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Over 100,000 patients in the United States are currently waiting for a kidney transplant.

With just over 10,000 cadaveric kidneys transplanted annually, it is of the utmost

importance to optimize kidney viability upon transplantation. One exciting avenue may

be xenotransplantation, which has rejuvenated interest after advanced gene editing

techniques have been successfully used in swine. Simultaneously, acute kidney injury

(AKI) is associated with high morbidity and mortality and currently lacks effective

treatment. Animal models have been used extensively to address both of these issues,

with recent emphasis on renal progenitor cells (RPCs). Due to anatomical similarities to

humans we aimed to examine progenitor cells from the renal papillae of swine kidneys. To

do this, RPCs were dissected from the renal papillae of healthy swine. Cell surface marker

expression, proliferation, and differentiation of the RPCs were tested in vitro. Additionally,

a mixed lymphocyte reaction was performed to examine immunomodulatory properties.

RPCs displayed spindle shaped morphology with limited self-renewing capacity. Isolated

RPCs were positive for CD24 and CD133 at early passages, but lost expression with

subsequent passaging. Similarly, RPCs displayedmyogenic, osteogenic, and adipogenic

differentiation capacities at passage 2, but largely lost this by passage 6. Lastly, direct

contact of RPCs with human lymphocytes increased release of IL6 and IL8. Taken

together, RPCs from the papilla of porcine kidneys display transient stem cell properties

that are lost with passaging, and either represent multiple types of progenitor cells, or a

multipotent progenitor population. In instances of ischemic insult, augmentation of/with

RPCs may potentiate regenerative properties of the kidney. While the use of swine for

transplantation and ischemia studies confers obvious advantages, the populations of

different progenitor cell populations within pig kidneys warrants further investigation.

Ultimately, while gene editing techniques enhance the potential for xenotransplantation

of organs or cells, the ultimate success of this strategy may be determined by the

(dis)similarities of RPCs from different species.
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INTRODUCTION

While roughly 17,000 kidney transplants are performed annually
in the United States, over 100,000 Americans are currently
waiting for a kidney transplant (1). With such a paucity of donor
kidneys, there is a great need to maximize organ preservation
in order to prevent rejection and improve long term outcomes
post-transplantation (2). To realize these optimal conditions in
the face of precious few human kidneys, both small (3) and large
(4) animal models have provided valuable insight. Moreover, the
potential for filling this need with xenotransplantation has been
made even more possible with advanced gene editing techniques
(5) and other burgeoning technologies that render clinical trials
utilizing pig kidneys closer than ever (6).

Separately, acute kidney injury (AKI) disrupts the kidneys’
blood filtering function and increases mortality, hospital length
of stay, and hospital costs (7). Molecular mechanisms driving
AKI have also been informed by a variety of animal models from
chemical induction to trauma (8, 9). However, there remains
a growing need to address the lack of effective treatments for
AKI. More recent advances in stem cell biology have led to
the examination of various cell populations in animal models
of renal disease. For example, a variety of cell types have been
used to examine therapeutic efficacy in both AKI and renal
transplantation models (10–12).

Alternatively, it has been shown that renal recovery following
ischemia-reperfusion injury is influenced by a population of
intrinsic renal cells rather than extra-renal mesenchymal cells
(13, 14). Indeed, there have been several studies that have
attempted to localize the renal stem cell niche via such methods
as BrdU label retention. These studies have resulted in different
claims of renal stem cells from locations such as proximal tubules,
renal papillae, parietal epithelial cells, glomeruli, or Bowman’s
capsule (15–20). Recent consensus seems to have been reached
that regeneration of the tubular epithelium occurs from cells
that originate in the tubules. However, debate still ensues as to
whether or not these cells are resident stem cells in the proximal
tubules, or if all terminally differentiated tubular epithelial cells
have the ability to dedifferentiate and proliferate to repopulate the
tubular epithelium (21, 22). It is likely that different progenitor
cell populations are involved with different reparative processes
depending on the etiology of renal dysfunction.

