
Mobilized Human Hematopoietic Stem/Progenitor Cells Promote
Kidney Repair Following Ischemia Reperfusion Injury

Bing Li, MD PhD1,2, Amy Cohen, MT3, Thomas E. Hudson, BA1, Delara Motlagh, PhD3,
David L. Amrani, PhD, FAHA3, and Jeremy S. Duffield, MD, PhD1,4

1 Laboratory of Inflammation Research, Renal Division, Department of Medicine, Brigham &
Women’s Hospital and Harvard Medical School, Boston, Massachusetts, USA
2 Department of Nephrology, the Second Affiliated Hospital, Harbin Medical University, Harbin,
P.R.C
3 Regenerative Medicine, Cellular Therapies R&D, Baxter Healthcare, Deerfield, Illinois, USA
4 Harvard Stem Cell Institute, Harvard University, Cambridge, Massachusetts, USA

Abstract
Background—Understanding the mechanisms of repair and regeneration of the kidney
following injury is of great interest because there are currently no therapies that promote repair,
and kidneys frequently do not repair adequately. We studied the capacity of human CD34+
hematopoietic stem/progenitor cells (HSPCs) to promote kidney repair and regeneration using an
established ischemia reperfusion injury model in mice, with particular focus on the
microvasculature.

Methods and Results—Human HSPCs administered systemically 24h following kidney injury
were selectively recruited to injured kidneys of immunodeficient mice and localized prominently
in and around vasculature. This recruitment was associated with enhanced repair of the kidney
microvasculature, tubule epithelial cells, enhanced functional recovery and increased survival.
HSPCs recruited to kidney expressed markers consistent with circulating endothelial progenitors,
and synthesized high-levels of pro-angiogenic cytokines, which promoted proliferation of both
endothelial and epithelial cells. Although purified HSPCs acquired endothelial progenitor markers
once recruited to the kidney, engraftment of human endothelial cells in the mouse capillary walls
was an extremely rare event, indicating HSC-mediated renal repair is by paracrine mechanisms
rather than replacement of vasculature.

Conclusions—These studies advance human HSPCs as a promising therapeutic strategy for
promoting renal repair following injury.
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Introduction
Although the kidney has tremendous capacity for regeneration, chronic kidney disease and
kidney failure following acute kidney injury or following both repetitive and chronic kidney
injuries are now leading causes of morbidity and mortality in the world 1–3. Furthermore
chronic kidney disease has been identified as a leading independent risk factor for
cardiovascular diseases and cardiovascular mortality 4. Chronic kidney diseases may
represent unsuccessful or inadequate renal repair following injury, and currently there are
few therapies that promote repair and regeneration of the kidney 5.

There has been much interest in the reparative and angiogenic properties of stem cells from
bone marrow 6–8, and several studies in mouse models of kidney disease have shown that
mouse mesenchymal stromal cells of bone marrow (MSCs) can prevent or attenuate kidney
injury, possibly by paracrine or systemic secretory mechanisms 9–11. However the possible
angiogenic role of hematopoietic stem/progenitor cells (HSPCs) in kidney repair has been
little explored and no studies have ascertained the practicability of harvesting human HSPCs
in cell therapy to promote organ repair and regeneration 12.

The kidney peritubular microvasculature has received increasing attention recently, since
this fragile vasculature may not regenerate normally following injury. This may predispose
to chronic ischemia of the kidney 13–16 triggering chronic inflammation, tubular atrophy,
and interstitial fibrosis, hallmarks of chronic kidney disease 13–15. It has been proposed that
successful regeneration of peritubular capillaries following injury is central to progression to
chronic kidney diseases 13–15.

The fact that human stem cells from bone marrow may have angiogenic properties, have the
capacity to differentiate into a primitive cell type, known as circulating endothelial
progenitor (CEP) that is recruited to sites of blood vessel injury to help repair damage 17–20,
and have been shown to promote vascular regeneration in other organs 21–23 led us to study
the role of human HSPCs in kidney repair following injury, with particular attention to the
peritubular capillary plexus.

In these studies we show that mobilized human CD34+ stem/progenitor cells are recruited to
the injured kidney and promote survival, vascular regeneration and functional recovery.

