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Abstract

To achieve permanent correction of Wilson’s disease by a cell therapy approach, replacement of

healthy hepatocytes will be most desirable. There is a physiological need for hepatic ATP7B-

dependent copper transport in bile, which is deficient in Wilson’s disease, producing progressive

copper accumulation in the liver or brain with organ damage. The ability to repopulate the liver

with healthy hepatocytes raised possibilities for cell therapy in Wilson’s disease. Therapeutic

principles included reconstitution of bile canalicular network as well as proliferation in

transplanted hepatocytes, despite toxic amounts of copper in the liver. Nonetheless, cell therapy

studies in animal models elicited major differences in the mechanisms driving liver repopulation

with transplanted hepatocytes in Wilson’s disease versus nondiseased settings. Recently,

noninvasive imaging was developed to demonstrate copper removal from the liver, including after

cell therapy in Wilson’s disease. Such developments will help advance cell/gene therapy

approaches, particularly by offering roadmaps for clinical trials in people with Wilson’s disease.
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Considerable experience has been gained over the nearly 100 years since the original

description of Wilson‘s disease (WD) in terms of clinical presentations, diagnostic

challenges, and drug treatments (e.g., copper (Cu) chelators) for this complex condition.1 As

drug treatment for WD is a lifelong requirement that can be challenging owing to drug side

effects or compliance issues, alternative therapeutic approaches, particularly those capable

of offering a permanent cure, are of considerable interest. For instance, transplantation of

healthy cells (cell therapy approach), introduction of healthy copies of the WD gene, ATP7B

(gene therapy approach), or a combination of these approaches (cell/gene therapy) offer

opportunities for permanently altering disease progression in WD.

The following discussion will succinctly outline critical principles for cell therapy in WD,

especially by contrasting outcomes of cell transplantation in WD with outcomes in the

nondiseased liver. It should be noted that, as cell therapy has not yet been undertaken in
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people with WD, this discussion focuses on preclinical animal studies. Also, it should be

noted that allogeneic hepatocytes are subject to rejection, which will require

immunosuppression of individuals similar to orthotopic liver transplantation (OLT),

although rejection mechanisms are different in these situations. Therefore, the following

discussion explores studies where transplanted cells could engraft, proliferate, and survive

indefinitely without confounding by rejection-related issues.

Relevant molecular mechanisms

Copper is obligatorily required for biochemical processes in cells throughout the body. The

mechanisms regulating cellular Cu uptake, trafficking, utilization, and disposal are

evolutionarily conserved, with extensive complexities that are incompletely understood. 2

Nonetheless, the most significant problem related to excessive Cu accumulation in the body

concerns inadequate excretion of Cu into the hepatic bile canaliculus by ATP7B.

Physiologically, Cu is mostly, but not exclusively, recognized at the cell membrane by Ctr1,

which forms a membrane pore to permit entry into the cell. Subsequently, intracellular

routing, secretion, or excretion of Cu involves chaperoning by copper chaperone to

superoxide dismutase-1 (CCS), by unknown ligands to mitochondria, and by Atox1 to

ATP7B, which is expressed largely in hepatocytes, and serves to excrete Cu ions into the

bile, or to ATP7A, which is expressed in cells other than hepatocytes, and serves to secrete

Cu ions into blood.

The function of ATP7B may be impaired by genetic mutations that are mostly sporadic but

may travel through families and may affect multiple regions of the gene, including Cu-

binding domains or other parts of the gene.3,4 Over 300 disease-causing ATP7B mutations

have been identified in WD with differences related to individual families, which poses

technical difficulties for the gene therapy approach since it must be customized for

individuals. Moreover, the ATP7B gene is very large, which makes it difficult to package

therapeutic constructs into gene transfer vectors. Also, mutations may affect intracellular

processing of ATP7B transcripts.5 Therefore, proposed gene therapy constructs must be

prospectively validated for Cu binding and transport capacity in suitable cell culture and

intact animal systems, as further considered below.

