discon-
tinued to propagate liver failure and provide the regenerative stim-
ulus for selective healthy hepatocyte expansion. Animals were cycled
on and off NTBC, based on weight parameters, until NTBC-inde-
pendent growth was achieved (Figures 2A and S2), occurring at a
mean of 135 ± 25 days post-transplantation (range: 97 to
161 days) after 3 to 6 cycles of NTBC.

Biochemical cure of the proceeding liver failure and HT1 pheno-
type was confirmed by normalization of liver-specific enzymes
and tyrosine levels. At the time of euthanasia, mean (±standard de-
viation) tyrosine levels for the five animals were (84.2 ± 34.5 mM),
which was within wild-type range and was significantly lower than
untreated Fah�/� controls (826.3 ± 277.5 mM) (Figure 2B). Similar
results were seen in mean (±standard deviation) liver-function
tests in treated animals (aspartate aminotransferase [AST]:
56.8 ± 21.7 U/L, alkaline phosphatase [ALP]: 186.6 ± 78.8 IU/L,
ammonia: 35.8 ± 14.4 mM, albumin: 3.6 ± 0.3 g/dL, and total bili-
rubin: 0.15 ± 0.1 mg/dL) compared to untreated Fah�/� controls
(AST: 343.7 ± 54.5 U/L, ALP: 918.3 ± 282.5 IU/L, ammonia:
553 ± 561.3 mM, albumin: 2.8 ± 0.9 g/dL, and total bilirubin:
1 ± 0.7 mg/dL).
rapy: Methods & Clinical Development Vol. 18 September 2020 739
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Figure 1. Schematic of the Lentiviral Vector and Experimental Process and PET-CT Images of Transplanted 89Zr-Labeled Hepatocytes

(A) The human FAH cDNA is under control of the pig thyroxine-binding globulin (pTBG) promoter. LTR, long terminal repeat; J, psi packaging sequence; RRE, Rev-

responsive element; cPPT, central polypurine tract; LTR/DU3, 30 long terminal repeat with deletion in U3 region. (B) Four steps are involved in this process: (1) partial

hepatectomy, (2) primary hepatocyte isolation, (3) ex vivo gene delivery, and (4) autotransplantation of hepatocytes into mesenteric lymph nodes. (C) Macroscopic

appearance of the mesenteric lymph nodes before (left) and after (right) hepatocyte transplantation. (D) Representative axial images showing the presence of 89Zr-labeled

hepatocytes in themesenteric lymph nodes within 6 h of transplantation in a single pig and engraftment maintained at nearly 1 week post-transplantation. At the 54 and 150 h

time points, hepatocyte engraftment is observed within the liver, as well as in the mesenteric lymph nodes. Regions of interest in the liver (pink outlines) show no positive

hepatocytes at 6 h and multifocal positivity at 54 and 150 h.
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Hepatocytes Transplanted into Lymph Nodes Demonstrate

Long-Term Survival

We performed PET/CT imaging of 2 pigs (numbers 265 and 268) that
were cotransduced with separate lentiviral vectors carrying the Fah
740 Molecular Therapy: Methods & Clinical Development Vol. 18 Septe
and Nis transgenes to monitor for the expansion/distribution of
NIS-positive hepatocytes. Prior to imaging, animals received 10
mCi (370 MBq) of [18F]tetrafluoroborate ([18F]TFB). Pig number
265 was scanned at 104 and 203 days, and pig number 268 was
mber 2020



Figure 2. Weight Gain and Biochemical Correction of Treated Pigs

(A) Weight stabilization of pigs 272 and 278 demonstrating NTBC-independent growth at days 97 and 131 post-transplantation. Periods of NTBC administration are indicated

by gray vertical bars. (B) Normalization of tyrosine, aspartate aminotransferase (AST), alkaline phosphatase (ALP), ammonia, and total bilirubin levels at the time of euthanasia

in all animals. Mean ± SD is shown for experimental animal cohort (treated Fah�/� animals, n = 5) alongside historical wild-type (n = 4) and untreated Fah�/� (n = 3) control

animals. p values are provided for the experimental animal cohort compared to untreated Fah�/� controls.

www.moleculartherapy.org
scanned at 177 and 203 days post-transplantation. Both animals
showed NIS positivity in mesenteric lymph nodes (15.7 and 39.0
SUV and 92.6 and 32.0 SUV, respectively; Figure 3A; Videos S2, S3,
S4, and S5). Despite greater than 50% repopulation of the liver at nec-
ropsy with FAH-positive hepatocytes, minimal NIS activity was seen
in the liver, owing to the fact that only a subpopulation of trans-
planted hepatocytes is doubly transduced, engrafts in the lymph no-
des, and then migrates and expands in the liver.