Along these lines, the controversy over the existence and

localization of these cells has recently been addressed by the
theory that multiple populations of progenitor cells exist within

the adult kidney (23). This notion was further evidenced in

a recent report by Oliver et al. which used genetic lineage
tracing of Zfyve27 to show that different locations in the
kidney are populated by different progenitor cell sets (24). One
such location for renal progenitor cells (RPCs) is the renal
papilla (19), which has been shown to yield such cells in a
recent study in rodents (25). While many studies have been
carried out in small animals, further pre-clinical studies in large
animals are needed (26). In particular, the kidneys of domestic
swine have several characteristics that give certain advantages
for comparison to human renal (patho) physiology. Swine
kidneys are pyramidal/multi-lobular with similar vasculature to

human kidneys (4). Kidney and body size, as well as renal
biochemical markers creatinine and blood urea nitrogen (BUN),
are also comparable between pigs and humans. To examine this
progenitor cell population in pigs, we isolated renal papilla from
porcine kidneys and examined their: proliferative ability; capacity
to differentiate into multiple lineages; cell surface expression of
CD24 and CD133 and; immunomodulatory properties. We find
that these cells are heterogeneous in nature, have limited self-
renewing capacity and stem-cell like properties that are lost with
subsequent passaging.

MATERIALS AND METHODS

Animals
Seven Yorkshire pigs (Midwest Research Swine, Gibbon, MN)
weighing 68.0 ± 4.9 kg were used in this study. To ensure health
of the animal and the kidney, blood samples were taken prior to
euthanasia for analysis of blood chemistry and complete blood
count (CBC). All procedures were approved by the Regulatory
Research Compliance Division of the US Army Institute of
Surgical Research (USAISR). Specifically, a tissue sharing request
to the Animal Care and Use Committee from USAISR was
completed. This research was conducted in compliance with
the Animal Welfare Act, the implementing Animal Welfare
Regulations, and the principles of the Guide for the Care
and Use of Laboratory Animals, National Research Council.
The facility’s Institutional Animal Care and Use Committee
approved all research conducted in this study. The facility where
this research was conducted is fully accredited by AAALAC
International. For protein, creatinine, and BUN measurement,
blood was collected into a BD Vacutainer tube with Lithium
Heparin (Becton Dickinson and Company, Franklin Lakes, NJ)
and centrifuged at 1,200 g for 10min. Samples were analyzed on
a Siemens Dimension R© XpandTM Plus clinical Chemistry system.
For CBC analysis, specimens were collected in a BD Vacutainer
tube containing K2 EDTA (Becton Dickinson and Company,
Franklin Lakes, NJ) and analyzed with the Abbott Cell-Dyn R©

3700 system.

RPC Isolation
Animals were euthanized with pentobarbital sodium. Using
sterile technique, kidneys were excised, and placed in Hanks
Balanced Salt Solution (HBSS) (Gibco, Gaithersburg, MD)
immediately post-mortem for isolation of the renal papilla as
previously described (27) and shown in Figure 1. Briefly, the
renal capsule was removed and a longitudinal incision along the
coronal axis was made to identify and remove the renal papillae.
Papillae were washed with HBSS and minced, before being
digested in Collagenase type II (Gibco, 2 mg/mL in HBSS) for
30min at 37◦C. Samples were centrifuged at 1,900 rpm for 10min
and the pellet was re-suspended inMesenpro RSTM growthmedia
(Gibco) containing supplement, l-glutamine (Gibco), and 1–2%
antibiotics/antimycotics (AB/AM, Gibco). Cells were plated on
T-75 flasks (Corning, Corning, NY) and incubated at 37◦C with
5% CO2. Non-adherent cells were removed at day 2 and media
was changed every 2-3 days. The remaining adherent cells were
defined as RPC and allowed to reach 80% confluency after which
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FIGURE 1 | Isolation procedure for papillary renal progenitor cells. (A) Sterile blunt dissection of excised porcine kidneys was done via removal of the renal capsule,

and a subsequent coronal incision. (B) Visible papillary tips (asterisks) were cut away from the remainder of the kidney and minced with scissors, where they were then

incubated in 2mg/mL collagenase at 37◦C for 30min. After enzymatic digestion, papillae were centrifuged, the supernatant was discarded, and cell pellet plated.

they were passaged with 0.25% Trypsin/EDTA (Gibco) for 5min
before neutralization with Mesenpro RSTM growth media.