A common problem related to ATP7B mutations in WD is progressive Cu accumulation with

hepatocellular injury, hepatic fibrosis, and chronic liver disease. Hepatic injury may

manifest with acute liver failure, which may involve mitochondrial damage,6 but many

underlying pathophysiological aspects of this liver injury need to be better understood at the

molecular level. On the other hand, in the setting of impaired hepatic Cu excretion due to

ATP7B mutations, Cu may also accumulate in the brain, resulting in neurological damage.

Early and rapid mobilization of Cu from affected parts of the brain is critical for avoiding or

reversing further neurological damage. The major physiological pathway for elimination of

Cu from the brain involves ATP7A-mediated secretion via the choroid plexus into the

cerebrospinal fluid followed by entry into the blood and eventually excretion by hepatocytes

into the bile.
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Therefore, the fundamental purpose of cell/gene therapy in WD is to restore ATP7B-

mediated hepatobiliary Cu excretion. This could be achieved by transplanting healthy

hepatocytes, although these must come from another donor. If person-specific cells are to be

utilized from individuals with WD (e.g., human inducible pluripotent stem cells (hiPS) or

another stem cell type), these must meet requirements for hepatic differentiation, genetic

modification with healthy ATP7B gene copies, and the ability to survive and function after

transplantation. These requirements constitute unmet challenges at present.

Liver is the optimal target for curative cell/gene therapy in WD

The specific need for cell therapy in WD is to restore hepatobiliary Cu excretion. This could

be accomplished by reconstituting the liver with suitable numbers or masses of healthy

transplanted cells. An alternative possibility is to correct the defect in native hepatocytes

with healthy copies of an ATP7B transgene introduced by vectors capable of integrating

and/or persisting indefinitely in cells. For cell or gene therapy in WD, the rationale for

targeting the liver first and foremost is based on the physiological restriction of ATP7B

expression to hepatocytes as well as the availability of mechanisms required for the transfer

of Cu ions by ATP7B into the bile canaliculus, the entry of Cu into bile ducts and intestines,

and the elimination of Cu from the body.2

Besides transplantation of hepatocytes into the liver itself, which is further discussed below,

transplantation of liver tissue into extrahepatic locations has been examined for tissue

engineering applications (e.g., by creating an auxilary liver in small intestinal segments or

by transplantation of tissue in the abdominal cavity).7,8 However, mobilization and removal

of excess Cu still requires an intact hepatobiliary apparatus that will excrete bile outside of

the body. As transplantation of tissues in locations other than the liver does not typically

produce hepatobiliary excretory apparatus, this approach will be insufficient for cell therapy

in WD.

By contrast, provision of liver support from extrahepatic liver tissue or cells could

potentially help in tiding over an acute crisis in WD (e.g., rescue from acute liver failure), as

established by studies of drug-induced hepatotoxicity.9 In this situation, transplanted liver

tissue or cells are thought to contribute metabolic functions for liver support as well as

paracrine factors that may promote regeneration of the injured liver. Through this

mechanism, people could potentially be bridged to OLT or even recover spontaneously.

Organs other than the liver are either less attractive or constitute inadequate targets for cell

or gene therapy in WD. For instance, ATP7B is also normally expressed in glomeruli,

medulla, and proximal tubular epithelial cells in the kidneys.10 However, ATP7A is also

expressed in glomeruli, which adds complexity to Cu transport owing to the simultaneous

existence of excretory and absorptive mechanisms in kidneys. Therefore, glomerular

filtration of Cu could be countered by Cu reabsorption in the loops of Henle, unless Cu was

unavailable for reabsoption, as will be the situation when urinary Cu excretion is induced by

various chelators. As a result, the possibility that expression of introduced ATP7B transgene

in suitable renal tubular epithelial cell subsets might increase urinary Cu excretion in WD

has been of far less interest. Alternative luminal sites (e.g., pancreatic ducts and colonic
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mucosa) are also of less interest owing to either limited accessibility or roles in Cu excretion

for these locations for cell or gene therapy.