To correlate NIS positivity in mesenteric lymph nodes with histolog-
ical findings, previously targeted lymph nodes were biopsied at day
140 post-transplantation. All lymph node samples were taken from
the root of the mesentery, and over one dozen lymph nodes in each
animal were grossly positive for hepatic tissue and later confirmed
by immunohistochemistry (IHC) staining for FAH (Figure 3B),
which would be unique to the corrected hepatocytes. Amplified re-
gions demonstrate the presence of homogeneous-staining nodules
of different intensities, indicative of expansion of multiple distinct he-
patocyte founders (Figure 3B, middle). All experimental animals were
euthanized at 212 to 241 days post-transplantation. Histology of the
collected mesenteric lymph nodes showed a sustained presence of
FAH-positive hepatocytes (Figure 3B, right), which was observed in
four out of five animals. The two animals that had been biopsied pre-
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viously still had FAH-positive hepatocyte engraftment in lymph no-
des at necropsy, confirmed by FAH and cytokeratin 18 IHC staining
(Figure 3B, left and middle). Cluster of differentiation (CD)31-posi-
tive endothelial cells were found within areas of hepatocyte engraft-
ment (Figure 3B; pig 268, bottom right), suggesting that significant
blood vessel remodeling took place after transplantation to sustain
engraftment and growth. Positivity for glutamine synthetase, an
enzyme exclusively expressed in pericentral hepatocytes in mam-
mals,24 was found in hepatocytes surrounding CD31-positive neo-
vessels. This suggests neo-formation of a central vein and impor-
tantly, proper physiological zoning of the ectopic liver. Reproduction
of hepatic microarchitecture within transplanted lymph nodes was
further supported by the presence of hepatic lobules similar to those
observed in native pig livers and rare cytokeratin 7-positive bile duct
cells (Figure 3B; pig 265, bottom right) and cytokeratin 7 and 19 dou-
ble-positive cells present at the periphery of some lymph node
engraftment sites (Figure S3).

Hepatocyte-Engrafted Lymph Nodes Serve as a Reservoir for

Liver Repopulation

The presence of corrected hepatocytes in the liver was revealed
by IHC of liver tissue demonstrating multiple FAH-positive nodules
within the livers of all five animals, covering 67% to 100% (84.7 ± 7.0)
rapy: Methods & Clinical Development Vol. 18 September 2020 741
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Figure 4. Liver Repopulation with FAH-Positive

Hepatocytes

Pig 278: IHC showing the presence of FAH-positive he-

patocytes in mesenteric lymph node (left) and liver (center)

at day 239 post-transplantation; trichrome (center right)

showing hepatocellular damage and fibrosis in FAH-

negative areas of the liver at day 239 post-transplantation.

H&E (right) showing cellular morphology in corrected and

diseased nodules. Pig 270: IHC showing minimal pres-

ence of FAH-positive hepatocytes in mesenteric lymph

node (left) and complete liver repopulation with FAH-

positive cells (center) at day 241 post-transplantation;

trichrome (center right) showing resolution of fibrosis with

minimal residual scarring in FAH-repopulated livers at day

241 post-transplantation. H&E (right) showing cellular

morphology in a uniformly corrected field of liver tissue.
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of the total liver area at the time of necropsy. An inverse correlation
was found between percent liver repopulation with FAH-positive he-
patocytes and a sustained presence of FAH-positive hepatocytes
within lymph nodes. Pigs with complete liver repopulation with
FAH-positive hepatocytes showed little hepatocyte presence within
lymph nodes at termination, whereas pigs with only partial liver repo-
pulation with FAH-positive hepatocytes demonstrated a more robust
hepatocyte presence within lymph nodes (Figure S4). As expected,
FAH-negative areas of the liver still undergoing repopulation showed
hepatocellular damage and fibrosis, whereas the two fully FAH-posi-
tive livers demonstrated healthy, normal-looking tissue, suggesting
that the severe hepatic injury that occurs while off NTBC is reversible
as FAH-positive hepatocytes expand to repopulate the liver (Figure 4).
At termination (approximately 8 months), active hepatocyte prolifer-
ation was unremarkable in both lymph nodes and livers, as evaluated
by Ki-67 staining (Figure S5)

