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ABSTRACT
Chronic kidney disease (CKD) is a global public health problem; U.S. patients on
dialysis awaiting organ transplant more than doubled between 1991 and 2004. To
avoid an immune response to implanted cells, functional autologous cells would be
preferred components of regenerative medicine therapies for CKD; however,
evidentiary support for autologous sourcing of therapeutically-relevant cells from
CKD patients and large animal models is lacking. Fresh kidney tissue (CKD and nonCKD) was obtained from porcine and human subjects. CKD was confirmed by serology
and histopathology. Tissue dissociation and cell isolation methods developed with
non-CKD tissue were employed to isolate and propagate cells from CKD tissue and
yielded tubular cells and erythropoietin (EPO)-expressing cells. Comparative in vitro
studies demonstrated expression of megalin:cubilin and receptor-mediated uptake of
fluorescein-conjugated albumin in tubular cell cultures from both CKD and non-CKD
tissues. Cells expressing erythropoietin (EPO) were present in both CKD and non-CKD
tissues and could be isolated and expanded with retention of oxygen-responsive,
HIF1-α-driven EPO expression. Taken together, these results suggest that autologous
sourcing of at least two therapeutically-relevant cell populations is feasible in
advanced CKD.

Figure 1. Histologic confirmation of disease state in CKD specimens

Figure 2. Immunohistochemistry of tubular markers in cultures from human nonCKD and CKD tissues

Figure 3. Cell morphology and expansion of cultures
derived from human non-CKD and CKD
tissues

INTRODUCTION
Chronic Kidney Disease (CKD) is a disease that progresses to where survival
depends on expensive and invasive medical support (e.g., dialysis and parenteral
delivery of bioactive compounds) until a compatible kidney is available for
transplant. Risk factors (e.g., hypertension and diabetes) are rising in the US
population with a concomitant rise in CKD1. The kidney is a complex organ. At the
cellular level, multiple cell types form interconnected compartments that act in
concert to filter blood, produce urine, and regulate erythropoiesis. Loss of kidney
function in CKD may occur through reduction or elimination of particular cell type(s),
and/or perturbations in 3D architecture that disrupt interactions among cellular
compartments.
Elegant studies in rodents identified the cellular source of erythropoietin (EPO),
the master cytokine governing erythropoiesis, as highly specialized interstitial
fibroblasts in the cortical region of the kidney2-3. Although the symptoms of CKDassociated anemia include chronic inflammation, iron-deficiency, and shortened RBC
half-life, the primary cause has been identified as a systemic deficiency of EPO4.
Even with molecular-level insight into the oxygen-regulated mechanisms that govern
EPO expression, the reason for inappropriately low EPO levels in CKD patients
remains poorly understood. Despite the ability of liver cells to express EPO,
differences in regulatory machinery prevent liver cells from driving erythropoiesis
during anemia5, suggesting that the kidney microenvironment is vital to a
homeostatic, oxygen-sensing / EPO-producing axis.
Aboushwareb et al.6 published the first protocol that isolated and propagated EPOexpressing cells from native rodent kidney. In this study, we used this protocol as a
basis for isolating and expanding bioresponsive EPO-expressing cells and functional
tubular cells from large mammal species (swine and human). In addition, we
established the feasibility of isolating and propagating functional tubular and EPOexpressing cells from advanced CKD kidney specimens from both species.
RESULTS
Table 1. Systemic and histopathologic features of CKD and non-CKD donors.

Cultured human cells were characterized by immunocytochemistry for tubular markers, including E-cadherin (a
marker of distal tubular cells), NKCC2 (the major Na-K-Cl co-transporter), Aquaporin 1 (a marker of proximal tubular
cells), and Megalin and Cubilin (two proteins that work in conjunction to uptake albumin in the proximal tubules).
The presence and pattern of expression of tubular markers was similar between non-CKD(HK017) and CKD(HK018)
kidney cultures.

Figure 4. Ex-vivo tubular cell function confirmed in cultured rat, swine, and human cells