Cell type–specific mechanisms

Exciting advances have recently been made in understanding how healthy hepatocytes or

other liver cell types may be isolated, characterized, manipulated, and transplanted to

repopulate the liver.11 Moreover, advances have been made in stem cell biology, including

insights into the nature and biology of stem/progenitor cells from various donor sources, at

least in part, for cell therapy applications.12,13 Although the potential of stem/progenitor

cells has begun to be uncovered, far more needs to be understood about mechanisms in

hepatic differentiation and whether stem cell–derived hepatocytes could repopulate the liver.

These aspects converge into basic stem cell biology, including mechanisms of hepatic

endoderm lineage specification and lineage advancement through outside-in cell signaling,

transcriptional regulation, and related intracellular processes, which are beyond the scope of

this discussion. Moreover, cells must acquire appropriate adhesion factors to engraft in the

liver. The current state of the art suggests that iPS-derived hepatocyte-like cells may express

some hepatic functions, but these are largely restricted to fetal-like stages. The

determination of whether pluripotent stem cell–derived hepatocytes could reconstitute the

liver after transplantation is in an early experimenal state.14

The context of healthy versus diseased liver

Hepatocyte transplantation studies in a variety of animal models, including with

unmanipuated healthy cells and genetically modified cells, established an excellent basis for

the requirements of transplanted cell engraftment, proliferation, and function for correcting

various disorders, including WD.15–19 Here, important early insights included delineation of

substantial differences in cell and gene therapy for WD, where the liver has undergone

acute, chronic, or both types of injury, compared to other genetic conditions where the liver

is uninjured and other target organs are affected (e.g., congenital enzymatic deficiency states

with hyperbilribunemia and neurotoxicity or hypercholesterolemia with cardiovascular

diseases).20,21 In part, these differences revolve around alterations in organ architecture,

which may lead to redistributions of transplanted cells; the presence of inflammatory

changes may impair engraftment of transplanted cells or various processes and events

related to hepatic injury may impair proliferation of transplanted cells to the required extent.

Similarly, when ATP7B is expressed in native hepatocytes as part of gene therapy protocols,

it remains unresolved whether disease processes or issues related to gene transfer vectors

may limit either transgene expression or survival of transduced cells, yielding only

temporary benefits.22,23 Therefore, further studies are required investigatingthe fate of

genetically modified native cells within the liver in WD. It has yet to be determined whether

targeting will be effective for subsets of undamaged native cells or putative endogenous

stem/progenitor cells that have not been affected by Cu-induced damage.
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Cell therapy in WD requires the bile canalicular network for hepatic Cu

excretion

To excrete Cu, transplanted hepatocytes must integrate in the liver parenchyma and

reconstitute the hepatobiliary excretory apparatus. This represents a seminal requirement for

cell therapy in WD, because without the ability in transplanted hepatocytes to appropriately

process and transfer Cu to the bile canaliculus,2 excess amounts of the metal will not be

removed. This critical requirement determines whether alternative cell types expressing

some hepatic functions (e.g., stem cell–derived cells, immature hepatocyte-like cells) will be

of therapeutic value in WD, as further discussed below.

Fortunately, transplantation studies using donor cells with suitable reporters, such as those

introducting the bile canalicular marker dipeptidyl peptidase 4 (Dpp4) into recipients lacking

Dpp4 have allowed visualization of bile canalicular reconstitution in liver parenchyma (Fig.

1). 24 In Dpp4-deficient rats, which arose through a spontaneous point mutation in Dpp4, no

other function is lost, and the liver, as well as other organs, remains healthy throughout life.

However, cell transplantation models using Dpp4-deficient rats provided convenient and

very effective ways to localize transplanted cells and to study the fate of transplanted cells

throughout the life span of animals.11 Studies in Dpp4-deficient rats confirmed that

reconstituted bile canaliculi in transplanted and adjacent native hepatocytes were

functionally intact by demonstrating biliary excretion of a fluorescently tagged bile salt.24

This ability for biliary excretion in transplanted cells provided the first definitive clue that

biliary transport of Cu, or for that matter, other toxic substances, will be feasible for cell

therapy in WD and additional conditions characterized by biliary transport defects.25

Subsequently, the challenges in repopulating the liver with transplanted cells were

systematically addressed.