In order to characterize any differences between the hepatocytes pre-
sent in the liver and those present in the lymph nodes, we performed
an in-depth bioinformatics analysis of both populations from a repre-
sentative animal (pig number 265). Mapping statistics of over 130
million total reads are provided in Table S2. We found no significant
differences in a general lentiviral integration profile between these
two cell populations. In both cases, integration occurred more often
in coding regions than in noncoding regions, with exons preferred
over introns (Figure 5A), and integration was favored in chromo-
somes with higher gene densities (Figure S6B). In both cell popula-
tions, lentiviral integration was rare in CpG-rich islands and was
Figure 3. Long-Term Presence of Ectopic Liver Tissue in Mesenteric Lymph N

(A) PET-CT images of NIS-labeled hepatocytes at 104, 177, and 203 days post-trans

persistent engraftment of NIS-labeled hepatocytes in the mesenteric lymph nodes in pig

kidney in blue; bladder, “B.” (B) Histological confirmation of ectopic hepatocyte presence

IHC showing the presence of FAH-positive hepatocytes at days 140 (top left, middle)

cytokeratin 18 (CK18; red)-positive hepatocytes and reticular fibroblasts (ER-TR7; gree

positive bile-duct cells (bottom right). Pig 268: IHC showing the presence of FAH-positiv

Immunofluorescence at day 235 showing CK18 (red)-positive hepatocytes and reticul

glutamine synthetase (GS; green)-positive hepatocytes around CD31-positive endothe
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clearly favored downstream of transcription start sites (Figures 5B
and 5C), suggesting minimal tumorigenicity potential from oncogene
activation. Furthermore, there was no preference for integration in tu-
mor-associated genes in either cell population (Figure 5D).

The genes with the highest integration frequency in both groups of
cells are presented in Table 1. Fah had the highest number of distinct
integration sites in both liver and lymph node. However, it was only
included in the top ten integrated genes in the lymph node population
due to the multiplicity of some specific integration sites in other
genes. Interestingly, all but two of the 135 unique integration sites
within Fah in the liver hepatocytes were represented in the 206 inte-
gration sites present in the lymph node hepatocytes (Figure 5E), indi-
cating that the transplanted cells first engrafted in the lymph nodes,
divided, and then migrated to the liver. The top four genes with the
highest integration frequency in the liver population were also within
the top 20 genes in the lymph node population and were all approx-
imately 5-fold enriched in the liver population when evaluated by the
total number of reads present for each, suggesting unbiased expansion
and enrichment of a subpopulation of lymph node hepatocytes within
the liver. These genes were the following: Mir9799 (microRNA),
Ndufv2 (NADH dehydrogenase ubiquinone flavoprotein 2), Ifrd1
(interferon-related developmental regulator 1), and Suclg1 (succi-
nyl-coenzyme A [CoA] ligase (guanosine diphosphate [GDP]-form-
ing), alpha subunit). In native (repopulated) and ectopic liver (hepat-
ized lymph node [HLN]) samples obtained at necropsy, expression of
representative genes in this list (Suclg1,Ndufv2, and Ifrd1) was indeed
disrupted compared to control liver (CL) levels, which may have been
odes

plantation into mesenteric lymph nodes. Representative coronal images showing

s 265 and 268. Mesenteric lymph nodes are outlined in white, stomach in red, and

in mesenteric lymph nodes at 140 and 235–239 days post-transplantation. Pig 265:

and 239 (top right) post-transplantation. Immunofluorescence at day 239 showing

n) on a Hoechst background (bottom left, middle) and cytokeratin 7 (CK7; green)-

e hepatocytes at days 140 (top left, middle) and 235 (top right) post-transplantation.

ar fibroblasts (ER-TR7; green) on a Hoechst background (bottom left, middle) and

lial cells (red), forming possible central vein (bottom right).
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due to vector insertion and disruption in at least one allele in some
cells (Figure 5F). As a control, NIS expression was evaluated and
only detectable in 2 of the 3 samples of HLNs analyzed. The fifth
most prevalent integration site in the hepatocytes that migrated to
the liver was Cenpp (centromere protein P), which was enriched
over 78-fold compared to the lymph node population and could be
an indication that this disruption strongly favored the migration,
engraftment, and/or expansion potential cells harboring this
integration.