Proliferation
At passages 2 and 6, 1 × 104 RPCs were plated into triplicate
wells of a 96-well plate and grown in Mesenpro RSTM media with
supplements listed above. At days 1, 2, 3, and 7 post-plating,
media was removed and replaced with 4% paraformaldehyde
(PFA) until all cells were fixed, then plates were stored at −80◦C
until analysis. A standard curve was generated on each plate by
seeding increasing amounts of cells in triplicate, allowing 4 h for
adherence and then fixing cells with 4% paraformaldehyde (PFA)
and subsequently freezing. CyQUANT Cell Proliferation Assay
Kit (Molecular Probes, Eugene, OR) was performed according to
manufacturer’s protocol for determining the density of cells.

Immunofluorescence Microscopy
At passages 2 and 6, 5× 103 RPCs were seeded on a 96-well plate
in triplicate and allowed to adhere for 4 h in growth media. Cells
were fixed with 4% PFA in HBSS for 15min and subsequently
washed with HBSS. Cells were then blocked with 1% BSA
(Sigma Aldrich, St. Louis, MO) with 0.1% Triton X-100 (Thermo
Fisher, Waltham, MA) for 1 h at RT. The following primary
antibodies were used for immunocytochemistry: CD24 (Bioss,
1:100 dilution), CD133/Prom1 (Genway, GWB-MW170D, 1:50
dilution), NFATC-1 (LSBio, LS-C40633, 1:10 dilution), CD90
(BD Biosciences, 555595, 1:10 dilution), and CD45 (R & D
Systems, FAB1430P, 1:10 dilution); all diluted in blocking buffer

for 3 h at room temperature. Cells were then washed, blocked
again with BSA solution for 1 h, and subsequently incubated with
either Donkey anti-rabbit Alexa Fluor 488 secondary antibodies
(Thermo, 1:200 dilution) for 1 h at RT. Cells were again washed,
and incubated with HBSS containing 0.5µg/mL DAPI.

Flow Cytometry
At passages 2 and 6, 5 × 105 RPCs were collected as described
above and re-suspended in 100 µL of HBSS. The same antibodies
listed above for CD24 (1:100 dilution), CD133/Prom1 (1:20
dilution), and NFATC-1 (1:20 dilution) were conjugated with
ZenonTM Alexa FluorTM 647 or 488 anti-rabbit IgG labeling kit
according to manufacturer protocol. An unstained population
of RPCs, and one incubated with the Zenon reagents served to
set the size and fluorescence gating. After mixing, 100 µl of the
entire solution was then added to cells and incubated in the dark
for 1 h. Cells were then washed once and flow cytometry was
performed using a BD FACSCanto (BD biosciences, San Jose,
CA) by collecting 10,000 events/sample. Analysis was performed
with BDFACS Diva software.

Adipogenic Differentiation
Adipogenic differentiation was performed as previously
described for other mesenchymal stem cells (MSCs) (28). All
chemicals were purchased from Sigma-Aldrich unless otherwise
specified. Briefly, passage 2 and 6 RPCs were seeded on T-25
flasks at a density of 1 × 104 cells/cm2 containing high glucose
DMEM containing 10% FBS, Ab/Am, L-glutamine, 0.5mM
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Isobutyl-methyl xanthine, 200µM indomethacin, 10µM insulin,
1µM dexamethasone, and 10µM ciglitazone and incubated at
37◦C supplemented with 5% CO2. Media was changed every
2–3 days and cells were fixed with 4% PFA after 2 weeks. After
all passages were collected, cells were washed with dH20 and
incubated with 60% isopropanol before incubation with Oil Red
O solution.