Mechanisms of transplanted cell engraftment and proliferation

It became clear that, for transplanted cells to enter the liver parenchyma, the cells had to be

deposited into hepatic sinusoids, because injection of cells into the hepatic arterial bed or

other vascular beds with high blood flow rapidly led to the destruction of transplanted cells,

presumably due to shear stresses or lack of suitable adhesion factors or extracellular matrix

components.26 Similarly, transplantion of cells into the splenic artery was ineffective, due to

entrapment and loss of transplanted cells in the arterial circulation.27 By contrast, injection

of cells into the portal venous system, including direct injection into the splenic pulp or

portal vein radicles, was effective, with instantaneous migration of cells into the portal vein

and hepatic sinusoids.28 However, this became different in the setting of portal

hypertension, particularly when portasystemic collaterals were present, as might be found in

WD with liver fibrosis, because substantial fractions of transplanted cells would enter the

pulmonary circulation, with the potential for serious cardiorespiratory complications.29

Therefore, suitable precautions will be necessary for evaluating and establishing the safety

of cell transplantation in the presence of chronic liver disease, as in WD. On the other hand,

integration of transplanted hepatocytes or of other cell types, such as liver sinusoidal

endothelial cells (LSEC), took place over several days, with gradual fusion of plasma
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membrane structures in transplanted cells and adjacent native cells, whereas the vast

majority of transplanted cells (approximately 80–90% of cells) was rapidly cleared within

the first day or two.30,31

This clearance of transplanted cells was multifactorial and included mechanisms like

instantaneous ischemia/reperfusion-type events because transplanted cells served as emboli

within hepatic sinusoids (Fig. 2). Although mechanical consequences of sinusoidal blood

flow occlusion were relevant for the subsequent fate of transplanted cells, additional changes

due to cell–cell signaling between transplanted and native cells occurred with the

recruitment of inflammatory cells (i.e., neutrophils (PMN) and Kupffer cells (KC) or

monocytes).32,33 These inflammatory cells expressed numerous inflammatory cytokines/

chemokines/receptors capable of clearing transplanted cells, as prior depletion of neutrophils

or Kupffer cells had substantial benefits for transplanted cell engraftment. Adhesion of

transplanted cells to the hepatic sinusoidal endothelium was helpful in the activation of

LSEC and the separation of the endothelial barrier for transplanted cells to enter the space of

Disse and to insinuate into the liver parenchyma between native cells.34 Therefore,

endothelial separation was particularly beneficial for transplanted cell engraftment, which

was substantiated by studies showing superior engraftment of transplanted cells when the

hepatic endothelium was disrupted before cell transplantation. During the entry of

transplanted cells into the liver parenchyma, benefits accrued from the activation of hepatic

stellate cells (HSC) in the space of Disse and the release of various matrix-type

metalloproteinases, which produced remodeling of the liver parenchyma.35

Therefore, while the process of transplanted cell integration was complex, the central

elements in cell engraftment were identifiable and seemed to be well organized. Moreover,

candidate vascular, inflammatory, and cytoprotective mechanisms were discovered that were

amenable to nonoverlapping drug-based approaches for improving engraftment of

transplanted cells without interfering with their ability to proliferate during subsequent liver

repopulation.36 In these ways, transplanted cell engraftment was improved by several fold,

and the kinetics of liver repopulation were also accelerated by several fold in animals

without liver disease.

Chronic liver disease alters engraftment of transplanted cells

In contrast, in chronic liver disesase, ongoing inflammation and activation of PMN or KC;

capillarization of sinusoidal endothelium; biological alterations in HSC, along with fibrosis

and portasystemic shunting; and engraftment of transplanted cells became less efficient, and

many transplanted cells were additionally lost due to onward translocation into the

pulmonary circulation.37 However, transplanted cells were able to overcome augmented

endothelial barriers in animals with liver cirrhosis and enter the liver parenchyma.