To determine whether ectopic hepatocytes generated tissue-resem-
bling normal liver, transcriptome profiles of untransplanted control
lymph node (CLN) and HLNs, as well as engrafted native liver and
untreated CLs, were compared. Twelve-thousand differentially ex-
pressed (DE) genes were identified and contrasted to an untreated
CLN and CL (Figure 6A). t-Distributed Stochastic Neighbor Embed-
ding (t-SNE) showed a strong tendency of HLN transcripts to cluster
with liver tissues samples, especially engrafted native liver (NL),
whereas CLNs were distinct from the other groups (Figure 6B).
Therefore, a significant proportion of the lymph node transcriptome
acquired a liver-like phenotype after hepatocyte transplantation. We
analyzed 24 liver-specific gene expression panels (LiGEPs; Table S3;
Figure S6) and 20 additional genes (cytochrome P450s, other en-
zymes, plasma proteins, transporters, surface molecules and cyto-
kines, and transcription factors; Table S3) showing HLN expression
of multiple proteins approaching liver values. Indeed, cluster heat-
maps show a liver-like expression profile for HLN, indicating sub-
stantial hepatocyte phenotype (Figure 6C). Specifically, evaluation
of albumin expression demonstrates adoption of a liver phenotype
by HLNs relative to control (Figure 6D, left), whereas analysis of
FAH shows transgenic expression in HLNs, as well as elevated trans-
genic expression in repopulated native liver relative to control (Fig-
ure 6D, right). Expression levels of all other genes are shown in Fig-
ures S7A and S7B (LiGEP and additional liver-specific genes,
respectively).

DISCUSSION
Ectopic hepatocyte transplantation has been attempted in several
preclinical and clinical studies,19 as orthotopic hepatocyte transplan-
tation is often limited by pre-existing liver injury associated with
disease, such as inflammation, fibrosis, and cirrhosis.11 Of the alter-
native sites tested, only peritoneal cavity and spleen have been able
to accommodate a clinically significant number of cells.25 Intraper-
itoneal transplantation of hepatocytes has been attempted in hu-
mans with acute liver failure, but transplanted cells are not able
Figure 5. Lentiviral Integration Profile in Lymph Node Versus Liver Hepatocyte

(A) Relative integration frequency in genomic elements (TU [transcription units]) for transp

integration frequency in CpG-rich promoter regions versus other areas of the genome fo

Relative integration frequency based on distance upstream and downstream of trans

migrated to the liver. (D) Relative integration frequency in tumor-associated genes vers

nodes or migrated to the liver. (E) Lenti integration into the Fah locus. 99% of the clones fo

plot graphs showing reads per kilobase million (RPKM) values for liver-enriched lenti-disr

node, and control lymph node. Data are mean ± SEM.
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to survive in this environment for extended periods.26 However, in-
trasplenic injection of hepatocytes improves liver function and pro-
longs survival in a mouse model of liver failure.27 Although trans-
plenic access to the portal vein in human patients has been
described,28 this may pose a significant hemorrhagic risk. Lymph
nodes are a highly favorable site for ectopic cell transplanta-
tion.19,29–31 Not only do their plasticity and highly complex vascular
network provide a healthy milieu for cell engraftment and expan-
sion, but their accessibility makes it possible to perform minimally
invasive cell delivery in the clinical setting. Ultrasound-guided
lymph node identification and targeting are commonly performed
clinically, and multiple clinical studies have employed lymph nodes
as sites for injection of immunotherapeutic agents, with patients rat-
ing the procedure comparable to a subcutaneous injection and less
painful than venipuncture.32 Furthermore, cell transplantation into
lymph nodes does not appear to affect lymph node function in
this or previous studies.20,21