Methods
An expanded version of Materials and Methods section is available in online data
supplement and includes detailed methods for the following: Animals; Human Peripheral
Blood CD34+ Cell Purification and Tracking; Animal Model; Renal Function; Tissue
Preparation, Immunostaining, Imaging and Quantification of Injury and Repair; Flow
Cytometric Analysis and Sorting; Real Time PCR.

Statistical Analysis
All values are given as mean ± standard deviation (SD). Mantel-Cox Log-rank test was used
to analyze survival. The nonparametric Mann-Whitney U test was used for group
comparisons. Analyses were performed using Prism software (Graphpad). For antibody
cytokine arrays results were normalized to positive controls, background signal was
removed by subtracting the average of the negative controls plus two standard deviations. P
values less than 0.05 were considered significant in all statistical tests.
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Results
Characterization of Isolex-purified G-CSF-mobilized hematopoietic stem/progenitor cells

CD34+ enriched leukocytes from HSC-mobilized human donors were analyzed for viability
and purity. More than 98% of HSPCs were viable when assessed by exclusion 7-amino
actinomycin-D (Figure S1A). More than 96% of leukocytes were CD45+, CD34+ indicating
they were HSPCs (see the online-only Data Supplement Table 1). Further, they exhibited the
capacity to differentiate into all hematopoietic lineages confirming the HSPCs to contain
stem cells as well as progenitor cells (Figure S2). A minority expressed CD34 but lacked
CD45. Further characterization of the enriched leukocytes was performed using the cell
surface markers CD14, CD34, CD146, CD133, CD31, VEGFR2 for confirmation of multi-
lineage potential and identification of putative endothelial progenitors (see the online-only
Data Supplement Table 2) 20. The characterization, in addition to HSPCs, is consistent with
mobilized human peripheral blood CD34+ cells containing small numbers of CEPs and
possibly rare circulating endothelial cells (CECs) 20, 24, 25.

Human hematopoietic stem/progenitor cells are recruited to kidney during repair following
ischemia reperfusion injury

To study the effect of human HSPCs on kidney repair we initially determined whether they
could be recruited to the injury kidney. In preliminary studies I.V. infusion of 2.5 ×106

HSPCs labeled with CMFDA prior to injury did not result in significant recruitment 24h
after injection (data not shown). Next we infused CMFDA-labeled HSPCs on day 1 and 2
after kidney IRI, and looked in the kidney 2.5, 3, 5, 7 days following injury (Figure 1) where
many recruited HSPCs could be detected in the kidney parenchyma. Many were localized
within peritubular capillaries (PTC) (Figure 1C), but some were detected outside of the
confines of the capillaries in a perivascular location (Figure 1E and Figure S1B). We also
noticed that following unilateral IRI there was a small but significant recruitment of HSPCs
to the uninjured kidney (Figure 1B). However we could not detect any HSPCs in the heart or
gut (not shown) indicating that this was specific recruitment of HSPCs to the uninjured and
injured kidney. Due to concern that CMFDA might be diluted and become undetectable with
time we infused unlabeled HSPCs into mice on d1 and d2 following injury. These unlabeled
cells were detected by antibodies against HLA class I (Figure 1A,D,E). HLA-I positive cells
were readily detected in the kidneys at all time points but notably there was persistence of
HLA-I+ cells in the kidney 14 and 28 after IRI (Figure 1D). As expected, HSPCs were also
identified in spleen and bone marrow (Figure 1F–H), and there was persistence of HSPCs in
the marrow, with evidence on d7 following IRI that HSPCs in the bone marrow had induced
the myeloid marker CD11b (Figure 1I) suggesting that HSPCs had engrafted the mouse
bone marrow and that the mice were now chimeric.