Subsequently, transplanted cells showed variable proliferation in liver lobules that likely

corresponded with the underlying survival/proliferation activity in adjacent native

hepatocytes.
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These findings are relevant for liver repopulation in WD, although major questions remain

to be addressed in cell transplantation mechanisms in this setting, particularly to achieve

liver repopulation in an efficient and expeditious fashion.

Long-term fate of transplanted cells in liver

After integration of transplanted cells into the liver parenchyma, transplanted hepatocytes

survived for the entire life span of the animals.38 Moroever, hepatic gene expression was

well maintained in transplanted cells, which was similar to adjacent hepatocytes. Indeed,

gene expression in transplanted hepatocytes was better preserved in the liver compared with

extrahepatic sites (e.g., the peritoneal cavity or dorsal fat pad).39

Studies in animal models of WD have been informative. The Long–Evans cinnamon (LEC)

rat model of WD arose spontaneously in an inbred Japanese colony of inbred Long–Evans

agouti (LEA) rats and was eventually used for cell/gene therapy studies.15 The LEC rat was

later found to suffer extensive liver damage owing to Cu accumulation, which resulted from

a deletion in the 3′ region of Atp7b causing loss of hepatobiliary Cu-excretion capacity.

Surprisingly, LEC rats did not exhibit a susceptibility for neurological disease. A mouse

model of WD was generated by knocking out a portion of Atp7b.40 These Atp7b–.– mice

develop significant liver disease, although not neurological disease, similar to LEC rats.

Over time, some Atp7b–/– mice may exhibit healthy livers, presumably due to genetic

recombination, as has been observed in other instances of induced mutations. On the other

hand, the Atp7b mutation in LEC rats has been stable. The toxic milk mouse represents

another mouse model for excessive Cu accumulation similar to WD.41 These animal models

have been useful for defining whether cell/gene therapy approaches could be effective in

WD.

The ability of transplanted hepatocytes to express ATP7B was verified in LEC rats,15–19

Atp7b–/– knockout mice (Bahde R, Gupta S et al. Unpublished observation), and toxic milk

mice.41 However, the number of transplanted cells did not increase over many months or

even thee life span of recipients with normal healthy liver.17 Studies in a variety of animal

models have now conclusively established that transplanted cells can proliferate in the liver

when an imabalance is created in survival/proliferation between native and transplanted

cells. For instance, in response to DNA damage in native hepatocytes by adduct-forming

drugs, radiation, or toxins, along with additional events (e.g., partial hepatectomy, ischemia/

reperfusion, thyroid hormone) the liver may be extensively, virtually completely, replaced

by transplanted cells.11

In LEC rats with copper toxicosis, similar findings were observed: transplanted cells did not

proliferate over a period of several months, except when substantial damage began to occur

in native hepatocytes, which eventually resulted in compensatory proliferation of

transplanted cells.17,18 This was likely the result of ongoing lipid peroxidative damage in the

liver because of Cu toxicosis, including depletion of cellular antioxidant defences, as well as

perturbations in cell cycling events. These possibilities were substantiated by significant

acceleration of transplanted cell proliferation following additional DNA damage (e.g., by the

DNA adduct–forming chemical retrorsine or radiation), along with partial hepatectomy,
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ischemia/reperfusion, and even administration of toxic bile salts.16–19 However, the kinetics

of liver repopulation with transplanted cells in LEC rats were quite different from healthy

animals (e.g., after radiation and ischemia/reperfusion),11 which probably reflected the

effects of the liver microenvironment in the setting of Cu toxicosis, as well as

preconditioning-related mechanisms and shorter or longer duration of survival in native

hepatocytes. This had direct effects on the extent of liver repopulation and therapeutic

benefits in animals with copper toxicosis. Also, it was necessary to repopulate at least 30–

40%% of the liver with healthy hepatocytes to achieve sufficient Cu clearance and

therapeutic benefits. Not every animal subjected to cell therapy showed equivalent benefits.

