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Abstract

Purpose of review—This review outlines the concept of cell-based therapy to restore tissue

function, and addresses four key points to consider in cell transplantation: source, surveillance,

safety, and site. While each point is essential, additional attention should be given to

transplantation sites if cell therapy is going to be successful in the clinic. Various ectopic locations

are discussed, and the strengths and weaknesses of each are compared as suitable candidates for

cell therapy.

Recent findings—Studies in rodents often demonstrate cell transplantation and engraftment in

ectopic sites, with little evidence to suggest why it may also work in humans. For example,

transplantation to the subcapsular space of the kidney is often performed in rodents, but has not

been a good predictor of clinical success. Recent work shows that the lymph node may be a good

site for transplantation of multiple tissue types, and several reasons are highlighted as to why it

should be considered for future studies.

Summary—The use of cell-based therapy in the clinic has been hampered by the lack of

appropriate sites for transplantation. The lymph node is a promising alternative for cell

transplantation, and offers hope for clinical application.
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Introduction

Transplantation of hematopoietic stem cells (HSCs) has been the “gold standard” for

successful cell therapy in patients. On the other hand, transplantation of other cell types,

such as hepatocytes and pancreatic islets, has been remarkably difficult thus far. A major

reason why HSC transplantation has been superior to alternative cell therapies is the ability

to adequately address what we term the four S's: source, surveillance, safety, and site. This

review briefly discusses each of these components, with the main focus on the site of

transplantation as a major factor to achieve clinical success. Transplantation of HSC,
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hepatocyte, pancreatic islet, and mesenchymal stem cells (MSCs) are primarily discussed

because they have been transplanted extensively in both the laboratory and the clinic.

Defining the four S's of cell-based therapy – source, surveillance, safety,

and site

There are several important factors that must be considered before cell therapy can move

from a laboratory achievement to clinical reality (Figure 1).

Source – for any cell therapy, donor material must be obtained of sufficient quality, quantity,

and function to permit transplantation into a recipient. There are many possibilities to

consider as a donor cell source, including living donor tissue, cadaveric tissue, embryonic

stem (ES) cells, and induced pluripotent stem (iPS) cells. For HSC and MSC transplantation,

living donors provide an ample cell supply. However, there are major shortages of donor

tissue available for hepatocyte[1*] and islet cell transplantations[2**], so there has been a

lot of attention recently on pluripotent stem cell approaches to overcome this issue[3*].

Surveillance – the next major hurdle for successful cell therapy is the ability to overcome

rejection induced by immune surveillance. Anti-rejection protocols have helped minimize

immune rejection of donor cells, but the potential always exists that the recipient may one

day mount an immune response and reject the donor cells. A major reason iPS cells have

garnered so much attention is due to their potential to avoid rejection since an autologous

transplantation can be performed[4**,5**,6].

Safety – if cell transplantation is going to become commonplace in the clinic, then patient

safety has to be maximized with minimal risk. The risk currently associated with ES or iPS

transplantation is one of the biggest hurdles facing their clinical use because they have the

potential to form multiple cell types and may become tumorigenic[7*].

Site – a person may have an unlimited supply of donor cells that can be safely transplanted

with little chance of rejection, but without an accommodating site for transplantation, cell

therapy will not be successful. It is important to consider the potential benefits and

limitations of various transplantation sites, and studies in rodents suggest that organogenesis

in ectopic locations could be harnessed for cell-based therapy in patients.

Orthotopic versus ectopic tissue

It is reasonable to think that transplanting cells orthotopically (in their native home) would

provide the best environment for cell survival and function. However, cell therapy is an

approach to restore loss of tissue function or damaged tissue, so the native environment may

not be hospitable or readily accessible. For example, fibrotic and cirrhotic livers

accompanied with portal hypertension have an altered architecture due to scarring. Placing

healthy hepatocytes in this diseased setting may hinder engraftment, not support it. So where

should healthy cells be transplanted in a diseased recipient? One possibility can be inferred

from nature's approach to overcome an uninhabitable environment by developing ectopic

organs.
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The majority of HSCs reside in the bone marrow, which is the site of hematopoiesis. In the

case of myelofibrosis, however, the bone marrow environment is damaged to the extent that

HSCs find a new home and hematopoiesis occurs in an alternative ectopic location. When

tissues are found outside their normal location, it is collectively referred to as ectopic tissue.

Ectopic tissue can be generated during development or in response to an injury. For

example, there have been clinical reports of ectopic liver[8,9], kidney[10], and pancreatic

tissue[11,12] observed in patients. Importantly, ectopic tissue has been found to function

similar to tissue located in the native site[13*]. Together, these observations demonstrate

that functional tissue can form in an alternative location under certain conditions. Therefore,

in the context of cell therapy, ectopic organogenesis may be a useful approach to restore or

replace normal tissue in a diseased patient (Figure 2). Ectopic transplantation involves the

seeding of healthy cells or tissues to a favorable ectopic location. The cells then

communicate with the surrounding environment in need of function to promote long-term

survival in the ectopic niche. As a result, ectopic organs provide compensatory function for

the damaged or diseased native organ.

