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Abstract

Multipotent mesenchymal stromal cells from the bone marrow ameliorate acute kidney injury through a
mechanism other than transdifferentiation into renal tissue. Stromal cells exert immunoregulatory effects
on dendritic and T cells, both of which are important in the pathophysiology of immune-mediated kidney
injury. We hypothesized that similar cells with immunoregulatory function exist within the adult kidney.
We isolated murine kidney-derived cells with morphologic features, growth properties, and an
immunophenotype characteristic of mesenchymal stromal cells. These cells lacked lineage markers and
could be differentiated into mesodermal cell lineages, including osteocytes and adipocytes. Furthermore,
these kidney-derived cells induced the generation of bone marrow–derived dendritic cells with
significantly reduced MHC II expression, increased CD80 expression, increased IL-10 production and the
inability to stimulate CD4  T cell proliferation in allogeneic and nominal antigen-specific cultures.
Experiments in mixed and transwell cultures demonstrated that the production of soluble immune
modulators, such as IL-6, was responsible for these effects on dendritic cell differentiation and maturation.
Contact-dependent mechanisms, however, inhibited mitogenic T cell proliferation. In summary, kidney-
derived cells may suppress inflammation in the kidney in vivo; a better understanding of their biology
could have therapeutic implications in a wide variety of immune-mediated kidney diseases.

The kidney undergoes continuous, slow cellular turnover for tissue maintenance and rapid cell replacement
after injury, as evidenced by cellular proliferation and functional recovery after ischemic tubular
necrosis.  Considerable debate exists, however, over the origin of newly generated renal cells.  Bone
marrow (BM) contains at least two populations of progenitor cells: (1) Hematopoietic stem cells (HSCs),
which give rise to all differentiated blood cell types, and (2) multipotent mesenchymal stromal cells
(MSCs),  which differentiate into cells of mesodermal lineage. Early reports of injection of crude BM
preparations during acute kidney injury (AKI) seemed to demonstrate transdifferentiation and ability to
replace damaged tissue.  A subsequent study demonstrated that injection of BM-MSCs but not HSCs
was protective during AKI ; however, these cells seemed to ameliorate renal injury and accelerate repair
without localization to the kidney,  questioning their ability to regenerate renal tissue. Moreover, Bi et
al.  showed that passive transfer of conditioned medium from cultured BM-MSCs afforded the same
renoprotection, indicating humoral factors were sufficient to protect or to promote repair of injured
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nephrons. Effects of BM-MSCs or their conditioned medium on inflammation during AKI were not
addressed in these studies.

There is considerable evidence that human BM-MSCs exert immunoregulatory effects,  including
inhibition of dendritic cell (DC) alloantigen recognition and processing ; suppression of T cell
responses ; induction of regulatory T cells ; suppression of B lymphocyte proliferation and antibody
production ; and suppression of proliferation, cytokine production, and cytotoxicity of NK cells.  These
effects seem to be mediated, in part, through soluble factors.  Outside the BM, MSCs have been
identified in a variety of postnatal organs,  including kidney ; however, their
immunomodulatory properties are only beginning to be studied.  Dekel et al.  isolated MSCs from
mouse kidney that inhibited alloreactive CD8  T cell responses, although a comprehensive assessment of
their immunoregulatory properties was not performed. Given the importance of inflammation in the
pathophysiology of AKI,  the immunoregulatory properties of kidney-resident MSCs or their soluble
products may play a significant role in renoprotection.  In addition to AKI, these properties could be
important in other immune-mediated diseases, including glomerulonephritis, interstitial nephritis, and
allograft rejection.

T cells play a direct pathogenic role in renal dysfunction during AKI.  Although the antigen specificity
of these T cells is not known, it is implicit from these studies that T cell antigen-presenting cell (APC)
interactions occur after AKI and result in injury to the kidney. Dendritic cells (DCs) are potent APCs with
ability to induce tolerance or immunity and are positioned within the renal parenchyma to respond to
changes in the interstitial compartment.  During inflammation, steady-state DCs upregulate surface
expression of MHC class II and migrate to regional lymph nodes (LNs) to activate T cells. It has been
shown that AKI augments the capacity for DC-mediated T cell activation in the LNs of the kidney.
Furthermore, resident DCs seem to be the predominant “first responders” in secretion of TNF and other
inflammatory mediators active during AKI.  In nephrotoxic glomerulonephritis, focal DC accumulation
has been demonstrated within tubulointerstitial mononuclear infiltrates,  whereas more recent reports
indicated that renal DCs exert a renoprotective effect in this model.  Thus, efforts to ameliorate renal
damage during immune-mediated kidney diseases should address these important cell types.

The aim of this study was to determine whether multipotent mesenchymal stromal-like cells with
immunoregulatory function exist within adult kidney and to assess their effects on immune cells active
during kidney injury. Using a clinically applicable method reported for isolation and expansion of adult
human progenitor cells from endomyocardial biopsy specimens,  we identified a population of sphere-
derived cells from adult mouse kidney with characteristics of MSCs, including immunoregulatory effects
on BM-derived DCs and splenic T cells. Collectively, these data support the hypothesis that kidney
sphere–derived cells (KSCs) influence host immunity and may be responsible for suppressing local
inflammation in the kidney during immune-mediated kidney diseases.