It was most remarkable, however, that when liver was extensively repopulated and excessive

Cu was cleared, even established liver disease and hepatic fibrosis resolved, suggesting that

presence of significant liver damage in WD will not be a restriction for cell therapy (Fig. 3).

These mechanisms in transplanted cell engraftment and proliferation will be of paramount

significance in achieving suitable liver repopulation for WD as follows: (1) despite adequate

engraftment in liver of transplanted cells, the gradual onset of liver repopulation over a very

long period implies that therapeutic correction in WD will require significant time, and (2)

the nature of preconditioning regimens suitable for clinical applications in people will

require substantial additional work because chemicals (e.g., retorsine) and ablative

procedures (e.g., partial hepatectomy) will be undesirable in the setting of existing liver

injury in WD.

Therefore, additional mechanisms to repopulate the liver with healthy cells constitute

another major need for cell therapy in WD.

The role of stem cells in cell therapy for WD

The interest in endogenous stem cells, including from within the liver or from other organs,

and in transplantation of exogenous stem cell–derived cells has progressively risen over

recent years (Table 1).8,12–14 In part, isolation of pluripotent stem cells (e.g., human

embryonic stem cells (hESC) or hiPS cells) that could be manipulated to generate

hepatocyte-like cells is responsible for some of the excitement.8,14 As indicated above,

mechanisms to achieve extensive hepatic differention in cases of hESC or hiPS cells are

incompletely understood at present. Similarly, whether appropriate hepatocyte-like cells

could be generated from hematopoietic, mesenchymal, adipocyte, or placental stem cells

that will engraft and repopulate the liver with capacity for disease correction is under active

study but is at an early stage.13 Relevant issues include whether hepatocyte-like cells that

may express liver genes in vitro will be capable of engrafting in sufficient numbers and

whether such cells will proliferate with sufficient functionality for therapeutic benefits in

vivo. This has generally not been the case with hematopoeitic or mesenchymal stem cells.

Although adipocyte- or placenta-derived liver-like cells have been reported to proliferate

after transplantation into the liver, the value of such cells has not been determined for WD.

In WD, and also other genetic diseases, activation of endogenous stem cells could possibly

be helpful for repairing liver injury, but these cells cannot by themselves be useful for

correcting defective Cu excretion, unless healthy copies of ATP7B were to be

simultaneously expressed. This will represent a combined cell/gene therapy approach, which
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requires ways to target specific cell types and needs to be validated with preclinical studies

in various animal models.

The ability to generate highly differentiated hepatocytes from pluripotent cells with or

without additional genetic modification to express ATP7B in such cells is a relatively distant

goal at present, because many gaps remain in our understanding of differentiation and gene

expression mechanisms to allow successful transplantation and disease correction with such

cells. Nonetheless, progress in the field of stem cell biology and transplantation of stem

cell–derived cells is proceeding at a rapid pace, and further breakthroughs may unexpectedly

emerge.

Transplantation of other types of stem cells (e.g., hematopoietic stem cells, mesenchymal

stem cells, amniotic stem cells) has also been proposed for various disorders, including

chronic liver disease.42–45 Whether these types of cells could be of benefit in WD is

uncertain. In this context, the fundamental considerations must include (1) whether these

types of stem cells will actually engraft in the liver and differentiate into hepatocyte-like

cells with the capability for hepatobiliary excretion of Cu, and (2) whether such stem cell–

derived hepatocyte-like cells will also be capable of proliferating and replacing the required

amounts of diseased liver in WD. Current evidence derived from cell transplantation studies

in various organ systems does not support suggestions that hematopoietic, mesenchymal, or

other types of stem cells could meet these requirements for replacing diseased hepatocytes in

people, notwithstanding rare instances of hepatic transdifferentiation in selected animal

models.45 Therefore, transplantation of such extrahepatic stem cells is not likely to be

helpful, at least until robust mechanistic evidence has been gathered of their potential utility

for WD in preclinical models.