Systemic human hematopoietic stem/progenitor cell therapy reduces mortality and
improves kidney function following ischemia reperfusion injury

To determine whether HSC recruitment to the injured kidney had any functional
consequence during repair, we subjected mice to bilateral IRI (day 0), followed by
intravenous infusion of human HSPCs on d1 and d2. Plasma creatinine was assessed in
sham surgery mice (d0, plasma creatinine value is 0.05 ± 0.06) and on d1, d2, d5, and d7
following IRI. Bilateral kidney IRI resulted in significant increase in serum creatinine at 24
hours and peaked at 48h (Figure 2A). Although plasma creatinine levels at 24 hours (time of
first injection) were no different in treatment and vehicle groups, there was a marked and
significant decrease in plasma creatinine at 48h in mice that had received HSPCs (Figure
2A), while the vehicle group of mice had persistently highly elevated plasma creatinine
levels at this time. Over the subsequent five days of recovery, the proportion of mice that
showed recovery of kidney function detected by a plasma Cr ≤ 0.4mg/dL was significantly
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higher in mice treated with HSPCs (Figure 2B). In the vehicle treated group, only 50% of
mice survived to day 7, whereas 90% of mice that received human HSPCs survived to day 7
(Figure 2C). The surviving numbers in the two groups can be seen in Figure 2C. These
findings indicate that human HSPCs both promote kidney repair/regeneration and enhance
survival.

Human hematopoietic stem/progenitor cell therapy attenuates kidney peritubular capillary
loss, promotes tubular epithelial regeneration and prevents long-term fibrosis following
ischemia reperfusion injury

To study the mechanism by which HSPCs promote kidney repair we analyzed kidney
sections for loss of peritubular capillaries (PTCs) and persistence of tubule injury (Figure 3).
Analysis of mCD31-labeled PTCs by morphometry revealed that HSC treatment prevented
PTC loss (Figure 3A–C) during the repair phase through d7 post IRI. PTC loss after 14 and
28 days was not different in HSC treated mice indicating that there are endogenous factors
promoting regeneration of PTCs, but that HSC therapy attenuates early loss of vasculature.
Similarly, HSC therapy attenuated persistence of tubule injury during the repair phase of this
model of IRI (Figure 3D–F), suggesting that HSPCs promoting tubule regeneration by either
direct or indirect mechanisms. We have previously demonstrated that kidney IRI can lead to
persistent interstitial fibrosis, a harbinger of chronic kidney disease and strongly associated
with progressive long-term loss of kidney function 15, 26–28. To test whether systemic
infusion of HSPCs during repair of the injured kidney affected long-term consequences of
injury we quantified interstitial fibrosis (Figure 3G–I). In vehicle treated mice, interstitial
fibrosis progressively accumulated in the four weeks following injury but in those mice that
had received HSPCs interstitial fibrosis was attenuated by d28.

Human hematopoietic stem/progenitor cells acquire endothelial progenitor cell markers in
the kidney following ischemia reperfusion injury

HSPCs are the source of myeloid, erythroid, megakaryocyte and lymphoid lineage cells. We
noted that while many HSPCs were recruited to kidneys on d2 and d3 after injury, the
number of retained cells fell progressively through d7, but thereafter increased up to d28
after injury (Figure 1). We labeled kidneys for human lymphoid and myeloid commitment
markers (Figure 4). CD3 was expressed in a minority of HSPCs recruited to the kidney
(Figure 4B, E) and this expression occurred several days following recruitment and was
proportionately similar in both uninjured and injured kidney. None of the recruited HSPCs
expressed the myeloid differentiation marker CD11b in the first 5d following injury (Figure
4C, F). Most HSPCs recruited to the kidney during the week following injury do not
therefore differentiate into mature leukocyte lineages. The number of human cells in the
kidney increases late after injury, that is after d7. From d14, CD11b was expressed in human
cells in the kidney indicating that mature human myeloid cells were present in the kidney.
Furthermore, on d28 human cells uniformly express the leukocyte common antigen, CD45
(Figure 4H) but lack CD34 (Figure 4L), and occasional human cells with characteristic
multilobar nuclei of neutrophils were identified in d14 and d28 post IRI kidneys (not
shown). Collectively, these findings indicate that the late increase in human cells in the
kidney either reflects bone marrow chimerism and recruitment of mature cells from bone
marrow, or reflects local differentiation of mature cell types in the kidney.