RESULTS

Isolation, Expansion, and Characterization of KSCs

The KSC isolation and expansion technique is detailed in the Concise Methods section. Seven days after
minced kidney tissue was transferred to nutrient medium and firmly attached to fibronectin plates, the
mixed cells that spontaneously shed from the explants (Figure 1A) were harvested and transferred to
poly-D-lysine plates to generate spherical multicellular clusters. These kidney spheres emerged after 5
more days of culture and detached from the plates (Figure 1B). Floating spheres were isolated and plated
for expansion, and the resultant sphere-derived monolayer spindle-shaped cells were passaged at 4- to 8-d
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intervals (Figure 1C).

Flow cytometric analysis of surface markers is shown in Table 1. KSCs expressed a combination of classic
stem cell antigens including Sca-1 (90%), CD34 (41%), and CD24 (52%) but not CD117, CD31, CD90, or
CD133. In addition, KSCs stained positive for MSC markers such as CD29 (95%), CD44 (75%), CD105
(67%), CD166 (56%), CD106 (50%), CD49e (32%), CD73 (28%), Stro-1 (21%), and CD13 (5%). Slight
expression of MHC class I (15%) was also detected. No expression of leukocyte markers CD45 (leukocyte
common antigen), CD3 (pan T cell), CD4, CD8, CD19 (B cell), CD45R/B220 (B cell), CD11c (DC),
Ly-6G (granulocyte), co-stimulatory molecules, or MHC class II could be demonstrated. Expression of
mesenchymal markers, vimentin, α-smooth muscle actin, and fibronectin (weak; Figure 1D, E, and F,
respectively) but not epithelial cell markers cytokeratin or ZO-1 (data not shown) could be detected by
immunofluorescence. Markers expressed on renal tubular cells, including CD326 (EpCAM) or MUC1
(Mucin), were not detected using freshly harvested renal cells as positive control. Immunophenotype
analysis of BM-MSCs obtained for comparison was consistent with that reported in the literature  and
very similar to that of KSCs (Figure 1, G through I; Table 1).

We found that KSC expression of Sca-1 increased from 40 to 60% at passage 2 to 90% by passage 3 or
higher. Purified Sca-1  KSCs (>99% purity) from passage 2 showed significantly slower cell expansion
when compared with Sca-1  cells (Figure 2). Moreover, with later passages, Sca-1  cells became positive,
suggesting either acquisition of this antigen over time or, alternatively, a selective advantage of
contaminating Sca-1  cells in our culture conditions.

In Vitro Differentiation Capacity

To examine their differentiation capacity, we cultured KSCs under conditions favorable for osteogenesis or
adipogenesis. After 3 to 4 wk, KSCs transformed into mineralized nodules staining positive for Alizarin
Red (osteogenesis). Likewise, cytoplasmic accumulation of oil droplets stained with Oil Red O, indicating
adipogenesis (Figure 3). Staining was absent on control KSCs grown in standard KSC medium (data not
shown).

KSCs Induce the Differentiation of BM-Derived DCs with Reduced MHC Class II and Increased CD80
Expression

To address whether KSCs altered DC differentiation from BM cells, we cultured KSCs pretreated with
mitomycin to inhibit their proliferation with C57BL/6 BM cells in the presence of GM-CSF/IL-4, as
described in the Concise Methods section. When added to incipient DC transwell cultures (day 0), KSCs
significantly increased (1) DC frequency (CD11c  percentage of total live cells) and (2) DC number
(absolute CD11c  cells per well; Figure 4). No difference in DC necrosis (7-AAD ) was observed between
cultures (12.5 ± 0.6 versus 12.6 ± 2.5%; NS), indicating KSCs induced DC differentiation from BM
precursors rather than preventing DC death. Negligible DC differentiation (<1% CD11c  cells) was
observed in any cultures without GM-CSF/IL-4. Likewise, control experiments with KSCs cultured alone
with GM-CSF/IL-4 showed no differentiation into CD11c  cells (data not shown).

To determine whether KSCs modulated DC activation/maturation, we assessed expression of MHC class
II, CD80, and CD86. KSCs treated DCs were characterized by significantly reduced MHC class II (
Figure 5A) and increased CD80 (Figure 5B) expression before and after LPS stimulation. In separate
experiments, DCs were isolated from KSC-DC co-culture and recultured alone for 2 more days. Removal
of DCs from the KSC co-culture milieu failed to reverse the KSC effect on DC MHC class II (Figure 5C)
and CD80 (Figure 5D) expression, even after LPS stimulation. Furthermore, analysis of culture
supernatants from these LPS-stimulated DCs revealed significantly higher IL-10 levels compared with
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control (135.7 ± 12.4 versus 46.1 ± 6.9 pg/ml; P < 0.01). When added to later DC culture (day 5), KSCs
induced significant but less dramatic effects (Figure 5, E and F) at baseline, although significance was lost
after LPS stimulation. Effects of KSCs on DC CD86 expression were equivocal (data not shown). Separate
experiments with mitomycin added to control wells showed no significant differences, ruling out an effect
of this compound (data not shown). Statistically significant but relatively small differences were
demonstrated between mixed and transwell culture systems (Figure 5, A and B), indicating that although
cell–cell contact mechanisms may be contributory, soluble factors clearly predominate. Furthermore,
addition of conditioned medium from KSC culture to incipient DC culture mirrored the findings seen with
KSC-DC co-culture (Figure 6, A and B). Thus, KSCs exert immunomodulatory effects early during DC
differentiation that seem predominately due to soluble factors, yielding an IL-10–producing DC with very
low expression of MHC class II.