Translating cell therapy for WD in people

To begin considering whether and when cell therapy will be appropriate for clinical trials, a

number of key requirements must be met (Table 2). For example, cohorts of patients with

well-defined and documented clinical courses of WD will be vital. In view of the rarity of

WD in the general population, this could likely best be achieved by creating regional or

national registries, under the supervison of dedicated experts. Potential candidates for such

interventions in WD will likely include newly diagnosed people with relatively early

disease, people with disease complications (e.g., liver failure or neurological presentations

where rapid mobilization of Cu could be beneficial), and those with intolerance for drug

therapy, Of course, the combination of existing drugs and cell or gene therapy approaches to

mobilize Cu will likely be the way forward for early clinical trials.

More work is certainly needed to provide understanding of relevant aspects of cell

transplantation for WD (e.g., the effective routes, doses, single versus repeated cell

transplantation). Similarly, it will be helpful to develop additional mechanisms to achieve

liver repopulation with healthy cells (i.e., superior engraftment and proliferation in

transplanted cells). Fortunately, animal studies have illuminated many of these areas. For

instance, engraftment of transplanted cells has begun to be improved by the pharmacologial

approach, where drugs in clinical use with vascular, anti-inflammatory, or trophic signaling
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properties have been found to be beneficial for liver repopulation,35,36 although their

efficacy for WD needs to be tested. Cell therapy efforts for WD will be faciliated by

methods of demonstrating whether transplanted cells have engrafted and begun to proliferate

with replacement of liver. Similarly, effective endpoints to demonstrate therapeutic efficacy

need to be established. The pool of donor organs will also have to be enlarged to procure the

necessary supply of cells for transplantation. This process will benefit from superior

methods for cryopresrvation and the banking of cells for transplantation. Control of allograft

rejection will have to be better understood to achieve transplanted cell survival over a

lifetime for correcting WD permanently.

The battery of tests for evaluating the benefits of cell therapy in WD has been refined (Table

3). Moreover, noninvasive modalities based on principles of molecular imaging have been

developed to both diagnose WD and to establish whether cell therapy has reconstituted

ATP7B function. 40,46 Studies with radiocopper in animals estabished that suitable

complexes can be developed, such as Cu–histidine, which has been used for treating Cu

deficiency in Menkes disease, to image ATP7B function by positron emission tomography

with or without cell transplantation in LEC rats.46 These types of assays will permit the

identification of defective Cu excretion even before onset of hepatic damage and without the

need for invasive liver biopsy, which should make it easier for most people. As further

suitable complexes of copper can be developed to improve diagnostic potential of

noninvasive imaging in WD, this area will be of considerable value for developing cell and

gene therapy applications.
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Figure 1.
Reconstitution of bile canalicular apparatus in transplanted cells. Dpp4+ bile canalicular

domains (red color, arrows) in transplanted hepatocytes adjacent to ATPase+ bile canalicular

domains (brown color, arrowheads) in adjacent native hepatocytes in liver of Dpp4-deficient

recipient rat. Overlapping areas with both Dpp4 and ATPase activities are also seen. This

confirmed that transplanted cells were integrated within the liver parenchyma and plasma

membrane structures were reconstituted. Original magnification 1000×; methylgreen

counterstain. Modified from Ref. 15.
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Figure 2.
Schematic of early hepatic sinusoidal events following cell transplantation. Arrival of

transplanted hepatocytes in hepatic sinusoids triggers ischemia-type processes, which lead to

the release of locally acting vascular substances (e.g., angiotensin, norepinephrine, nitrous

oxide, endothelin-1) as well as activation of neutrophils and Kupffer cells. This, in turn,

leads to the release of multiple cytokines, chemokines, and receptors, including those with

cytotoxic properties, which leads to transplanted cell clearance. Simultaneously, ischemic