Osteogenic Differentiation
Osteogenic differentiation was performed as previously described
for other MSCs (28). Briefly, passage 2 and 6 RPCs were seeded
on T-25 flasks at a density of 1 × 103 cells/cm2 containing
α-MEM containing 10% FBS, Ab/AM, L-glutamine, 50µM
Ascorbate-2-phosphate, 10mM b-glycerophosphate, 10 ng/mL
bone morphogenic protein 2 (R&D Systems), and 0.1µM
dexamethasone and incubated at 37◦C supplemented with 5%
CO2. Media was changed every 2-3 days and cells were fixed with
4% PFA after 2 weeks, after which cells were washed with HBSS
[no Ca++)] and stained with Alzarin red solution (Millipore).

Myogenic Differentiation
Myogenic differentiation was performed as previously described
for other MSCs (28). Briefly, passage 2 and 6 RPCs were seeded
on T-25 flasks at a density of 2 × 103cells/cm2 that were
previously coated with 10 uL/cm2 Matrigel (Corning) diluted
1:6 in myogenic differentiation media containing low glucose
DMEM supplemented with 5% Horse serum, AB/AM, 50µM
hydrocortisone, and 0.1µM dexamethasone and incubated at
37◦C supplemented with 5% CO2. Media was changed every 2–
3 days and cells were fixed with 4% PFA after 2 weeks. After
all passages were collected, cells were blocked with 1% BSA
containing 0.1% Triton X-100 for 1 h, and incubated overnight
at 4◦C with anti-Myosin Heavy Chain antibody (R&D Systems)
(diluted 1:50) in 2% goat serum. The following day cells were
washed with PBS and blocked for 1 h in 5% goat serum and then
incubated for 2 h at room temperature in Alexa-488 goat anti-
mouse antibody (Life Technologies; 1:400) in 2% goat serum.

RPC Effect on Porcine PBMCs
To examine the direct and paracrine effects of RPCs on peripheral
blood mononuclear cell (PBMC) cytokine production, a mixed
lymphocyte reaction was performed. PBMCs were isolated
from healthy donor pigs (n = 4) in duplicate using Ficoll-
Paque PLUS (GE Healthcare, Uppsala, Sweden) according to
manufacturer protocol. Lymphocytes were washed with HBSS
and re-suspended in RPMI-1640 medium (ATCC modification,
Gibco) supplemented with 10% FBS (Gibco), and 1% AB/AM
(Gibco). 2 × 105 PBMC were seeded on 24 well plates. In
duplicate wells 2× 105 passage 2 RPCs were then added either in
the well directly, or into 0.4µmpore size polycarbonate transwell
inserts, or control wells were made with no RPCs. To stimulate
the PBMCs 5µg/mL of phytohaemagglutinin-L (PHA) was
added and the cells were allowed to incubate for 3 days at 37◦C
supplemented with 5% CO2. Cell supernatant was collected and
stored at −80◦C until analysis. Supernatants were analyzed with
a porcine-specific MILLIPLEX Cytokine/Chemokine magnetic

TABLE 1 | Various kidney function and leukocyte levels circulating in animals used

for cell isolation.

Measure Unit Mean ± SEM

Creatinine mg/dL 1.61 ± 0.09

Total protein g/dL 6.68 ± 0.14

BUN mg/dL 9.55 ± 0.60

Creatinine kinase U/L 513.16 ± 78.21

Neutrophils ×103/µl 3.19 ± 0.51

Lymphocytes ×103/µl 6.72 ± 0.62

Monocytes x103/µl 0.31 ± 0.03

Eosinophils x103/µl 0.41 ± 0.06

Basophils x103/µl 0.05 ± 0.01

bead panel kit (EMD Millipore, PCYTMG-23K-13PX), which
was performed according to manufacturer protocol.

Statistical Analysis
Statistical evaluations were performed using GraphPad Prism
software (GraphPad Software, San Diego, CA). For the
proliferation assay, a two-way ANOVA was performed to
examine the effect of time and passage, with Bonferroni post-hoc
testing. For the PBMC cytokine release, non-normally distributed
data dictated that a Kruskal Wallis test with Dunn’s Multiple
Comparisons was employed. Technical replicates were averaged
to produce a single value for biological replicates, which are
expressed as the arithmetic mean ± SEM, and p < 0.05 were
considered significant.