Hepatocyte transplantation into lymph nodes is able to generate
enough ectopic liver mass to correct HT1 and rescue mice from acute
and chronic liver disease.21 However, the HT1mouse does not exhibit
the full extent of liver injury seen in humans, including fibrosis and
cirrhosis.21 We now show a similar result in the large animal model
of HT1, suggesting that ectopic hepatocyte transplantation is scalable
and may be clinically translatable to metabolic disease-induced liver
failure. The current study was conducted in the HT1 pigs initially sup-
ported on NTBC, where liver disease could be delayed until the har-
vesting of autologous cells was complete. However, 1–2 weeks after
the withdrawal of NTBC, the porcine model develops rapid and se-
vere liver injury that includes the inflammation, fibrosis, and cirrhosis
similar to human liver failure.9,33 Hepatocyte engraftment and
ectopic liver development in lymph nodes of HT1 pigs and mice
are driven by native liver injury,34 a consequence of NTBC removal
to establish tyrosinemia. We have shown previously that partial hep-
atectomy is also able to transiently induce hepatocyte proliferation in
lymph nodes due to liver injury,20,21 but further work is needed to
verify if a similar process is possible in human liver diseases outside
of HT1 with its natural selective advantage for corrected hepatocytes.
With adaptation, the metabolic onset of liver failure in the HT1 pig
can be a model of acute and acute-on-chronic liver failure for the
investigation of advanced therapies, such as the cell therapy described
herein.

We found that although hepatocytes demonstrated long-term sur-
vival within lymph nodes, after a period of engraftment in the lymph
s

lanted hepatocytes that remained in lymph nodes or migrated to the liver. (B) Relative

r transplanted hepatocytes that remained in lymph nodes or migrated to the liver. (C)

cription start sites for transplanted hepatocytes that remained in lymph nodes or

us other areas of the genome for transplanted hepatocytes that remained in lymph

und in the liver were clones of cells that were present in lymph nodes. (F) Scatter dot

upted genes and the reporter gene (NIS) in control liver, native liver, hepatized lymph
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Table 1. Genes with Most Frequent Lentiviral (LV)-Fah Integration

Lymph Node Hepatocytes Liver Hepatocytes

TopGenes
Number of
IntegrationSites

Percent of
IntegrationSites

Numberof
Reads

Percentof
Reads

TopGenes
Number of
IntegrationSites

Percent of
IntegrationSites

Numberof
Reads

Percentof
Reads

Enrichment

GLRX2 26 0.40 338,309 25.57 MIR9799 18 0.41 5,479,826 56.29 5.00

MIR9799 14 0.21 148,852 11.25 NDUFV2 53 1.20 1,669,810 17.15 5.76

LNPK 53 0.81 146,239 11.05 IFRD1 45 1.02 952,259 9.78 5.81

PDCD10 81 1.24 129,982 9.82 SUCLG1 24 0.54 707,921 7.27 5.06

BEX1 51 0.78 41,620 3.15 CENPP 77 1.75 328,807 3.38 78.69

NDUFV2 25 0.38 39,429 2.98 GPX2 36 0.82 78,896 0.81 5.63

IDO1 5 0.08 30,360 2.29 CTDSP2 45 1.02 41,364 0.42 13.71

FAH 206 3.15 28,545 2.16 RAB28 19 0.43 23,253 0.24 6.03

IFRD1 31 0.47 22,270 1.68 QKI 7 0.16 16,777 0.17 5.44

BMP5 35 0.54 19,409 1.47 GSTO1 21 0.48 14,074 0.14 7.22

MTRF1 65 0.99 19,077 1.44 ENY2 30 0.68 12,470 0.13 3.97

SUCLG1 10 0.15 19,033 1.44 PRMT6 26 0.59 12,390 0.13 0.25

ADAMTS1 17 0.26 17,754 1.34 C1QTNF3 49 1.11 11,544 0.12 1.44

HSD17B3 35 0.54 16,484 1.25 RGS5 13 0.30 11,377 0.12 2.02

SLC9A2 8 0.12 14,970 1.13 MTRF1 36 0.82 10,972 0.11 0.08

ACVR2A 53 0.81 13,296 1.00 SNCAIP 5 0.11 10,252 0.11 0.81

KCNJ2 5 0.08 12,294 0.93 CTSV 5 0.11 9,865 0.10 5.34

CLDN22 32 0.49 12,073 0.91 FAH 135 3.06 9,650 0.10 0.05

Enrichment was calculated as the percent of reads in the liver population divided by the percent of reads in the lymph node population of hepatocytes by gene.
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node, a subset migrates to the liver. This phenomenon was limited in
previous mouse studies and could be related to the unique micro-
anatomy and inverted direction of flow, unique to pig lymph nodes.21