Effect of KSCs on DC Phenotype Is Partially Due to an IL-6–Dependent Mechanism

In an effort to identify the soluble factor(s) responsible for the effects on DC differentiation, we performed
analysis of KSC-DC co-culture supernatants, with selection of candidate proteins based on previous
BM-MSC studies showing them to be active or upregulated.  Results revealed a large increase in
vascular endothelial growth factor (VEGF), IL-6, and IL-1α, with a reduction in IL-12 concentrations
compared with control DC culture (Figure 7A). KSCs cultured alone revealed heavy VEGF and IL-6 but
negligible IL-1α production (Figure 7B), suggesting that KSCs did not produce but rather induced IL-1α
production from cells in DC culture. Addition of neutralizing antibodies to VEGF, VEGF receptors 1 and
2, and IL-1α individually or in combination failed to reverse the KSC effect, although a small but
significant diminution was demonstrated after neutralization of IL-6 (Figure 7C). Thus, KSC effects on
DC MHC class II and CD80 surface marker expression seem to be partially due to an IL-6–dependent
mechanism, although additional soluble factors contribute.

KSCs Inhibit the T Cell Stimulatory Capacity of BM-Derived DCs

To investigate the effects of KSCs on DC stimulatory capacity, we purified LPS-treated C57BL/6 DC from
transwell KSC-DC co-cultures and mixed them with purified carboxyfluorescein diacetate succinimidyl
ester (CFSE)-labeled CD4  splenic T cells from (1) BALB/c mice (allogeneic MLR) or (2) transgenic
OT-II mice on syngeneic C57BL/6 background in the presence of OVA323-339 (nominal antigen-specific
T cell response). Results showed that DCs from KSC-DC transwell co-cultures stimulated allogeneic (
Figure 8A) and nominal antigen-specific T cell proliferation (Figure 8B) poorly compared with control
DC. The small amount of OT-II transgenic T cell proliferation observed in the KSC-DC group is consistent
with that observed with OVA323-339 peptide alone (KSC-DC versus OVA peptide alone 16 ± 0.8 versus
15 ± 1.7%; P = 0.41) and thus reflects proliferation stimulated by contaminating OT-II APCs or
autopresentation of peptide in a T cell–to–T cell manner, rather than KSC-DC stimulation. Addition of
blocking anti-CD80 antibody abrogated KSC-DC–mediated T cell suppression in allogeneic cultures
(control versus anti-CD80 9.7 ± 3.6 versus 44.1 ± 1%; P < 0.01), arguing for involvement of the increased
KSC-DC CD80 expression mechanistically in the observed suppression.

Because antigen uptake is a critical DC biologic function, we evaluated the ability of KSC-DCs to perform
this function in vitro. Isolated KSC-DCs were analyzed by flow cytometry after culture with
FITC-albumin (macropinocytosis) or FITC-dextran (mannose receptor–mediated endocytosis). Results
showed KSC-DCs to have increased antigen uptake ability compared with control DCs, consistent with
their more immature state (Figure 9A). We next analyzed whether KSC-DCs inhibited T cell proliferation
via proapoptotic effects. Proliferation and apoptosis were measured using double staining with CFSE and
Annexin V after 2 and 4 d of culture. Consistent with the data presented in Figure 8, CFSE-labeled T cells
proliferated significantly less in allogeneic and nominal antigen-specific cultures at 4 d after stimulation by
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KSC-DCs compared with control DCs (Figure 9Bi). Low level, presumably activation-induced, apoptosis
(4 to 5%) was demonstrated in control DC-stimulated cultures at this same time point; however, negligible
apoptosis was noted in KSC-DC–stimulated cultures, arguing against this process as a mechanism for
inhibition of T cell proliferation. Finally, KSC-DCs did not prevent T cell activation, because the vast
majority of T cells in either culture system expressed CD25 and CD69 2 d after stimulation (Figure 9B, ii
and iii, respectively). Loss of CD69 expression occurred by day 4 in all cultures but was more pronounced
after control DC stimulation, consistent with more proliferation in that group. Thus, KSCs inhibit the
ability of DCs to stimulate T cell proliferation but not by impairing their ability to process or present
antigen to T cells.

KSCs Directly Inhibit T Cell Proliferation by a Contact-Dependent Mechanism

To determine the direct effects of KSC on T cell proliferation, we added KSCs to mitogen-stimulated
CFSE-labeled splenic CD4  T cell cultures. In these experiments, KSCs significantly reduced T cell
proliferation (Figure 10A). Interestingly, addition of conditioned medium from KSC culture failed to
inhibit T cell proliferation (Figure 10B). Thus, in contrast to the inhibitory effects of soluble factors on
DC-induced T cell proliferation, these results suggest a requirement for cell–cell contact between KSC and
T cells for direct T cell suppression.