RESULTS

Morphology and Growth of Porcine RPCs
We isolated renal papillae from porcine kidneys immediately
post-mortem under surgical sterile conditions (Figure 1).Table 1
shows circulating biochemical values from the animal just before
euthanasia. All animals displayed creatinine, BUN, total protein,
and creatinine kinase values within the normal range for swine,
indicating that renal function was not compromised. Moreover,
the values of circulating white blood cells were also within normal
range, indicating overall health of the animal (Table 1).

As shown in Figure 2A, isolated RPCs exhibited classic
mesenchymal spindle shaped morphology and propensity to
adhere to standard tissue culture plastic. At early passages
(passage 2 shown in Figure 2A) RPC routinely expanded
until harvesting/passaging at 80% confluence. However with
subsequent passaging, it became apparent that the self-renewing
capacity of porcine RPCs is limited by passage 6. Quantification
of proliferative capacity is demonstrated in Figure 2B for cells at
passage 2 and passage 6, wherein RPCs at the later passage failed
to divide. Two-way ANOVA revealed a significant effect of time
(P = 0.0095) and passage (P = 0.0469) on RPC proliferation.
The fold increase in cells was significantly higher for passage
2 RPCs at day 7 (p < 0.01, n = 6 for passage 2, and n =

7 for passage 6), but not quite significant for day 3 (P =

0.093). There was some heterogeneity in the longevity of primary
cultures despite consistent isolation protocols. Specifically, we
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FIGURE 2 | Cell morphology and growth kinetics of RPCs. (A) Brightfield

images reveal that RPCs at low passages (passage 2) have a spindle-like

morphology similar to mesenchymal stem cells, which is lost with subsequent

passages. (B) Similarly, cell proliferation assays were performed, and the

proliferative ability of RPCs at passage 2 is lost by passage 6, with statistical

significance at day 7. Data expressed as mean ± SEM of 3 replicates. **P <

0.01 from 6 to 7 kidneys, at passage 2 and passage 6, respectively.

observed one population out of seven that continued to display
a proliferative ability at passage 6, which is reflected in the
variability.

Stem Cell Markers Present on RPCs
To examine whether RPCs expressed common renal “stem
cell” population markers we performed immunocytochemistry
and flow cytometry on CD24, CD133, and nuclear factor of
activated T-cells 1 (NFATc1) (Figure 3). At passage 2, 96.3 ±

1.1% of isolated RPCs expressed CD24 staining which was
confirmed with immunocytochemistry. However by passage 6,
this percentage was drastically reduced to 23.8 ± 11.2%, (P =

0.0095) with a variability reflecting heterogeneity in that only one
isolate still expressed significant CD24. Immunocytochemical
staining for CD133 proved to be strong in RPCs at both passages
2 and 6, although by passage 6 there were isolated areas of
striated staining apparent. However, flow cytometry analysis
with the same antibody did not corroborate this, likely due to
the lack of antibody suitability for flow cytometry. A minor
amount of NFATc1 (6.85 ± 0.93%, and 4.75 ± 2.21% at passage
2 and 6, respectively) was expressed as determined by flow
cytometry. Expression of NFATc1 was also largely not seen
with immunocytochemistry. Similarly, CD45 expression was low
14.55 ± 1.97%, but higher than NFATc1. A certain degree of
heterogeneity in stem cell marker expression was seen, as CD90
expression was 44.4± 2.6 % and 47.2± 6.0% at passages 2 and 6,
respectively.

Multipotent Differentiation of RPCs
To examine whether RPCs have the ability to differentiate
into other cells of mesenchymal origin, we utilized previously
established differentiation protocols as detailed in the Methods,
to induce adipogenesis, osteogenesis, and myogenesis. As shown
in Figure 4, isolated RPCs demonstrated multipotent ability in
a passage-dependent manner. It is important to note that, at
no point, did differentiation occur in all RPCs for any of these
lineages, illustrating the heterogenous phenotype of these cells.
RPCs introduced to myogenic differentiation media began to
express levels of myosin heavy chain after 2 weeks at passage
2, while RPCs at passage 6 did not have this ability. Similarly,
the Alizarin Red staining seen with culturing passage 2 RPCs in
osteogenic media was not apparent at passage 6. While passage 2
RPCs did show a limited ability for adipogenesis in that respective
media, the drop off in this differentiation capacity from passage 2
to passage 6 was not as marked as with the other two lineages.