damage to liver sinusoidal endothelial cells (LSECs), along with cell–cell interactions
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resulting from adhesion of transplanted hepatocytes to LSECs, advances the entry of

transplanted cells into the space of Disse. Activation of hepatic stellate cells (HSCs) causes

expression of matrix-type metalloproteinases (MMPs), tissue inhibitors of MMPs (TIMPs),

etc., which facilitates tissue remodeling during the integration of transplanted cells into the

liver parenchyma. Release of additional substances (e.g., VEGF, HGF) from native

hepatocytes, LSECs, and HSCs also assists transplanted cell engraftment. These

mechanisms provide opportunities for drug-based approaches to control deleterious

inflammatory events and to promote beneficial cell engraftment processes. The mechanisms

are different in the setting of normal liver and are less well defined in the setting of chronic

liver disease, including WD.
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Figure 3.
Benefits of cell therapy in LEC rats with copper toxicosis. (A) Healthy donor liver of LEA

rats showing normal morphology. (B) Liver of LEC rat with extensive injury, including

cholangiofibrosis and other morphological abnormalities. (C) Liver of LEC rat several

months after transplantation of healthy LEA rat hepatocytes with reversal of hepatic injury

and return of normal morphology. The liver of these animals showed corresponding normal,

increased, and near-normal Cu content, respectively. Original magnification 100×. H&E

counterstain.
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Table 1

Potential sources of donor cells for treating WD

Hepatocytes derived from pluripotent stem
cellsa

Stem cells from adult liverb Hepatocytes derived from extrahepatic stem cellsc

Embryonic stem cells Hepatocyte subpopulations Hematopoietic stem cells from bone marrow, peripheral
blood, cord blood, etc.

Fetal liver stem cells Oval cell populations Mesenchymal stem cells

Induced pluripotent stem cells Other cell types Amniotic or placental stem cells

a
Requires further knowledge in differentiation mechanisms and fate of transplanted cells.

b
Mature hepatocytes exhibit stem-like organ-repopulation capacity. Oval cells are morphologically identified with hepatobiliary and other markers.

Whether nonparenchymal liver cell populations may generate hepatocytes is not resolved

c
More studies are needed to determine whether these cells could generate mature hepatocytes with cell therapy potential.
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Table 2

Relevant criteria for clinical cell therapy in WD

Criterion Comments

Availability of subjects with well-defined and appropriately
documented clinical disease

Needs establishment of patient registries and infrastructure for undertaking cell
therapy

Well-characterized donor cells, including isolation and
banking under cGMP conditions

Academic–private partnerships and greater funding for clinical trials will be
helpful

Defined protocols for cell delivery, dosing, and hepatic
targeting

Optimization required of specific protocols for clinical studies. Unified
protocols for multicenter studies will be most effective

Persistence of transplanted hepatocytes should be indefinite Allograft rejection and inflammation requires better controls and less toxic
drugs

Liver replacement and repair should be quantifiable Novel noninvasive assays for evaluating efficacy of cell therapy are desirable
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Table 3

Approaches for evaluating cell therapy in WD

Assay Usefulness

Serum ceruloplasmin Not useful for evaluating success of cell therapy.

Serum or urine Cu levels Of unknown or limited value for cell therapy.

Liver Cu content Highly useful and specific. Difficult to sample by liver biopsy on multiple occasions.
Potential for sampling errors owing to variable liver copper content related to areas with
higher or lower numbers of transplanted cells

Molecular assays (e.g., ATP7B mRNA or
ATP7B protein expression levels)

Highly useful and specific. Requires multiple liver samples. Potential sampling issues as
above.

Liver histology and markers of tissue injury Highly useful. Sampling issues as above.

Bile copper assays Highly useful and specific. Bile may be collected by duodenal intubation.

Noninvasive reporter assays Molecular imaging of ATP7B function has excellent potential. Reporter constructs could be
introduced in transplanted cells to demonstrate extent of liver repopulation, (e.g., by
imaging modalities).
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