DISCUSSION

Several groups have isolated multipotent mesenchymal stromal cells from adult mammalian organs,
including kidney.  In our study, we used a technique  that requires no antigen selection step and
uses the emerging kidney spherical multicellular clusters from initial culture as the basis for cell
expansion. This approach provides consistent starting material for cell expansion and minimizes fibroblast
contamination, because only nonadherent kidney spheres are plated to generate KSCs. Multilineage
differentiation was demonstrated by KSCs into cells of mesodermal lineage, including osteocytes and
adipocytes, a well-described characteristic of MSCs. Analysis of KSC surface markers in parallel with
BM-MSCs from the identical mouse strain revealed a similar profile. Likewise, KSC surface marker
expression is consistent with that of kidney-derived MSC reported by others,  although Dekel et
al.  noted no expression of CD44. Interestingly, KSC Sca-1 positivity increased with successive passages
to >90% by passage 3, as described previously for BM-MSCs.  As with all reports for mouse kidney-
derived MSCs, KSCs were negative for hematopoietic progenitor cell markers, including c-kit, CD133,
and CD31. Thus, the KSC immunophenotype is consistent with that reported for MSCs. Dekel et al.
identified Sca-1  cells in the kidney interstitium in close proximity to but separate from tubules, most
notably in the renal papilla. This region has been suggested previously as a niche for stem/progenitor cells
in the adult kidney.  Although it was not the focus of our report to detect KSCs in situ in the kidney, the
surface marker analysis suggests a nontubular origin, because no renal tubular markers could be detected.
Our report does not answer the question of whether KSCs are derived from progenitors within the kidney
or, alternatively, are continuously replenished from BM stores; however, we do not believe KSCs represent
MSC contamination from blood, because kidneys were perfused extensively before culture, and cells
clearly shed from tissue explants in culture. Furthermore, using our technique, KSC could not be expanded
from peripheral blood, consistent with previous studies that were similarly unable to culture MSCs using
standard techniques.  Finally, donor-derived MSCs have been isolated from allografts >10 yr after
transplantation, arguing for a resident progenitor.

Numerous studies have confirmed that human and mouse BM-derived MSCs hold immunomodulatory
properties.  Although the report by Dekel et al. demonstrated inhibition of alloreactive CD8  T cell
proliferation, no study has addressed in a comprehensive manner the immunomodulatory properties of
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kidney-derived MSCs, including effects on DCs. Given the importance of both DC and T cells in the
pathophysiology of acute kidney injury,  we evaluated the immunologic effects of KSCs on these
populations. In our experiments, KSCs promoted the differentiation of DCs from BM precursor
characterized by a phenotype with significant reduction of MHC class II and, interestingly, increased
CD80 expression. KSC-DCs were refractory to maturation with LPS, even after removal from co-culture,
and produced increased IL-10. Although KSC addition to later DC culture also produced an altered DC
phenotype with low MHC class II expression, the effect was less pronounced, and maturation occurred
normally after stimulation with LPS. Thus, KSCs seem to act early during the differentiation of DCs from
BM precursors to maintain DCs in an immature or “semimature” state, a phenotype associated with
immunoregulation and self-tolerance.

Several recent studies examined the effects of human BM-MSCs on DC differentiation and maturation
from DC precursors, including adult peripheral blood monocytes  and CD34  cells isolated from
umbilical cord blood  or adult peripheral blood.  In these reports, human BM-MSCs inhibited rather
than promoted the differentiation from precursors and yielded a DC phenotype with reduced expression of
MHC class II but also reduced CD80. English et al.  demonstrated that mouse BM-MSCs inhibited the
upregulation of MHC class II during TNF-α–driven BM-derived DC maturation. In their report, effects on
DC differentiation from BM precursors were not studied, and DC surface expression of CD80 was not
reported. In direct contrast to our findings, Djouad et al.  found that mouse BM-MSC–conditioned
medium inhibited BM-derived DC differentiation and reduced CD80 expression; however, the conditioned
medium was obtained by co-culture of BM-MSCs with splenocytes, whereas, in our experiments, KSCs
were cultured alone. Thus, our findings that mouse KSC induced differentiation of BM-derived DCs with
increased CD80 expression may reflect species-specific differences, the type of culture system or DC
progenitor used, but also differential properties of kidney versus BM-MSC. Admittedly, our findings are
limited to in vitro cultures using BM-derived DC and, therefore, may not reflect in vivo effects on renal
DCs; however, considerable debate exists over the origin of peripheral organ DCs,  and a recent report
identified both resident and infiltrating (presumably BM-derived) DC populations during AKI.  Thus, our
results may indicate an organ-specific role for KSCs in the differentiation and recruitment of tolerogenic
DCs from the BM to the kidney during injury. Our findings that soluble factors were active in DC
immunomodulation support such an endocrine mechanism.

The mechanisms by which MSC modulate DC differentiation and maturation have not been elucidated
fully. Studies of human BM-MSCs suggest immune hyporesponsiveness is mediated in part through
soluble factors.  Our transwell experiments clearly demonstrated that soluble factors predominate
in altering DC phenotype, which was further confirmed by the KSC-conditioned medium transfer
experiments. Reports in both humans and mouse have demonstrated a role for IL-6 in MSC modulation of
DC function.  We noted that KSCs cultured alone produce IL-6, although neutralization of this
cytokine during KSC-DC co-culture only partially inhibited the KSC effect on DC phenotype. Thus, KSC
modulation of DCs likely involves the contribution of additional soluble factors, as has been suggested for
BM-MSCs.