RPC’s Effect on Mixed Lymphocyte
Reactions
To elucidate the potential immunomodulatory properties of
RPCs, we performed a mixed leukocyte reaction to examine both
direct and paracrine effects of these cells on lymphocytes. As
shown in Figure 5, we found a significant effect of RPCs on
IL6 release (P = 0.05), wherein PHA-stimulated PBMCs released
16.25 ± 0.25 pg/mL in the absence of RPCs, 18.38 ± 0.38 pg/mL
when introduced to indirect RPCs, and 19.01± 1.08 pg/mL when
in direct contact with RPCs. A similar effect was seen with IL8 (P
= 0.025) with values of 22.88± 2.35, 75.19± 17.33, and 102.4±
42.55 pg/mL being released with PBMCs alone, with indirect RPC
contact, and with direct RPC contact, respectively. In contrast to
this, we observed a slight decrease in IFN-γ release when RPCs
were introduced to the culture; however this difference was not
statistically significant.

DISCUSSION

With over 100,000 patients awaiting a kidney transplant, and
another 3,000 added each month, there exists a great need to
address more efficient methods of treating renal dysfunction
(1). Tissue engineering and regenerative medicine technologies
hold immense promise for addressing both AKI and chronic
kidney disease (CKD). Recent studies have shown the feasibility
of isolating RPCs from adult humans (29). Moreover, their
documented (and somewhat surprising) therapeutic efficacy in
animal models has generated much excitement for the use
of RPCs in renal diseases. As swine models have several
advantages in studying renal function, we aimed to determine the
regenerative properties of a population of renal progenitors. The
primary finding of the study presented herein is that cells isolated
from the papillae of porcine kidneys represent a heterogeneous
population with RPCs that have limited self-renewing and
immunomodulatory capacities.

The limited proliferative ability of porcine RPCs does not
preclude their potential use as therapies, as other cell populations
or strategies could prove to increase RPC yield. The RPCs isolated
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FIGURE 3 | Immunophenotype of RPCs (A) Passage 2 cells showed expression of CD24 (top) via immunocytochemistry as well as flow cytometry. While CD133

expression (middle) was strongly evident with immunocytochemistry, the same antibody was not able to detect expression via flow cytometry. CD90 was shown to be

weakly expressed, and not in all cells. NFATc1 (middle row) and CD45 (bottom row) were shown not to be expressed with either method. (B) By passage 6, CD24

expression was drastically reduced.

herein were from the renal papillae, however other locations
may produce a more robust cell line and growth. Bussolati et al.
have described a population of RPCs from the cortex of human
kidneys that also have a limited ability to proliferate (30). The
cells in that study were not able to be passaged more than 7–
9 times and exhibited a heterogeneity that we also encountered
in the current study (Figure 2). However, populations of RPCs
have also been isolated specifically from, for example, proximal
(31) and distal (32) tubules, and Bowman’s capsule (20) of adult
human kidneys (23). Altogether, the limited yield of RPCs from

porcine renal papillae may make de- and re-cellularization efforts
in porcine kidneys difficult, although worthwhile (33). However,
RPCs examined herein were cultured on tissue culture plastic,
and there remains the possibility of using substrates such as renal
extracellular matrix to promote growth (34).

Despite the diversity in the localizations of different
progenitor cells, the majority of these cells are reported to have
surface marker expression of CD133 and CD24 (35). Resident
CD133+CD24+ cells may play a key role in tubular repair
following AKI due to their ability to differentiate into podocyte
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FIGURE 4 | Multipotent differentiation potential of RPCs. (A) At passage 2, RPCs were able to differentiate into myogenic (left), osteogenic (middle), and adipogenic

(right) lineages, which was not as apparent at passage 6 (B).