Panels A, B and C: representative histological sections of non-CKD swine kidney (PK2), showing
normal architecture with well-demarcated cortical-medullary junction. Pt = proximal tubule,
Dt = distal tubule.
Panels D, E and F: representative histological sections of CKD swine kidney (PK1), showing
progressive degeneration of kidney architecture with diffuse periglomerular sclerosis,
thickened Bowman’s capsule, and increased number and prominence of mesangial cells in
glomerular tufts. There is
moderate tubulo-interstitial fibrosis and scattered chronic
inflammatory cell infiltrates; proximal and distal tubular dilatation; proximal tubules filled
with pink tubular casts (Ca).
Panels G, H and I: representative histological sections of non-CKD human kidney (HK017),
showing mild degenerative changes with focal segmental glomerulonephritis (affecting some
glomeruli) where the glomerular capillaries contain fibrin deposition, suggestive of a
coagulapathic disorder such as disseminated intravascular coagulation.
Panels J, K and L: representative histological sections of CKD human kidney (HK018) showing
progressive degenerative changes consisting of marked distortion of renal architecture,
characterized by diffuse tubulo-interstitial fibrosis, pyelonephritis, tubular dilatation with
proteinaceous casts (Ca) diffuse glomerural sclerosis and widespread replacement of
glomerular tufts by avascular hyaline material (H).
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Donor PK001 was an adult male breeder pig with a >8 month history of idiopathic renal failure.
HK018 was a 48 year old female donor with a history of hypertension, type II Diabetes Mellitus, and
chronic renal failure with 6+ years of dialysis. Renal function was assessed by blood urea nitrogen
(BUN) and serum creatinine (sCREAT) values at the time of death when available. Erythropoietic
function was assessed by hematocrit (HCT) and hemoglobin (HB) values when available. Values outside
of normal range are presented in BOLD. All donor tissues were sampled and subjected to routine
histopathologic analyses to identify CKD-associated attributes.
Kidney function is clearly compromised in CKD specimens (PK001 & HK018), highlighted by the
significant increase in BUN and sCREAT. Furthermore, mild deficits in hematocrit (HCT) and/or
hemoglobin (HB) are noted in the CKD subjects, indicative of the anemia that typically accompanies
the advanced stages of renal failure. For comparison, BUN, sCREAT, HCT, and HB values are also shown
for an established rodent model of chronic renal failure (the 2-step 5/6 surgical nephrectomy model)7.
All tissue specimens were collected in compliance with institutional guidelines governing the handling
and use of tissues from human donors and laboratory animals. Human specimens were provided by the
National Disease Research Institute (NDRI). Swine specimens were collected at the University of North
Carolina at Chapel Hill. Rodent specimens were procured through Charles Rivers Laboratories.
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Cells were isolated and cultures established as described previously6,8. Presence of tubular cells
within propagated cultures was confirmed by detection of E-Cadherin (E-CAD), N-Cadherin (NCAD), Aquaporin-1 (AQP-1) and Cubilin (CUB). Gene expression was assessed by qRT-PCR using
exon-spanning primers for genes of interest, and protein expression was assessed
immunochemically via flow cytometry and/or immunohistochemistry. Without exception,
erythropoietin (EPO) expression was detected in propagated cultures established from CKD and
non-CKD donors.

Figure 6.
EPO mRNA levels respond to
oxygen in cultured rat,
swine, and human cells
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Table 2. Tubular markers and EPO expression confirmed in cultures
established from CKD and non-CKD donors
Sample ID

Figure 5.
EPO expression in
kidney tissue

Albumin uptake assay in cultured kidney cells derived from rat (A, D), swine (B, E), and human (C, F) kidney
tissues. Rhodamine (A, C) or FITC (B) conjugated albumin was used to measure Megalin:Cubilin mediated protein
uptake. Punctate fluorescence indicates albumin uptake in rat (A), swine (B), and human (C) tubular cells.
Negative control (no albumin) is shown for each species (D-F). Specificity of the albumin uptake was confirmed by
conducting the assay at a non-permissive temperature (4ºC) (G) or by the addition of RAP (H), a competitive
inhibitor of receptor-mediated albumin uptake.

RNA was isolated from
kidney
tissue
fresh
donated by CKD and nonCKD subjects and analyzed
by qRTPCR. Both samples
were calibrated to EPO
mRNA expression in a
human kidney reference
sample (normal kidney
tissue)

Cultures established and seriallypassaged from swine and human kidney
tissue were maintained at 21% O2 for 48
hours then placed for 24 hours at either
2% or 21% O2. RNA samples were
collected and compared via qRTPCR.
Rat kidney cells isolated according to
standard isolation methods were
included as an additional control.

CONCLUSIONS
• Therapeutically-relevant cell types can be isolated and propagated from severely compromised CKD kidney tissue
• Functional renal tubular cells
• Bioresponsive Epo-producing cells
• Despite clear differences in tissue architecture between non-CKD and CKD specimens, cultures established are
remarkably similar
• Morphology & growth kinetics
• Marker expression patterns
• Functional attributes
• Taken together, these data suggest that compromised tubular and endocrine (EPO) functions in advanced CKD
are driven by disruption of tissue architecture rather than absence of specific cell types.