In addition to modulation of DC differentiation and maturation, KSCs inhibited DC-stimulated T cell
proliferation in both allogeneic and nominal antigen-specific culture systems, consistent with the findings
of English et al.  using mouse BM-MSCs. Inhibition of DC-induced T cell proliferation was not due to
impaired DC antigen uptake, and antigen presentation remained intact, as the majority of T cells expressed
markers of activation after culture with KSC-DCs in both culture systems. Neither was the inhibition of T
cell proliferation explained by greater apoptosis of the responder population in KSC-DC cultures,
suggesting either T cell anergy or regulatory phenomena. Blocking antibody to CD80 abrogated KSC-DC–
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mediated T cell suppression. Recent studies demonstrated that indoleamine 2,3 dioxygenase–dependent
DC suppression of T cells is mediated by CTLA4-B7 engagement.  Thus, KSC-DC upregulation of
CD80 may indicate an indoleamine 2,3 dioxygenase–dependent mechanism is active. Finally, when added
directly to T cell culture, KSCs inhibited proliferation after mitogen stimulation. Interestingly, no
inhibition could be demonstrated after addition of KSC-conditioned medium alone. Thus, KSCs indirectly
inhibited T cell proliferation via contact-independent effects on DC function while directly inhibiting T
cells via contact-dependent mechanisms.

In conclusion, we show that KSCs exert immunoregulatory effects on DCs and T cells in vitro. A possible
role of KSCs in vivo may be to suppress local inflammation in the kidney after injury, allowing subsequent
repair of renal tissue. In a recent clinical study, infusion of BM-MSCs successfully treated severe, steroid-
resistant graft-versus-host disease after hematopoietic stem cell transplantation.  Our findings raise the
possibility of KSC manipulation in vivo or expansion ex vivo for use therapeutically in a wide variety of
immune-mediated kidney diseases, including glomerulonephritis, interstitial nephritis, and allograft
rejection.

CONCISE METHODS

Animals

Six-week-old male C57BL/6, BALB/c, and TCR transgenic OT II mice were purchased from the Jackson
Laboratory (Bar Harbor, ME) and housed under specific pathogen-free conditions, according to
institutional guidelines. Protocols were approved by the Johns Hopkins University Animal Care and Use
Committee.

Isolation and Expansion of Adult Mouse Kidney Sphere–Derived Cells

We used a technique modified from that previously described for human cardiac sphere–derived cells  to
generate mouse KSCs. Briefly, under sterile conditions, adult C57BL/6 mouse kidneys were first perfused
in situ with PBS to remove contaminating blood cells, then harvested and removed of vessels and
connective tissue. Kidneys were then minced, partially digested with collagenase IV (Sigma, St. Louis,
MO) for 45 min at 37°C, and placed as explants on fibronectin-coated plates. After several days, mixed
cell types arose from adherent tissue explants. Once confluent, these cells were harvested by gentle
enzymatic digestion and seeded on poly-D-lysine–coated plates (Sigma) at 4 × 10  cells/ml in medium
containing Iscove's Modified Dulbecco's Medium (IMDM), 20% FBS, 2-mercaptoethanol, L-glutamine,
and penicillin-streptomycin (PSN). Several days later, cells remaining adherent to the plates were
discarded to minimize contamination with other cells (e.g., fibroblasts, epithelial cells), whereas detached
floating kidney spheres were plated on fibronectin-coated flasks and expanded as monolayers. This
postkidney sphere expansion step allowed for the generation of large numbers of KSCs for
experimentation. KSC-conditioned medium was harvested after 5 d of culture for cytokine analysis and
transfer experiments. Flow cytometry and immunofluorescence microscopy were used to characterize KSC
phenotype, as described in the next section. KSCs within 14 passages were used for experiments, with
strict interbatch quality control measures established. Sca-1  and Sca-1  KSCs were isolated from KSCs
within passage 2 using flow sorting (BD VantageSE). Equal numbers of Sca-1  and Sca-1  cells were then
plated at 2 × 10  cells/cm  in individual wells and harvested every day for 4 d, stained with trypan blue,
and counted manually.

Differentiation Cultures

KSCs were plated in 25-cm  flasks until confluence in standard KSC medium. For osteogenesis, culture
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medium containing IMDM, 10% FBS, 10% horse serum (Invitrogen, Carlsbad, CA), PSN, 2 mM
L-glutamine, 20 mM β-glycerol phosphate (Sigma), 50 ng/ml thyroxine (Sigma), 1 nM dexamethasone
(Sigma), and 0.5 µM ascorbate 2-phosphate (Sigma) was used. The medium was changed twice weekly for
4 wk. Cells were fixed with 10% formalin for 20 min at room temperature and stained with Alizarin Red
(Sigma) for 20 min. For adipogenesis, KSCs were incubated in medium containing IMDM, 10% FBS,
10% horse serum, PSN, 2 mM L-glutamine, 5 µg/ml insulin (Sigma), 50 µM indomethacin (Sigma), 1 µM
dexamethasone, and 0.5 µM 3-isobutyl-1-methylxanthine (Sigma). The medium was changed twice
weekly for 3 wk. The cells were fixed with 10% formalin for 20 min at room temperature and stained with
0.5% Oil Red O (Sigma) in isopropyl alcohol/PBS for 20 min.