To investigate further the local differentiation of HSPCs in the kidney during the first 7d,
sections were initially co-labeled to detect human CD45 with HLA-I (Figure 4G–H).
Although d0 HSPCs uniformly expressed both markers, a proportion of HSPCs recruited to
the kidney did not express CD45, 7d post IRI. Kidneys were next labeled to detect human
CD34, and CEP markers VEGFR2 (KDR), CD146 and CD133, and this expression was
compared with d0 HSPCs (Figure 4I–L). While few mobilized enriched HSPCs expressed
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KDR or CD146, the majority expressed CD133 prior to injection. In the kidney, however,
d3 post IRI there was a phenotypic switch as nearly all recruited HSPCs expressed CD146,
but none expressed CD133 (Figure 4L). The expression of KDR was similar in mobilized,
enriched HSPCs compared with those recruited to kidney. Since CD146 expression has been
associated with CEP functions 29 and since few HSPCs express the T cell receptor (Figure
4E), our findings suggest that the kidney promotes HSC differentiation toward CEP type
function. Since a small fraction of the purified HSPCs expressed CD146 prior to injection
into mice we tested whether the apparent phenotypic switch was due to selective recruitment
of CD146+, CD34+ cells to the kidney after infusion. Mobilized purified HSPCs were
separated into CD146+ fractions and CD146− fractions. Aliquots of these subpopulations
were infused intravenously into mice 24h after kidney IRI (see the online-only Data
Supplement Table 2). There was equivalent recruitment of the CD146+ or CD146− cells to
the injured kidney. Furthermore, the CD146− cells rapidly acquired expression of CD146,
confirming that HSPCs rapidly undergo a phenotypic switch in kidney.

Human hematopoietic stem/progenitor cells contribute to vascular repair by paracrine
mechanisms

To dissect the mechanism by which HSPCs support neovascularization, we determined
initially whether HSPCs had differentiated into endothelial cells. Using the human-specific
antibodies against CD31 and human vWF, two markers of endothelial cells, we identified
human CD31+ cells in injured kidneys at day 7, 14 and 28, but not at earlier timepoints
(Figure 5A, B, C). Therefore CD31 expression did not coincide with maximal repair.
Occasional CD31+ HSPCs lacked CD45 expression and were found in the PTC wall with
morphology consistent with endothelial cells (Figure 5A). However the vast majority of
CD31+ human cells also co-expressed CD45 (Figure 5B) or were located in the interstitium
with leukocyte morphology, consistent with CD31 expression by lymphocytes and
monocytes, and indicating that human CD31 is not a specific marker of endothelium.
Parallel studies using anti-human vWF antibodies (that did not cross react with mouse vWF)
also identified very rare vWF+ human cells which lacked CD45 expression (Figure 5D),
adding weight to the observation that occasional human cells do become functioning
endothelial cells. Since these investigations provided evidence for only extremely rare
contribution of purified human CD34+ cells to direct endothelial replacement, yet there was
marked expression of the CEP marker CD146 in all HSPCs (Figure 4), we tested whether
HSPCs were functioning by paracrine mechanisms. This was particularly tractable given the
intra and perivascular locale of HSPCs in the kidney following injury. Kidneys labeled for
cells in cell-cycle using the pan cell cycle marker Ki67 was revealing: infusion of HSPCs
led to a marked increase in the number of parenchymal cells in cell-cycle following injury
(Figure 6A-C), and this enhancement of cellular proliferation persisted throughout the repair
phase. The enhanced proliferation was both in tubule epithelial cells and interstitial cells
indicating that HSPCs were influencing both compartments (Figure 6C). In addition, in the
unilateral model of IRI where there is compensatory growth in the uninjured kidney the
HSPCs also promoted proliferation of parenchymal cells of this kidney. While proliferation
was enhanced there was no change in the number of TUNEL+ apoptotic cells seen in the
kidneys (Figure 6D). To explore further potential release of cytokines locally, CMFDA-
labeled HSPCs that had been recruited to the kidney on d4 post IRI were purified from
whole kidney using established methods 30 and their human specific transcriptional profile
was analyzed by RT-PCR comparing it to the transcriptional profile of homogeneic HSPCs
prior to systemic injection into mice (Figure 6E). Mobilized, enriched HSPCs generated
high levels of transcripts for pro-angiogenic cytokines including ANG-1, FGF-2, and
VEGF-A, and in addition generated high levels of HGF recognized for its role in kidney
epithelial regeneration (Figure 7). Strikingly, after injection into mice, those HSPCs that
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were recruited to the kidney exhibited highly similar transcriptional activity for the pro-
angiogenic cytokines, further supporting a paracrine role in angiogenesis.