Their germinal centers are located internal to the medulla, which has
suggested that lymphocytes are transported back into capillaries after
passing through a lymph node, as opposed to into the lymphatic sys-
tem as in other animals.35,36 Indeed, during the injection procedure, it
was possible to observe injected fluid communicating from the lymph
node into the capillary bed. Interestingly, of the 135 unique Fah inte-
gration sites identified in the corrected hepatocytes engrafted in the
liver, only one was not among the 206 unique integration sites
observed in the lymph node hepatocytes. These data strongly indicate
that the corrected cells in the liver are a subset of those found in the
lymph nodes. Since these animals were weaned off NTBC after their
transplantation procedure, it is possible that this earlier disease state
was less receptive to treated cells. Once a therapeutic benefit was real-
ized, the liver environment may have become more receptive to cor-
rected cell engraftment. This hypothesis warrants further investiga-
tion to enhance efficacy of this procedure once translated to clinical
applications.

In both liver and lymph node hepatocyte populations, the vector
showed a benign integration profile with no preference for integra-
tion in promoter regions or tumor-associated genes. Prevalence of
the top four integrated genes in the liver population was approxi-
mately five-fold higher than in the lymph node population, a line-
746 Molecular Therapy: Methods & Clinical Development Vol. 18 Septe
arity possibly supported by a single founder with all four integra-
tions or up to 4 unique founders with identical (unbiased)
expansion after migration to liver. Of note, Fah was within the
top twenty genes with the highest integration frequency and was
the gene with the highest number of distinct integration sites in
both groups, suggesting a possible role for homology in vector inte-
gration. This should also be further explored to improve the safety
of lentiviral genomic disruption.

In summary, we show that ectopic transplantation of corrected,
autologous hepatocytes into mesenteric lymph nodes is curative in
the HT1 pig model of liver failure. Hepatocyte transplantation into
lymph nodes, which holds several important advantages over more
traditional cell-transplantation techniques, especially in patients
with pre-existing native liver damage, is a promising approach to
the treatment of multiple liver diseases. Furthermore, this approach
would not be clinically limited to autologous-corrected cells, as
healthy allogeneic, universal donor, induced pluripotent stem cell
(iPSC)-derived, and histocompatibility leukocyte antigen (HLA)-
matched farmed hepatocytes could all be potential sources where
partial hepatectomy may be contra-indicated.37–39 Collectively, our
data advocate for both the safety of the development of an ectopic
liver in lymph nodes to treat liver failure and ex vivo gene therapy
via lentiviral vectors. In addition to the clinical success of ex vivo len-
tiviral gene therapy in cancer and numerous hematologic disorders
with over 250 open US Food and Drug Administration (FDA) trials,
mber 2020



Figure 6. Transcriptional Identity of Hepatized Lymph Nodes (HLNs)

(A) t-Distributed Stochastic Neighbor Embedding (t-SNE) 2D plot of RNA-seq data, color-coded by tissue sample, showing evidence of HLN tendency to cluster with liver

samples. CL, control liver (wild type); CLN, control lymph node (FAH knockout [KO]); NL, native liver (treated FAH KO). (B) Heatmap showing the normalized RNA-seq

expression levels (reads per kilobase million [RPKM]) of differentially expressed genes across the four conditions. Red and green color intensity indicates gene upregulation

and downregulation, respectively. (C) Heatmap showing the normalized RPKM of liver-specific differentially expressed genes across the four conditions. Spectral colors were

used, with blue indicating low expression values, yellow indicating intermediately expressed genes, and red representing highly expressed genes. (D) RPKM values for

albumin (ALB) and Fah in CL, NL, HLN, and CLN. Data are mean ± SEM.
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making use of lentivirus, our data support progression of this para-
digm into additional indications.40 Ultimately, approval of expanded
clinical applications of ex vivo lentiviral gene therapy will be made on
a risk-reward basis, and a growing body of literature from our labo-
ratory and others supports both safety (reduced risk) and efficacy
(increased reward) of this approach.

MATERIALS AND METHODS
Animals

All animal procedures were performed in compliance with Mayo
Clinic’s Institutional Animal Care and Use Committee (IACUC)
regulations, and all animals received humane care. This study eval-
uated wild-type and Fah�/� pigs that were 50% Large White and
50% Landrace lines.33,41 NTBC was administered orally at 1 mg ∙
kg�1 ∙ day�1 (maximum of 25 mg/day) until transplantation, after
which, NTBC was discontinued to support expansion of corrected
Molecular The
cells. Animals were monitored daily and weighed regularly there-
after. NTBC treatment was reinitiated for 7 days, as needed, to sup-
port health.

