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T herapeutic stem cell research is among the most excit-
ing topics in biomedicine today. Many compelling
studies have shown that mouse and human embryonic

stem (ES) cells in culture are multipotent and can differentiate
into a wide variety of cell types, depending on culture condi-
tions (1). Applications of ES cells in vivo for tissue repair have
also shown much therapeutic promise, although many theoret-
ical and practical problems need to be overcome before this
technology is fully robust. Nevertheless, several experiments in
animals have shown that ES cells have the capacity for orga-
notypic cell differentiation (2–4). For example, reasoning that
the developing kidney microenvironment might provide ap-
propriate cues for entry of ES cells into a nephrogenic program,
we microinjected mouse ES cells that were tagged with a lin-
eage marker into embryonic day 12 to 13 metanephroi (5). After
3 to 5 d in organ culture, ES cell derivatives predominantly
differentiated into lumenized tubules with apical junctional
complexes and primary cilia and assembled a basement mem-
brane around their basal aspects. Many of these structures also
expressed proximal tubule markers and Na�/K� ATPase, all of
which are signatures of a highly differentiated epithelium. Con-
versely, we found only rare evidence for integration of injected
ES cells into the glomerular epithelial tufts that form in organ
culture (5).

Owing in part to various difficulties with the few human ES
cell lines that are available to most researchers in the United
States and the ongoing debate regarding generating new lines
of human ES cells, considerable efforts have been devoted to
exploring adult somatic stem cells as alternatives, especially
those derived from bone marrow (BMSC). These cells can be
harvested not only from marrow chambers but also from um-
bilical cord or peripheral blood and therefore are readily avail-
able. Of course, grafting of autologous BMSC is a well-estab-
lished procedure for restoring hematopoietic tissues in patients
who have undergone intensive radiation and chemotherapies.

Beyond marrow reconstitution, there have been numerous
reports during the past several years for the experimental re-
population of injured tissues by BMSC in diverse organs (car-
diac muscle cells [6], central nervous system astrocytes and
microglia [7], and hepatocytes [8]), including kidney. Similar to

our findings with mouse ES cells, when human BMSC are
injected into kidneys of intact mouse embryos during whole-
embryo culture, BMSC differentiate into complex renal struc-
tures (9). Several studies showed recently that when BMSC are
injected into mice that are undergoing experimental models of
acute renal failure, stem cell derivatives are localized within the
renal parenchyma, and, under certain conditions, they help to
restore renal function (10–12). However, whether large num-
bers of extrinsic BMSC differentiate into functional renal cells in
vivo was questioned recently. A careful study measured com-
partmentalization of systemically injected BMSC into mouse
kidneys that were regenerating from postischemic injury (13).
These experiments showed that BMSC derivatives accounted
only for 11% of the proliferating epithelial cells of regenerating
tubules, whereas 89% of reparative epithelial cells were derived
from an intrinsic source. Moreover, �80% of the BMSC local-
ized to the interstitium, where they appeared to be profibrotic
and proinflammatory, actually worsening the recovery from
acute renal failure (13).

Several obstacles confront potential therapies using extrinsic
stem cells: Selection of appropriate cells, differentiation into
harmful phenotypes, and delivery into discrete tissue compart-
ments. Perhaps one reason that so many BMSC develop into
interstitial cells rather than tubular epithelium in postischemic
kidney is that this represents a default pathway adopted by the
majority of these cells. Alternatively, the interstitium may rep-
resent a more permissive environment for BMSC survival/
proliferation. One way to avert such difficulties may be to
condition or otherwise manipulate stem cells before their de-
livery in vivo. In this issue of the JASN, canine BMSC were
cultured on plastic, type I collagen matrices, or type IV collagen
NC1 hexamers and compared with the behavior of an immor-
talized podocyte cell line (14). Like the cultured podocytes,
BMSC expressed highest levels of �1, �2, and �5 chains of type
IV collagen and redistributed CD2AP into punctuate patterns
only when cells were cultured on NC1 hexamer substrates. The
authors conclude that culturing BMSC on type IV collagen
substrates, which resembles matrix ordinarily seen by podo-
cytes in vivo, promotes their partial differentiation in vitro into
a podocyte-like phenotype (14). Whether these cultured cells
could ever become functional podocytes in vivo is unknown,
but this in vitro conditioning strategy with stem cells clearly
underscores the importance of cell–matrix interrelationships in
achieving appropriate phenotypes.