Since HSPCs were also recruited to spleen (Figure 1) we determined whether HSPCs
secreted circulating angiogenic cytokines in addition to local production of angiogenic
factors directly in the kidney. Protein microarray analysis of plasma detected angiogenic
cytokines at enhanced levels in mice that had received HSPCs (Figure S3A) and these were
context specific, that is plasma levels of human angiogenic cytokines were affected by the
presence of IRI disease in the kidney. However the levels were low, compared with
endogenous production of the same cytokines. In addition, cultured spleen cells did not
generate angiogenic cytokines (Figure S3B), making the spleen an unlikely source of
angiogenic factors, and suggesting that the kidney may be the major source of circulating
human angiogenic factors. Since human angiogenic factors were nevertheless detected in the
circulation we infused conditioned media from 2.5 ×106 cultured HSPCs into mice d1 post
IRI to determine whether HSPCs function as endocrine cells. Whereas HSC infusion
promoted a rapid decline in creatinine level (Figure 2), conditioned media resulted in a non-
significant improvement of renal function (Figure S3C), indicating that detection of human
angiogenic cytokines in plasma likely reflects the paracrine rather than endocrine action of
HSPCs in the kidney.

Discussion
Acute kidney injury in humans continues to confer high mortality and has limited
therapeutic options, therefore identifying potential regenerative approaches, as new
therapeutic strategies, is highly desirable. In addition, emerging evidence indicates that acute
kidney injury in humans is a harbinger of chronic kidney disease characterized by
inflammation, vasculopathy, epithelial atrophy, fibrosis and progressive loss of function
leading to organ failure 3, 15, 27, 31. New strategies that attenuate kidney injury or enhance
repair and regeneration will not only have short-term impact but conceivably will alter the
long-term course for kidney function. The long-term benefits from for such therapies will
impact not only kidney disease but also cardiovascular diseases, since chronic kidney
disease is an independent risk factor for cardiovascular diseases 4. Recently, adult human
peripheral blood CD34+ cells as well as HSPCs have been reported to promote
vasculogenesis and osteogenesis following stroke and bone injury 22, 32. Furthermore,
CD34+ cells are capable of expansion and mobilization into the peripheral circulation in the
presence of exogenously applied G-CSF 33–35, making HSPCs readily available, and
strengthening the rationale of clinical cellular therapy.

In the present study, we demonstrated that human HSPCs administered systemically 24h
following kidney injury were selectively recruited to injured kidneys and localized
prominently within and around vasculature. This recruitment was associated with enhanced
repair of the microvasculature, tubule epithelial cells, enhanced functional recovery, and
increased survival of mice. Additionally, long-term fibrosis was prevented.

During the first 7d of regeneration and recovery post IRI, most HSPCs recruited to the
kidney did not acquire markers of myeloid or lymphoid differentiation, rather they acquired
markers consistent with CEPs 20, 36. Further, HSPCs synthesized high-levels of pro-
angiogenic transcripts and this pattern of transcription persisted following recruitment to the
kidney, which is another characteristic of CEPs. Although mobilized-purified HSPCs
contained small numbers of CEPs and rare CECs defined by cell surface markers prior to
recruitment to the kidney, the injured kidney environment triggered HSPCs to lose CD133,
CD45 and activate expression of CD146, phenotypic features consistent with CEP
differentiation at the site of injury. This injury-triggered differentiation toward CEP cell-
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type is highlighted by the fact that HSPCs recruited to spleen did not generate angiogenic
cytokines. Nevertheless, despite local CEP differentiation within the kidney we identified
very few human endothelial cells in the mouse capillary walls. Taken together these data
indicate that HSC-mediated renal repair is by paracrine mechanisms rather than replacement
of vasculature (Figure 7). The definition of CEPs or even their existence remains
controversial 19, 37. The data presented here show, at least in kidney injury, that human
HSPCs can remain in a peripheral organ as a primitive cell type for several days and
promote vascular repair, and that this cell-type loses CD34 and expresses cell surface
markers that others have reported in cells performing vascular reparative functions 17. Our
findings are consistent therefore with HSPCs becoming CEPs, but not becoming angioblasts
and replacing lost endothelial cells directly. Our studies very rarely identified cells within
the capillary wall with endothelial morphology, expression of CD31, vWF and absence of
CD45 38, consistent with human endothelial cells. CD31 expression alone is insufficient to
designate a cell endothelial since it is also expressed by B cells and monocyte/macrophages
39. Mobilized purified HSPCs contained a minor population of purified CECs (<0.05%) 40,
41. It is possible therefore that the rare human endothelial cells detected in mouse kidney
derived from cell fusion of CEPs with endothelial cells, incorporation of rare CECs, or
possibly occasional transdifferentiation of CEPs.