Liver Resection and Hepatocyte Isolation

8-week-old (16–21 kg) pigs underwent a laparoscopic partial hepatec-
tomy (15%–20% of total liver mass) involving the left lateral lobe un-
der inhaled general anesthesia with 1%–3% isoflurane, as previously
described.42 The excised section was perfused to isolate hepatocytes,
as previously described.43

Hepatocyte Radiolabeling

For biodistribution experiments, hepatocytes were radiolabeled in
suspension with 89Zr (t1/2 = 78.4 h) with synthon 89Zr-DBN at
27�C for 45 min in Hank’s balanced salt solution (HBSS), as previ-
ously described.44–46
rapy: Methods & Clinical Development Vol. 18 September 2020 747
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Hepatocyte Transduction

Hepatocytes were cotransduced in suspension at a MOI of 20 tran-
scription units (TUs) with two, third-generation lentiviral vectors car-
rying the Nis reporter gene47 or the pig Fah gene under control of the
liver-specific pig TBG (Figure 1A). Transduction occurred for 2 h
before resuspension in 0.9% sodium chloride (Baxter Healthcare,
Deerfield, IL, USA) and transplantation as previously described.10

Hepatocyte Transplantation

All pigs received autologous transplantation of hepatocytes through
direct mesenteric lymph node injection (Figure 1B). After partial hep-
atectomy, animals were kept under general anesthesia until the time
of transplantation, approximately 4 h later. Bowel was exteriorized
through the upper midline incision until the root of the mesentery
was visible (Figure 1C). Hepatocytes were delivered directly into
10–20 mesenteric lymph nodes through direct injection with a 25G
needle (Table S1). Each animal received a total of 6� 108 hepatocytes
in 10–20 mL of saline heparinization at 70 U/kg, as previously
described for islet cell transplantation protocols.48

PET-CT

Imaging was performed on the high-resolution GE Discovery 690
ADC PET/CT System (GE Healthcare, Chicago, IL, USA) at sched-
uled times in the 89Zr-labeled animal. Noninvasive evaluation of
NIS expression was performed by PET/CT at scheduled times in
two of the NIS-labeled animals using a [18F]TFB radiotracer.10 CT
was performed at 120 kV and 150 mA, with tube rotation of 0.5 s
and pitch of 0.516. PET was performed as a two-bed acquisition
with 10 min per bed and 17 slice overlap, resulting in a 27-cm axial
field of view. PMOD (version 3.711; PMOD Technologies,
Switzerland) was used for image processing and analysis. Volumes
of interest (VOIs) of mesenchymal lymph nodes were created on
PET images, and SUVs for body weight were obtained.

Biochemical Analysis

Standard serum chemistry (including AST, ALP, total bilirubin, and
ammonia) was performed using the Pioccolo Xpress Chemistry
Analyzer (Abaxis, Union City, CA, USA) with a minimum sample
size of 150 mL. Tyrosine values in plasma were determined using
liquid chromatography and tandem mass spectrometry via Mayo
Clinic’s internal plasma amino acid analysis.

Histopathology and IHC

For H&E, Masson’s trichrome, and FAH stains, tissue samples were
fixed in 10% neutral-buffered formalin (Azer Scientific, Morgantown,
PA, USA), paraffin embedded, and sectioned (5 mm). Standard stains
were performed with established protocols, whereas IHC for Ki-67
was performed using monoclonal mouse anti-Ki-67 M7240 (Dako,
Santa Clara, CA, USA), and FAH was performed as previously
described.47 Images were quantified in Aperio ImageScope. For all
other IHC stains, tissues were fixed in 4% paraformaldehyde for
4 h, infiltrated with 30% sucrose overnight, and embedded in optimal
cutting temperature (OCT) compound for sectioning (5–7 mm). Sec-
tions were washed with PBS, blocked with 5% bovine serum albumin
748 Molecular Therapy: Methods & Clinical Development Vol. 18 Septe
(BSA) for 30 min, incubated with primary antibody for 1 h and
secondary antibody for 30 min, and counterstained with Hoechst.
Images were captured with an Olympus IX71 microscope. The
following primary antibodies were used: ER-TR7 and glutamine syn-
thetase cytokeratin 7 (ab51824, ab64613, ab9021; Abcam, Cambridge,
MA, USA); CD31 (MCA1746GA; Bio-Rad, Hercules, CA, USA);
cytokeratin 18 (ab668, Abcam, Cambridge, MA, USA); and 10830-
1-AP, Proteintech, Chicago, IL, USA); and cytokeratin 19 (ab84632;
Abcam, Cambridge, MA, USA).