Culture of BM Mesenchymal Cells

BM mesenchymal stem cells from C57BL/6 mice were obtained from the Tulane Center for Gene Therapy,
Tulane University (New Orleans, LA). Cells were expanded in medium containing IMDM, 10% FBS, 10%
horse serum, PSN, and L-glutamine as described previously.

BM-Derived DC Culture

BM-derived DCs were generated as described previously.  Briefly, BM cells from C57BL/6 mice were
cultured for 5 d in RPMI 1640 with 10% FBS, L-glutamine, 2-mercaptoethanol, PSN, mouse GM-CSF
(500 U/ml), and mouse IL-4 (500 U/ml). Half of the supernatant was replaced with fresh cytokine-
containing medium every other day. LPS (1 µg/ml) was added for an additional 24 h to induce DC
activation/maturation. To study the effect of KSCs on DC differentiation and maturation, we treated KSCs
with mitomycin (50 µg/ml) at 37°C for 30 min to inhibit their proliferation, washed, and added into DC
culture at different time points (KSC:DC at 1:10 ratio) using Corning Transwell (pore size 0.4 µm; no cell
contact; Corning T, Lowel) or mixed chamber systems (cell–cell contact). KSC-conditioned medium was
added into DC culture at various concentrations to study the influence of KSC-soluble product, with
culture media alone serving as control. DCs were identified as CD11c  cells, with apoptosis/necrosis
(7-AAD, Annexin V), differentiation (percentage of total cells and absolute number), and
activation/maturation (MHC class II, CD80, CD86) analyzed by flow cytometry.

DC-Stimulated T Cell Responses

Magnetic bead separation (Miltenyi Biotec, Auburn, CA) was used to isolate CD11c  DCs from KSC:DC
co-cultures and CD4  T cells from mouse spleen and LNs. Purity of isolated fractions was consistently
approximately 90% for DCs and >95% for CD4  T cells. Isolated DCs were co-cultured with
CFSE-labeled CD4  T cells from BALB/c (allogeneic response) in the presence of low dosage anti-CD3
(1 µg/ml) or from TCR-transgenic OT II mice (C57BL/6 background) in the presence of OVA323-339
(400 ng/ml; nominal antigen-specific response) at a ratio of 1:5 (DC:T) for 2 to 5 d. T cell phenotype and
function were characterized using flow cytometric analysis of viability (7-AAD  = necrosis; 7-AAD  and
Annexin V  = apoptosis), proliferation (percentage of cells exhibiting CFSE fluorescence dilution), and
surface markers of activation (CD25, CD69).

Antigen Uptake Assay

Quantitative analysis of DC endocytosis was performed as described previously,  with minor
modifications. KSC-conditioned medium was added to incipient BM-derived DC culture (ratio 1:1), with
DCs harvested on day 5. To study constitutive macropinocytosis or mannose receptor mediated
endocytosis, we incubated 5 × 10  DCs with 5 µg/ml FITC-albumin (Sigma) or 0.1 mg/ml FITC-dextran
(MW 42000; Sigma), respectively, at either 37 or 4°C (as negative control) for 1 h. Endocytosis was
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stopped by cold wash in 0.1% sodium azide/1% FBS/PBS. Cells were stained with anti-CD11c and
7-AAD, followed by flow cytometric analysis.

Anti-CD3/CD28–Stimulated T Cell Responses

To study the direct effect of KSCs on T cells, we stimulated CFSE-labeled CD4  T cells from C57BL/6
mice with anti-CD3 (25 µg/ml) and anti-CD28 (1 µg/ml) and co-cultured them with KSCs (KSC:T as
1:10) or KSC-conditioned medium (KSC-CM:T cell culture medium at 1:1 or 1:10) for 2 to 5 d. T cell
proliferation was assessed as described already.