Human HSPCs were selectively recruited into injured kidney indicating that the kidney
releases chemoattractants for HSPCs 12, 42, 43. Systemic administration of HSPCs at the
onset of injury (d0) led to poor recruitment of HSPCs, but delayed administration of HSPCs
until the beginning of the repair phase was highly effective in triggering recruitment. This
recruitment pattern is similar to monocyte influx to the kidney, suggesting that in addition to
SDF-1, other monocyte chemoattractants may play a role in HSC recruitment. Our prior
studies in mice provided no evidence for endogenous HSC mobilization from the bone
marrow or recruitment to the kidney, simply in response to IRI, although others have
reported that endogenous HSC can be recruited to injured kidney 10, and the differences in
these data may be methodological. Regardless of whether endogenous HSPCs traffic to the
kidney following injury, our studies indicate that there is an inadequate endogenous signal
for recruitment of HSPCs from their normal niche in the bone marrow 44. Since injection of
HSPCs into the peripheral circulation results in effective recruitment to the kidney, HSC
therapy overcomes a normal block in release from the bone marrow niche.

HSPCs were detected in the kidney through d14 and d28 after IRI, using antibodies against
HLA-class-I antigens. There was a bimodal distribution of HSC retention in the kidney with
time, with the nadir occurring at about seven days. We noted that the mice developed bone
marrow chimerism, and that at d14 and d28 (but not earlier) all of the human cells in the
kidney expressed mature lineage markers, and none of them expressed stem cell markers. It
is likely therefore that many of the late human cells in the kidney are recruited from bone
marrow rather than deriving from the original recruitment of HSPCs. However, our data
strikingly point to HSC infusion on d1 and d2 of disease resulting in long-term impact on
fibrosis. It is unclear from these current studies whether a reduction in long-term fibrosis
reflects improved early vascular repair or whether it reflects a persistent population of
reparative mature human leukocytes in the kidney at late time-points.

Ischemic injury in the kidneys is characterized by epithelial injury. Less well described is
the loss of PTC. But, data derived from several severe acute kidney injury models (ischemia,
toxin, transient angiotensin II) demonstrate capillary loss that typically precedes the
development of prominent fibrosis 15, 16, 45, and neoangiogenesis may be a central process
in preservation of vascular structure and restoration of organ function 13, 14, 46, 47. We also
show in these studies that following IRI there is marked loss of PTCs with only relatively
mild renal injury and that although there is significant regeneration of these PTCs during
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repair, there is persistent loss of vasculature one month after injury, indicating that the
kidney has an inherent defect in revascularization after injury 15, unlike other organs such as
skin. Our studies show unequivocally that HSPCs attenuate that loss of PTCs in the kidney
during the repair, and this is associated with both rapid functional recovery of the kidney
and enhanced survival of mice. In our unilateral IRI model, HSC-mediated regeneration of
PTCs did not attenuate the long-term persistent PTC loss at 28 weeks, but nevertheless
impacted on recovery and survival seen in the bilateral IRI model, pointing to early vascular
repair as a central process in renal repair. Despite the window of HSC-mediated vascular
repair being restricted to early time-points after injury, there was nevertheless prevention of
fibrosis progression in the kidney at one month after injury. Further studies will be required
to understand whether this long-term effect of early HSC infusion is through early
enhancement of pericyte-endothelial cell interactions which may be a central interaction in
the development of interstitial fibrosis 48, 49. In preliminary studies late administration of
HSPCs to mice 14 days post IRI kidney resulted in poor recruitment and little evidence of
enhanced vascular repair (not shown), indicating that there is a restricted period post injury
during which HSPCs are efficacious.