Another approach involves enrichment of certain stem cells
from a larger, mixed pool. Considerable evidence has accumu-
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lated showing that BMSC and peripheral blood contain a rela-
tively small number of endothelial progenitor cells (EPC) that
express a restricted set of surface markers (CD31, CD34, and
vascular endothelial growth factor receptor 2, among others)
(15). Under certain conditions, these EPC-enriched fractions
from blood exhibit properties that are similar to those of em-
bryonic angioblasts and contribute to the endothelium of grow-
ing vessels and those that are undergoing repair. But these
findings, too, are controversial. For example, others have
shown that conditioned medium from BMSC/EPC and not the
cells themselves are important for certain vascular therapies
(16). Indeed, in mice with hind limb ischemia and reconstituted
green fluorescent protein (GFP)-positive bone marrow, GFP
cells did not co-localize with collateralizing endothelium or
smooth muscle but instead accumulated as monocytes/macro-
phages in vascular peripheries. Nevertheless, these experi-
ments have imposed some new thinking on roles for BMSC in
vessel repair. Rather than direct incorporation of BMSC into
endothelium, paracrine signals that are transmitted from stem
cell derivatives seem to promote vascular growth (16).

The accessibility and microanatomy of certain target organs
may present significant barriers to extrinsic stem cell therapy.
This may be particularly true for the nephron, which contains
dozens of morphologically and functionally distinct epithelial
cells, all separated from the vasculature by continuous sheets of
basement membrane. For stem cells that circulate in the blood
to reach nephron epithelia directly (including glomerular podo-
cytes), this basement membrane barrier would have to be
breached, which may lead to a number of poor outcomes.
Retrograde, ureteral administration of stem cells might result in
repopulation of collecting duct or distal tubular epithelial cells
but would require a long, tortuous journey to the proximal and
glomerular compartments.

Problems of extrinsic cell access might be overcome through
the stimulation of intrinsic stem cell beds, which of course exist
in bone marrow, as we have been discussing, but also in other
organs, including skin and gastrointestinal tract. A recent study
reported that the adult renal papilla harbors an apparently
large population of intrinsic stem cells (17). These cells were
identified after the administration of bromodeoxyuridine in
mice and shown to re-enter the cell cycle after ischemic injury.
Whether these papillary cells specifically are the primary or
sole source for cell renewal after renal injury remains to be
proved. Nevertheless, these intriguing results are also consis-
tent with evidence discussed earlier arguing for a primarily
intrinsic, not extrinsic, origin of cells in regenerating kidney
(13). Because these papillary stem cells are located in both
tubular epithelial and interstitial compartments, therapeutic
strategies that selectively stimulate either population may
make basement membrane transgression unnecessary. Indeed,
for kidney and other organ systems, technologies that target
intrinsic stem cells may be our best bet for developing realistic,
organotypic stem cell therapies in vivo.

Although intrinsic stem cells may ultimately prove to be an
optimal target for regenerative medicine, in many cases, these
cells are very poorly understood currently. Whether every or-
gan system contains such populations is not known, and how

to promote their differentiation selectively and otherwise ma-
nipulate them also are problematic. Therefore, much continued
work on the biology of ES cells and BMSC are clearly needed to
understand basic questions such as the composition and regu-
lation of their respective niches and control of mobilization,
proliferation, and differentiation of their derivatives. Among
other approaches, continued experimentation with these cells
through conditioning their microenvironment in vitro, such as
the provision of various culture substrates as discussed by
Perry et al. (14), should yield much valuable information on
mechanisms that dictate stem cell fate. All of this information
will be essential before the promises of stem cell research are
fulfilled.
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