FIGURE 5 | RPCs effect on Peripheral Blood Mononuclear Cells. Cytokines IL-6 (A), IL-8 (B), and IFNγ (C) released from isolated lymphocytes from healthy swine are

altered with the addition of RPCs. Both IL-6 and IL-8 (CXCL-8) are slightly increased when RPCs are placed into a well insert (gray bars), however they are significantly

increased in media when RPCs are put into direct contact with PBMCs (white bars, *P < 0.05) when compared to PBMCs in the absence of RPCs (black bars). In

contrast, there was no significant difference in IFN-γ release amongst the three groups. Data expressed as mean ± SEM of 2 replicates from 4 kidneys. *p ≤ 0.05

from PBMCs in the absence of RPCs.

and tubular lineages (32). Additionally, the number of CD133+
cells is elevated in patients with renal pathologies (36). Isolation
of CD24+CD133+ cells from normal human kidneys have been
shown to differentiate into tubular, osteogenic, neuronal, and
adipocyte cells in vitro, and also have the ability to regenerate
tubular structures and attenuate kidney damage when injected
into immunodeficient mice in acute renal failure (20). As such,
these cells represent a viable treatment strategy for conditions of
renal dysfunction (37).

Cell surface markers have been at the center of the
conversation regarding the different locations of RPCs. While
markers such as NFATc1 have been used to illustrate a progenitor

cell population from proximal tubules (17), CD24 is one of
the consensus markers denoting RPCs (38). RPCs with dual
expression of CD24 and CD133 have been shown to possess
high regenerative capacity for the treatment of AKI (32, 37), and
have the ability to regenerate into podocytes (39). Specifically,
CD133+ RPCs cells from renal papilla have been shown to
integrate into developing tubules (40). Moreover, CD133+
RPCs promote angiogenesis and erythropoietin production
while reducing fibrosis (41). The RPCs in this study expressed
CD24 in a passage-dependent manner, indicating senescence
might reduce the therapeutic efficacy upon passaging (Figure 3).
While flow cytometry did not demonstrate appreciable CD133
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expression, the signal with the same antibody was strongly
positive in immunocytochemistry, which we attribute to lack of
antibody applicability for flow cytometry. This lack of porcine-
specific reagents for specific analytical technology is currently a
significant obstacle for expanded research into RPCs and/or renal
diseases in swine. Moreover, by passage 6 the staining pattern
in these cells include areas of a more striated pattern, raising
the possibility of non-specific staining with this antibody and
highlighting the heterogeneous nature of these cells.

As mentioned in the introduction, the location of the salient
RPC population may depend on the underlying cause/etiology of
renal dysfunction. For example, it has been shown after ischemia
reperfusion injury that tubular regeneration occurs due to cells
that are intrinsic to the tubular epithelium (42). Despite this,
there remains significant controversy over the phenotype of these
cells. One theory suggests that there are resident stem/progenitor
cells (also termed “scattered tubular cells”) within the tubular
epithelium, while another contends that each tubular epithelial
cell has the ability to dedifferentiate and subsequently divide to
repair the epithelium (21, 22). There is also evidence showing
that tubular RPCs may contribute to tubular repair in the
medulla, with the supposition that different regions of the kidney
have their own progenitor cell pools (24). While cell sorting
methods have been used for isolation of RPCs from these various
locations, a recent report displayed a simple primary culture
technique from the renal papillae of mice that resulted in a largely
homogenous population of cells positive for stem cell markers
such as CD90 and CD73 (25). Our efforts in the current study
to recapitulate this process using kidneys from large animals
resulted in a much more heterogeneous population with mixed
positivity for stem cell markers.

The use of swine in kidney disease/transplantation research
confers several advantages due to similarities with human
kidneys (4). Pig kidneys have a multi-lobed structure similar to
humans, with comparable renal size and vascularization. Swine
also have similar body sizes which allow for the serial collection
of blood samples or kidney biopsies. Pigs have been used in order
to optimize the isolation of different RPC populations (43), and
have also been used to examine the effectiveness of stem cells
in kidney transplant survival (10). Moreover, knockout animals
have produced successful xenotransplantation preclinical studies,
raising the distinct possibility of renal transplantation from
pigs to humans (5). With embryonic human and porcine renal
precursors displaying similar ability for nephrogenesis (44), more
research needs to be done on the role and efficacy of porcine
RPCs.