Common ectopic cell transplantation sites – analyzing the pros and cons

One of the most common sites of ectopic transplantation in rodents is under the kidney

capsule. This site is routinely used to transplant pancreatic islets to show engraftment and

function[14]. Pros: The subcapsular space of the kidney is advantageous because it provides

a relatively large “pocket” to contain transplanted cells that can easily be examined at later

times to verify engraftment. Moreover, the kidney provides access to a blood supply and

supports angiogenesis of transplanted tissue (although not as efficiently as other sites),

which is necessary to sustain any long-term engraftment[15*,16*]. Cons: While ectopic

transplantation under the kidney capsule is suitable in rodents, it is not a feasible approach

clinically because the human kidney is anatomically different to the extent that the capsule

cannot be easily separated from the parenchyma to safely permit cell transplantation[14]. In

addition, it is unclear if extensive organogenesis (e.g. ectopic liver) adjacent to the kidney

would disrupt normal kidney function.

The subcutaneous space is another site of transplantation often used in rodents. Pros:

Similar to the kidney subcapsular space in mice, there is a large area to accommodate

transplantation of high cell numbers. It is also beneficial because it is simple to locate the

transplanted cells months after transplantation has occurred. It is easy to examine tissue

growth over time in subcutaneous sites, because this location can be observed by eye

without the need for special imaging technology. Another advantage of subcutaneous

transplantation is the ease of the injection procedure. The subcutaneous space and direct

access make it a common choice for transplantation of extracellular matrix enriched devices

seeded with cells[17-20]. Cons: A drawback of the subcutaneous space is the general lack of

access to the vasculature[21]. Angiogenesis typically does not occur fast enough in this site

to sustain cell survival and engraftment of normal tissues. Furthermore, some tissues such as

the liver require a significant amount of tissue mass, and it is unlikely that a person would

want a sizeable growth protruding from their skin for aesthetic reasons or if it interfered with

routine tasks.
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The intraperitoneal (IP) space, which includes the peritoneum and mesentery, has been used

as a site for cell transplantation of many different tissue types. Pros: The IP space is unique

in that it is large enough to support the transplantation of a high number of cells, and it is

anatomically similar between rodents and humans. It was shown that hepatocytes engraft in

the lymphatic system after IP transplantation, and that angiogenesis occurs during

organogenesis of the ectopic tissue[22]. A recent report also showed that human iPS-derived

liver buds grew well-vascularized hepatic tissue on the mesentery of immunodeficient

mice[23**]. Hepatocytes may be capable of migrating to favorable locations in the IP space,

while other cell types such as pancreatic islets may not, since islets do not engraft well after

IP transplantation[14]. Cons: There are a number of concerns about cell transplantation to

the IP space that limit its potential in a clinical setting. There is little control over where the

transplanted cells end up, which makes it difficult to track engraftment over time. An

encapsulated device helps overcome this issue, but this often results in poor

vascularization[2**]. There is also a concern regarding the potential impact on other organ

function, since it is difficult to control the location of engraftment. Finally, for islet

transplantation, many more islets need to be transplanted to achieve a functional benefit

compared to other sites, which makes the problem of donor material even more

significant[14].

One of the more common sites of hepatocyte transplantation is the spleen. Pros: The spleen

provides the necessary space for the transplantation of many cell types. The spleen is

anatomically similar in rodents and humans, and it can be accessed without a major incision.

In mice, the spleen acts as a conduit to the liver, so splenic transplantation of hepatocytes is

essentially transplantation of cells to the liver. This transplantation site also works well in

rodents because the transplanted hepatocytes can replace the diseased hepatocytes in the

liver without the need for angiogenesis. On the other hand, when large cell clusters (e.g.

pancreatic islets) are transplanted, the majority remains in the spleen[24]. Cons: It is not

clear if sufficient vasculature is available in the spleen to permit long-term engraftment and

it is difficult to know how cell engraftment in the spleen might impact normal splenic

function[25]. Furthermore, the clinical benefit of using the spleen as a site for hepatocyte

transplantation has not been encouraging so far, with little evidence of long-term

engraftment in humans[26,27].

Intravenous transplantation is common for HSCs and pancreatic islets. Pros: For HSC

transplantation, intravenous access is a relatively simple procedure in both rodents and

humans and long-term engraftment has been demonstrated[28*]. Due to the nature of the

transplant, the cells are in close proximity to the vasculature. Cons: For hepatocytes and

islets, a more specific venous route is used to direct the cells to a particular organ. For

example, islets are transplanted to the portal vein, which is a difficult procedure to

perform[14]. The number of cells also has to be carefully controlled because delivery of too

many cells may create a blockage and lead to major safety issues[2**]. In general,

intravenous transplantation provides little control over where the transplanted cells engraft,

so it is difficult to determine their location after transplantation. While HSC transplantation

has been successful, other cell and tissue types transplanted intravenously have not shown

long-term clinical benefit.
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The muscle is another site that has been targeted for MSCs[29], hepatocytes[30], and islet

cells[31*] to generate ectopic bone, liver, and pancreas, respectively. Pros: intramuscular

injection is a mostly noninvasive procedure that has been used successfully in rodents.