Although the kidney IRI model is characterized by severe injury and repair of the tubule
epithelial cells, particularly the S3 segment of the proximal tubule, it is likely that without
PTC regeneration those injured tubules will not regenerate successfully due to persistent
ischemia 15, 50. In addition to PTC regeneration, HSPCs promoted epithelial regeneration, as
assessed by tubule injury score and functional recovery. The generation of angiogenic
cytokines, combined with the intravascular and perivascular locale of HSPCs suggests a
primary role in kidney microvascular repair, which secondarily promotes epithelial repair.
However since HSPCs generate HGF which is known to promote epithelial regeneration
directly, HSPCs may have direct paracrine role on epithelial repair, independently of PTC
repair.

In conclusion, we demonstrate here that systematically administered peripheral blood
mobilized human HSPCs reduce mortality and promote rapid renal repair and regeneration
of the kidney by paracrine mechanisms directed at peritubular capillaries. These findings
support human HSPCs as a promising therapeutic strategy for treatment of acute kidney
diseases, and in the prevention of chronic kidney diseases.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Human hematopoietic stem cells are recruited to post ischemia reperfusion injury kidneys,
spleen and bone marrow of NOD/SCID mice. (A) Photomicrograph of NOD/SCID mouse
d2.5 post IRI kidney that received adoptively transferred human HSPCs on d1, showing
HLA-I positive cells in the interstitium of the post IRI kidney (arrowheads) between necrotic
tubules. (B) Graph indicating the number of human CMFDA+ HSPCs identified in post IRI
and control kidneys with time after IRI. (C) Representative confocal image of day 3 post IRI
kidney following IV transferred of human HSPCs on d1 post IRI showing CMFDA
fluorescing human cells (arrowheads) in peritubular CD31+ capillaries. (D) Graph indicating
the number of human HLA class I cells in post IRI and control kidneys on days 7, 14 and 28
after IRI. (E) Representative confocal image detecting human HLA class I (green, arrow) of
day 7 post IRI kidney of NOD/SCID mice treated with human HSPCs d1 after IRI. (F)
Representative confocal image of CMFDA labeled human HSPCs in spleen 3d following
IRI, adoptively transferred 1d after kidney IRI. (G) Graph indicating the number of CMFDA
positive cells per section in the spleen on days 3, 5 and 7 after IRI. (H) Graph indicating
proportion of human CD45+ cells in mouse bone marrow following adoptive transfer. (I)
Representative flow cytometric plot for CD11b (detects mouse and human antigens) and
human CD45 of whole bone marrow from d7 post kidney IRI mouse that received
adoptively transferred human HSPCs d1 after IRI. Mean ± SD. **P < 0.01 vs. control
kidney. (Bars, 50μm, n = 6–10/group)
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Figure 2.
Adoptive transfer of human HSPCs to NOD/SCID mice following kidney ischemia
reperfusion injury decreases mortality and improves kidney function. (A) Plasma creatinine
levels on days 1 and 2 following bilateral IRI followed IV injection with PBS (Vehicle,
n=16) or 2.5×106 (HSC, n=10) 1day following injury. Data are mean ± SD. (B) Curves
showing the proportion of mice with plasma creatinine ≤0.4 mg/dL at each time point
following IRI. (C) Survival curves and number at each time point, for mice undergoing
bilateral IRI followed IV injection with PBS (vehicle) or 2.5×106 human HSPCs (HSC) 1
day following injury.
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Figure 3.
Adoptive transfer of Human HSPCs attenuates peritubular capillary loss and reduces tubular
epithelial injury following kidney ischemia reperfusion injury. (A–B) Representative images
of mouse CD31-labeled peritubular capillaries (PTC) of outer medulla of d7 post IRI kidney
that received vehicle (A) or HSPCs (B) on d1 and d2. Note marked PTC loss in (A). (C)
Graph showing PTC index for mice following vehicle or HSPCs (n=3 per timepoint). (D–E)