The immunomodulatory properties of RPCs may eventually
dictate their efficacy (or lack thereof) in AKI or other renal
diseases. Although comparatively understudied compared to
other stem cell types, a series of studies by Huang et al. found
that kidney-derived stromal cells from mice have significant
immunomodulatory activity (45, 46). The RPCs in that study
stimulated bone marrow-derived dendritic cells that exhibited
reduced stimulatory effects on CD4+T cells, which wasmediated
through cytokine (i.e., IL6, IL1β, and IL12) and vascular
endothelial growth factor (VEGF) excretion. Dekel et al. also
showed in mice that RPCs lack major histocompatibility complex

proteins which may aid in their ability to modulate CD8+ T
cells (47). Unfortunately, there remains a paucity of studies that
examine RPCs’ effects on lymphocytes, especially among larger
animal models. While bone marrow MSCs have been shown
ameliorate aging in the kidney (27), another study showed a
lack of efficacy for porcine bone marrow mesenchymal stem
cells (MSC) in reducing AKI (48). This was driven, in part,
by their low immunomodulatory activity, with porcine MSCs
actually causing increased IL6 production. We found similar
results in this study, wherein proinflammatory cytokines IL6 and
IL8 were increased when placed into direct contact with porcine
lymphocytes (Figure 5). Although this effect was relatively
modest, the immunomodulatory activity of RPC populations
warrants further investigation, as immunosuppressive activities
would advocate for clinical use, while immunogenic activities
would prohibit them.

Another consideration is that the isolation of RPCs in this
study was from relatively healthy swine (Table 1). The use of
normal, healthy, human donor kidneys for the isolation of RPCs
might initially seem unnecessary given the growing number of
patients on the kidney transplant list. However, RPCs may be
isolated from diseased kidneys as well. For example, Gheisari
et al. have shown that RPCs can be isolated and expanded from
a mouse model of CKD (49), and that these cells are efficacious
in a model of cisplatin-induced AKI. Moreover, a recent study
also found that human primary cell cultures from both normal
and CKD kidneys produced RPCs that had similar proliferative
abilities, cell surface markers and phenotype (50). This brings
forth the possibility that RPCs isolated from diseased kidneys
from patients receiving transplants could be expanded and re-
introduced in an autologous fashion to prolong the viability of
the transplanted organ. The specific boundary conditions for this
type of situation should be examined with preclinical animal
models such as swine.

This study has several limitations worth mentioning. As
mentioned earlier, this study only examines RPCs from one
location within the kidney, and does not examine progenitor
cells from, for example, the cortex. While the papillae represents
one of the first (and thus extensively) characterized RPC
population (19), it is now well recognized that many other such
populations exist (24). Additionally, the degree of heterogeneity
from subsequent passaging in, for example, differentiation
capabilities was not quantified (i.e., Western blotting or RT-
PCR). As such, we cannot rule out the possibility that this
mixed cell population contains different progenitors with single
lineage differentiation capacities. Also, experiments were limited
by the relatively small amount of pig reagents and antibodies
when compared to humans and rodents. Second, the phenotypic
heterogeneity led to a low amount of harvestable cells (and
thus biological replicates) for passage 6 which prevented
analyses in the mixed lymphocyte reaction. Most importantly,
these RPCs were not injected into any renal damage or
disease model for examination of their therapeutic efficacy
in vivo.

In conclusion, the current study shows that RPCs can be
isolated from the renal papilla of porcine kidneys. Due to
some of the limitations above, it is not clear whether this
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represents a single, multipotent progenitor population, or
several progenitor cell types with differentiation potential.
Some heterogeneity is apparent in cell surface marker
expression, and differentiation capabilities, however some
of these properties are consistent with RPCs from other species.
Regardless, the proliferative ability, and “stemness” properties
of these cells are passage dependent, and might limit their
expansion ex vivo. While swine will remain an important
preclinical model for renal damage and transplantation, other
populations of RPCs within the kidney should be investigated
further.
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