Engrafted cells remain localized to the injection site, and there appears to be sufficient

vasculature available for islet and hepatocyte transplant[2**,30]. Cons: in general,

transplantation to the muscle results in poor long-term engraftment. Available space may be

an issue, especially if a large tissue mass needs to be generated. Because muscle function is

necessary for normal physical activity, muscle movement may have a negative affect on the

ectopic tissue.

A new site for ectopic organogenesis – the lymph node

The lymph node provides a home to circulating T cells and B cells, and can quickly expand

to mount an immune response[32,33]. In addition, the lymph node is a common metastatic

site for many types of cancer[34]. Cancer metastasis could be considered an abnormal form

of ectopic organogenesis, and it is worth considering why the lymph node is a preferred

location for cancer cells. So what exactly makes the lymph node accommodating to both

immune cells and tumor cells, and could this knowledge be applied to cell transplantation?

Lymph nodes are well vascularized, which allows the transport and rapid expansion of

immune cells[35]. Direct access to a blood supply also permits tumor related angiogenesis.

Reticular fibroblasts form a supporting niche (reticular network) in the lymph node, and

contribute to T cell entry and egress[36]. This network may also support engraftment of both

normal and cancer cells in the lymph node. In terms of a cell therapy, there are many lymph

nodes in both mice and humans (>500), so there are a number of options to choose as a

location for cell transplantation. Normal lymph node function is not compromised after cell

transplantation, and multiple tissue types (e.g. hepatocytes, islets, thymus) have been shown

to engraft in mouse lymph nodes long-term[37*]. Large animal studies have also shown

promise for hepatocyte transplantation in the lymph node (Komori J, Lagasse E,

unpublished data). Furthermore, lymph nodes are enclosed, so cell engraftment is isolated

and can be observed over time. While the lymph node is not a common location for

transplantation, it is not shocking to consider it as an alternative site for cell

transplantation[38*].

There are, however, a few limitations to consider with lymph node transplantation. Lymph

nodes are small, so there is a limit to the number of cells that can be transplanted to each

one. However, more than one lymph node can be targeted at a time to overcome this

limitation. Lymph node transplantation is not an easy procedure in rodents, and could be

technically difficult in humans as well. Finally, there have not been any studies in humans,

so future studies will determine if lymph node transplantation will translate well in the

clinic.

Conclusion

The recent discovery that mature cells can be easily reprogrammed to a pluripotent state has

reignited the stem cell field and renewed important discussions about the immense potential
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of stem cells to treat a number of diseases using cell-based therapeutic approaches.

However, a dialogue that includes the practical methods and not just the potential outcomes

for cell therapy is often lacking. A tremendous amount of effort is put into the techniques to

generate stem cells and various functional differentiated cell types. However, once these

methods have been shown to be efficient, safe, and reproducible, additional major hurdles

stand in the way of a successful therapy that could restore tissue function.

For cell-based therapy to be effective, a hospitable site for transplantation must be

determined, even if issues with cell source, safety, and immune surveillance have all been

resolved. The transplantation site needs to be relatively accessible, provide sufficient space,

offer access to vasculature, and support long-term engraftment. We suggest that the lymph

node meets these criteria better than other commonly used transplantation sites. We envision

the lymph node acting as an in vivo bioreactor to support ectopic tissue function. Eventually,

studies in humans will show just how effective transplantation into the lymph nodes could

be, but initial studies in rodents have been promising for hepatocyte and islet

transplantation[37*]. Our hope is that future studies will place more emphasis on the site of

transplantation, because this is an essential issue to address before any cell therapy can

effectively move from the laboratory to the clinic.
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IP intraperitoneal

DeWard et al. Page 9

Curr Opin Organ Transplant. Author manuscript; available in PMC 2015 April 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Key points

1. Successful cell-based therapy requires the consideration of the four S's: source,

surveillance, safety, and site.

2. An accommodating site for cell transplantation should be relatively accessible,

be rich in vasculature, have sufficient space, and support cell function.

3. The lymph node is a new candidate target for cell therapy to restore, maintain,

or improve tissue and organ functions.
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Figure 1.
The four S's of cell-based therapy. Cell source, surveillance, safety, and site must all be

considered for cell-therapy to be successful in the clinic.
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Figure 2.
Ectopic transplantation sites. Several ectopic sites for cell therapy are shown. The generation

of an ectopic organ involves transplanting healthy cells into an ectopic site such as the

lymph node to provide support to a diseased or damaged organ.
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