Flow Cytometric Analysis

Cells were subjected to flow cytometric analysis using a FACScalibur flow cytometer (Becton Dickinson,
Mansfield, MA). Data were analyzed using the FCS Express analysis software (De Novo, Los Angeles,
CA). Fluorochrome-conjugated antibodies against the following mouse cell surface antigens (as well as
relevant isotype controls) were purchased from BD Pharmingen (San Diego, CA) and eBioscience, Los
Angeles, CA, unless specifically mentioned: CD3ɛ chain (145–2C11), CD4 (L3T4; RM4-5), CD8 (Ly-2;
53-607), CD11b (Mac-1 α chain; M1/70), CD11c (Integrin a  chain; HL3), CD13 (R3-242), CD19 (1D3),
CD25 (IL-2 receptor α chain; HL3), CD29 (Integrin β1; eBioHMb1-1), CD31 (PECAM-1; MEC 13.3),
CD34 (RAM34), CD44 (H-CAM; IM7), CD45 (Ly-5; 30-F11), CD45R (B220; RA3-6B2), CD54
(ICAM-1; 3 E2), CD55 (DAF; RIKO-5), CD69 (VEAA; H1.2F3), CD80 (B7–1; 16-10-A1), CD86 (B7-2;
GL-1), CD90 (Thy1.2; OX-7), CD105 (Endoglin; MJ7/18), CD117 (C-kit; 2B8), CD133 (Prominin 1;
13A4), CD166 (ALCAM; eBioALC-48), MHC class II (I-A/I-E; M5/114.15.2), Sca-1 (Ly6-6A/E; D7),
TCRβ (H57-597), CD49e (5H10-27), CD73 (TY/23), CCR7 (4B12), Ly-6G (1A8), CD62L (MEL-14),
CD106 (429), CD24 (C57BL/10), MHC I H2-K  (CTKb; Abcam), MUC1 (EP1024Y; Abcam, Cambridge,
MA), Stro-1 (Stro-1; Invitrogen), Ep-CAM (G8.8), mouse anti-Armenian and Syrian hamster IgG, and
mouse anti-rat IgG2a. Gates were established on live cells by 7-AAD negative fluorescence.

Immunocytochemistry

Cell slides were fixed in 4% paraformaldehyde, permeabilized with Triton X-100, and blocked with 5%
BSA. Slides were then incubated with primary antibodies overnight at 4°C, washed, and incubated with
secondary fluorochrome-conjugated antibodies for 1 h at room temperature. Nuclei were counterstained
with DAPI and viewed under a Nikon Eclipse E600 microscope (Nikon, Melville, NY). The following
antibodies were used: Rabbit anti–α smooth muscle actin (1:100 dilution; Abcam), mouse anti-vimentin
(1:50 dilution; BD), mouse anti-fibronectin (1:100 dilution; BD), rabbit anti-ZO1 (1:50 dilution; Abcam),
FITC mouse anti-cytokeratin (1:100 dilution; Sigma), FITC goat anti-mouse IgG (1:100 dilution; Sigma),
and FITC goat anti-rabbit IgG (1:100 dilution; Santa Cruz Biotechnology, Santa Cruz, CA). For directly
conjugated primary antibodies, fluorescently labeled isotype antibodies were used as a negative control.
For all other immunocytochemistry staining, a negative control was run using the same technique but
omitting the primary antibody while adding the labeled secondary antibody.

Cytokine Measurement

Supernatants from cell cultures were subjected to cytokine analysis, by either ELISA or Bio-Plex
multiplex cytokine detection system, according to the manufacturer's protocol (Bio-Rad, Hercules, CA).

Statistical Analysis

Data are presented as mean ± SD. Results shown are representative of at least three independent
experiments. Statistical comparisons between groups were performed by t and ANOVA tests, where
appropriate. P < 0.05 was deemed significant. Analysis was accomplished using SigmaStat 3.5 (Systat

+
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Software Inc., San Jose, CA).
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Figure 1.

Isolation, expansion, and characterization of KSCs. (A) Edge of kidney explant 7 d after plating on fibronectin, showing
mixed cell types. (B) Formation of kidney spherical multicellular cells 5 d after transfer of mixed cells to poly-D-lysine
plates. (C) KSCs during passage 2, plated on fibronectin for expansion. Analysis of KSCs (D through F) and BM-MSCs
(G through I) by fluorescence microscopy on whole mount for α-smooth muscle actin (D and G), vimentin (E and H), and
fibronectin (F and I), double stained with DAPI. Magnifications: ×10 to 20 in A through C; ×20 in D through I.



Figure 2.

Sorting and expansion of Sca-1  or Sca-1  KSCs. (A) Representative FACS plot showing Sca-1  and Sca-1  cells in
passage 2 before flow sorting. (B) Equal numbers of purified Sca-1  and Sca-1  cells were cultured and counted daily.
Cell expansion was calculated as the daily cell number divided by the initial cell number.
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Figure 3.

KSC differentiation capacity. KSCs were incubated with osteogenic or adipogenic culture medium for 3 to 4 wk. KSC
differentiation to osteocytes or adipocytes was assessed by Alizarin Red and Oil Red O staining, respectively.



Figure 4.

Generation of BM-derived DCs in the presence of KSCs. (A and B) Addition of KSCs to transwells of incipient DC
culture (day 0) markedly induced the differentiation of DC (CD11c ) from BM cells, as determined by percentage of total
live cells (7-AAD negative; A) and absolute DCs per well(B). **P < 0.01 versus control wells.
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Figure 5.

DC expression of MHC class II and CD80 after KSC-DC co-culture. (A through D) Significantly decreased MHC class II
and increased CD80 expression were noted on DCs with and without LPS stimulation compared with control after KSC
addition to incipient DC culture (day 0) and analysis on day 5 (A and B) or KSC addition to incipient DC culture but DC
removal at day 6 and re-culture for 2 more days before analysis (C and D). (E and F) After KSC addition to late DC
culture (day 5), these same effects were demonstrated on DCs at baseline but were less pronounced after LPS stimulation.
**P < 0.01 versus control wells.



Figure 6.