Mapping of Lentiviral Integration Sites

Genomic DNA was isolated from snap-frozen tissue fragments of
hepatized mesenteric lymph nodes and engrafted livers from animal
number 265 using a Gentra Puregene Tissue Kit (QIAGEN, Hilden,
Germany). Ligation-mediated PCR (LM-PCR) was used for isolation
of integration sites. Genomic DNA was restricted with MseI, ligated
to linkers, and treated with ApoI to limit amplification of vector frag-
ments. Samples were amplified by nested PCR and sequenced using
the Illumina HiSeq 2500 Next-Generation Sequencing System (San
Diego, CA). Presence of both viral and genomic sequence verified
reads that reported an integration. Picard software (http://
broadinstitute.github.io/picard/) calculated the average fragment
length per sample. Averaged sequence length was 158 ± 29 bp. Reads
were trimmed to remove (1) viral sequence using cutadapt49 and (2)
any linker sequence. Trimmed reads less than 15 bp and untrimmed
reads were removed from analysis since they could not be reliably
mapped. Remaining reads were aligned to the susScr11 build of the
pig reference genome using default parameters of burrows-wheeler
aligner (BWA)-MEM in single-end mode.50 Integration points were
defined by the position of the first aligned genomic base withR5 sup-
porting reads.

Locations of integration points were categorized in the following:
exons, introns, 30 UTRs, 50 UTRs, and intergenic regions using infor-
mation extracted from the susScr11 refFlat file maintained by the
University of California Santa Cruz’s (UCSC’s) Genomics Institute
using the longest gene to annotate integrations. Distance to transcrip-
tion start site (TSS), makeup of CpG-rich regions of the genome
(“CpG islands”), and enrichment to a list of 745 tumor-associated
genes (Mayo Clinic internal) were computed.

Whole Transcriptome RNA Sequencing (RNA-Seq)

Total RNAwas isolated from snap-frozen samples of liver andmesen-
teric lymph nodes using the RNeasy Mini Kit (QIAGEN, Valencia,
CA, USA), according to the manufacturer’s instructions. RNA was
measured using a NanoDrop 2000/c spectrophotometer (Thermo
Fisher Scientific, Pittsburgh, PA, USA). Screening of HLNs was per-
formed by examining albumin and fah expression using quantitative
reverse transcriptase PCR (qRT-PCR). Nontransplanted mesenteric
lymph nodes and CL were used as negative and positive controls,
respectively. RNA was retrotranscribed using the iScript Reverse
Transcription Supermix (Bio-Rad, Hercules, CA, USA), and albumin
and fah were amplified using the SsoAdvanced Universal SYBR
Green Supermix (Bio-Rad, Hercules, CA, USA) on a StepOnePlus
mber 2020
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System (Applied Biosystems, Foster City, CA, USA). Expression of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used for
expression normalization. Selected RNAs were shipped on dry ice
to Novogene (Sacramento, CA, USA) for library preparation and
sequencing. Analysis was performed using Partek Genomics Suite
software v.7.0. Transcript abundance was estimated by an expecta-
tion-maximization algorithm and expressed as FPKM (fragments
per kilobase million). DE genes were detected using differential
gene-expression (Gene-Set Analysis [GSA]) algorithm. 12,000 genes
were identified as DE based on log2 |fold change (FC)|R 2 and false
discovery rate (FDR)R 0.05 cutoff. Unsupervised clustering to visu-
alize expression signature was performed using 1-Pearson correlation
distance and complete linkage rule, and samples were classified using
t-SNE.

Statistical Analysis

Numerical data are mean ± SD (standard deviation) or SEM (stan-
dard error of the mean). Statistical significance was determined by
Welch’s t test at p %0.05 using GraphPad Prism software version 7.
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