Representative light images of PAS stained kidney sections of outer medulla d5 post IRI
kidney from mice that received vehicle (D) or HSPCs (E) on d1 and d2. Note prominent
debris in severely injured tubules in (D), present to a much lower extent in (E). (F) Graph
showing tubular injury index for mice following vehicle or HSPCs (n = 6–10 per timepoint).
(G–H) Representative images of Sirius red-stained kidneys d28 post IRI that received either
vehicle (G) or HSPCs (H) on d1 and d2 post IRI. (I) Graph showing fibrosis area for mice
following vehicle or HSPCs (n = 6–10 per timepoint). Mean ± SD. *P < 0.05, vs. vehicle
group. (Bars = 50μm).
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Figure 4.
Differentiation of human HSPCs in kidneys. Representative confocal image (A) and
epifuorescence images (B–C) of kidney outer medulla showing expression of human CD45
(A), human CD3 (B), and absence of CD11b (C) in cells (arrowheads) in d5 post IRI
kidneys that received IV injection of HSPCs 1 day following injury. Images are co-labeled
(A–B) to show mCD31 (red) of the mouse vasculature. Graphs showing the number of
human CD45+ (D), human CD3+ (E), and CD11b+; CMFDA+ (F) cells identified in post
IRI kidneys and control kidneys. (G–H) Confocal split panel image (G) and graph (H)
showing the presence of HLA-I+, hCD45− cells (arrowheads) in the interstitium of the d7
post IRI kidney [T = tubule]. Inset shows a HLA-I+, hCD45+ leukocyte (arrow). (I–K)
Representative epifluorescence images of the outer medulla of day 3 post IRI kidney of
NOD/SCID mice that received human HSPCs on d1–d2 labeled with CMFDA (arrowheads)
co-labeled with antibodies against human CD133 (I), CD146 (J) and KDR (K). Note anti-
KDR antibodies also detected mouse endothelium (arrows) [T = tubule, outlined with
hatched white line in J]. (L) Graph showing the expression of stem cell/CEP markers by
HSPCs prior to (d0) and following recruitment to the post IRI kidney. (Bars = 50μm). Data
are mean ± SD. n = 6/timepoint.
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Figure 5.
Rare human endothelial cells are detected in the kidney after ischemic injury and HSC
infusion. (A–B) Confocal images of d28 post IRI kidneys showing the presence of human
CD31 expressing cells some of which appear to be integrated into capillaries (arrowhead)
(A), but the majority are morphologically monocytic and co-express hCD45 (arrowheads)
(B). (C) Graph showing the number of human CD31 expressing cells in the post IRI kidneys
with time following adoptive transfer of HSPCs 1day following injury. (D) Specific
expression of human von Willebrand factor (vWF) (arrowheads) and not mouse vWF in
cells that lack expression of human CD45 in the post IRI kidney (Bar = 50μm).
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Figure 6.
Human HSPCs generate angiogenic paracrine factors in the kidney after ischemia
resperfusion injury that promote parenchymal cell proliferation. (A–C) Confocal images (A)
and quantification (B–C) of Ki67+ cells in kidney (B), or kidney tubule (TUB) or interstitial
(INT) compartments (C). (D) T.U.N.E.L. positive apoptotic cells in kidney sections post IRI.
(E) Relative gene expression compared with GAPDH of pro-angiogenic transcripts in
mobilized HSPCs prior to transfer to mice (white) and those purified from post-IRI kidney
48h following transfer to mice. Note that HSPCs recruited to the kidney retain high-level
expression of pro-angiogenic transcripts. Mean ± SD.**P < 0.01 n = 6/group. (Bars =
50μm).
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Figure 7.
Model of functions of HSPCs in repair of the kidney following injury. HSPCs are recruited
to the injured kidney where they acquire the CEP marker CD146 and localize within injured
capillaries and in the interstitium. Local production of cytokines including Angiopoietins,
Vascular endothelial growth factors, hepatocyte growth factor and insulin like growth
factors are generated promoting cellular repair by paracrine mechanisms.
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