DC generation and expression of MHC class II and CD80 after addition of KSC-conditioned medium (CM). (A and B)
When added to incipient DC culture, KSC-CM induced the differentiation of DC (absolute CD11c  cells per well; A) with
decreased MHC class II and increased CD80 expression (B) in a dosage-dependent manner compared with wells after
addition of control medium alone. Ratio of KSC-CM:control medium at 1:1, 1:10, and 1:100.
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Figure 7.

Analysis of cytokine data. (A) Supernatants from KSC-DC co-culture after 5 d demonstrated significantly increased
VEGF, IL-6, IL-1α and decreased IL-12 concentrations compared with control DC cultures. (B) Analysis of supernatants
from culture of KSCs alone (KCM) revealed increases in VEGF and IL-6 but not IL-1α levels. (C) Neutralizing
antibodies to VEGF, VEGF receptors 1 and 2, and IL-1α individually or in combination failed to reverse the effects on DC
surface MHC class II and CD80 expression after KSC-DC co-culture, although a small but statistically significant effect
was demonstrated after neutralization of IL-6. **P < 0.01 versus control wells; ##P < 0.01, #P < 0.05 versus KSC wells.



Figure 8.

KSC-DC stimulated T cell proliferation. (A and B) LPS-stimulated C57BL/6 KSC-DCs or control DCs were isolated
from transwell co-culture on day 5 and mixed with CFSE-labeled CD4  BALB/c T cells (allogeneic response; A) or OT-II
transgenic T cells plus OVA323-339 peptide (nominal antigen antigen-specific response; B). Proliferation is expressed as
percentage mitosis, as determined by loss of CFSE fluorescence by flow cytometric analysis. Proliferation was
significantly less with KSC-DC versus control DC stimulators in either culture system. **P < 0.01 versus control wells.
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Figure 9.

Effects of KSCs on DC antigen uptake and DC-mediated T cell apoptosis/activation. (A) Isolated KSC-DCs or control
DCs were analyzed by flow cytometry after culture with FITC-labeled albumin (constitutive macropinocytosis; i) or
FITC-labeled dextran (mannose receptor-mediated endocytosis; ii). Significantly increased uptake for both molecules



could be demonstrated in KSC-DCs versus control DCs. (B) After co-culture of C57BL/6 KSC-DCs or control DCs with
CFSE-labeled BALB/c T cells (Allo T) or syngeneic OT-II transgenic T cells plus OVA323-339 peptide (OTII T), cells
were stained on day 2 or 4 with Annexin V (gate = 7AAD CD4  cells; i) or APC-conjugated CD25 (ii) and
PE-conjugated CD69 (gate = CD4  cells; iii) and analyzed by flow cytometry. No significant increase in apoptosis could
be demonstrated in T cells stimulated by KSC-DCs versus control DCs in either culture system. T cell activation markers
CD25 and CD69 were upregulated on the majority of T cells at day 2 and remained upregulated by day 4 in the case of
CD25. Loss of CD69 occurred by day 4 to a larger degree in control DC- versus KSC-DC–stimulated T cells.
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Figure 10.

Direct effects of KSCs on anti-CD3/CD28–stimulated T cell proliferation. CFSE-labeled isolated CD4  splenic T cells
were stimulated with anti-CD3/CD28, and proliferation was assessed by loss of fluorescence on day 5. (A) Addition of
KSCs directly to culture significantly inhibited T cell proliferation. (B) Addition of KSC-CM failed to inhibit T cell
proliferation. **P < 0.01 versus control wells.

+



Table 1.

Immunophenotype of KSC and BM-MSC

Nomenclature Cell Type or Molecule Name

Detection

KSC BM-MSC

CD29 Integrin ß1 +++ +++

Sca-1 Stem cell antigen +++ +++

CD105 Endoglin ++ +++

CD44 HCAM, Pgp-1, Ly-24 ++ ++

CD34 Mucosialin ++ ++

CD49e Integrin α5 ++ ++

CD73 Ecto-5′-nucleotidase ++ ++

CD24 Heat-stable antigen ++ +

Stro-1 Stromal cell ++ +

CD166 ALCAM ++ −

CD106 VCAM-1 ++ +

H-2K MHC I + +

CD13 Aminopeptidase N + −

CD3e Pan T cell − −

CD4 Helper T cell − −

CD8a Cytotoxic T cell − −

CD11c Dendritic cell − −

CD19 Pan B cell − −

CD25 IL-2 receptor − −

CD31 PECAM-1 − −

CD45 Leukocyte common marker − −

CD45R/B220 B cell − −

CD54 ICAM-1 − −

CD62L L-selectin − −

CD86 B7-2 co-stimulator − −

CD90.2 Thy-1 − −

CD117 c-Kit − −

CD133 Prominin 1 − −

CD197 CCR7, EBI-1 − −

CD326 EpCAM − −

IA/IE MHC II − −

LT-α Lymphotoxin α − −

Ly-6G Granulocytes − −

a

b



Nomenclature Cell Type or Molecule Name

Detection

KSC BM-MSC

MUC1 Mucin − −

Mouse KSCs and BM-MSCs were analyzed by FACS using a panel of antibodies with proper isotype
controls. The expression of individual molecules was scored as follows: −, 0 to 2% positive; +, 2 to 20%
positive; ++, 20 to 80% positive; and +++, >80% positive.
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