1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Eg)%
S

O

R HE

,NS

N4

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Regen Med. 2014 July ; 9(4): 437-452. doi:10.2217/rme.14.26.

Immunohistochemical toolkit for tracking and quantifying
xenotransplanted human stem cells

Justine Allard?, Ké Li2, Xavier Moles Lopez34, Stéphane Blanchard®$, Paul Barbot?,
Sandrine Rorivel#, Christine Decaestecker3#, Roland Pochet’, Delphine Bohl®>6, Angelo C
Lepore?, Isabelle Salmon4, and Charles Nicaise™18

1Department of Pathology, Erasme Hospital, Université Libre de Bruxelles, Brussels, Belgium

?Department of Neuroscience, Farber Institute for Neurosciences, Thomas Jefferson University
Medical College, Philadelphia, PA 19107, USA

SLaboratories of Image, Signal processing & Acoustics (LISA), Ecole Polytechnique de Bruxelles,
Université Libre de Bruxelles, Brussels, Belgium

“DiaPath, Center for Microscopy & Molecular Imaging (CMMI), Gosselies, Belgium
SInstitut Pasteur, Unité Biothérapies pour les Maladies Neurodégénératives, Paris, France
SINSERM U1115, 75013 Paris, France

"Laboratory of Histology, Neuroanatomy & Neuropathology, Université Libre de Bruxelles,
Brussels, Belgium

8Laboratory Neurodegeneration & Regeneration, URPHYM-NARILIS, University of Namur,
Namur, Belgium

Abstract

Aim—Biomarker-based tracking of human stem cells xenotransplanted into animal models is
crucial for studying their fate in the field of cell therapy or tumor xenografting.

Materials & methods—Using immunohistochemistry and in situ hybridization, we analyzed the
expression of three human-specific biomarkers: Ku80, human mitochondria (hMito) and Alu.

Results—We showed that Ku80, hMito and Alu biomarkers are broadly expressed in human
tissues with no or low cross-reactivity toward rat, mouse or pig tissues. In vitro, we demonstrated
that their expression is stable over time and does not change along the differentiation of human-
derived induced pluripotent stem cells or human glial-restricted precursors. We tracked in vivo
these cell populations after transplantation in rodent spinal cords using aforementioned biomarkers
and human-specific antibodies detecting apoptotic, proliferating or neural-committed cells.
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Conclusion—This study assesses the human-species specificity of Ku80, hMito and Alu, and
proposes useful biomarkers for characterizing human stem cells in xenotransplantation paradigms.

Keywords
cell therapy; human-specific biomarker; image quantification; stem cells; xenotransplantation

In humans, organs such as brain, heart, eyes and endocrine pancreas have limited
regenerative abilities following injury, infarct or degenerating conditions [1]. Today, the
concept of regenerative medicine has pushed the development of stem cell therapies
forward. Alternative sources of stem cells, other than embryonic stem cells, have accelerated
their preclinical evaluation in diseases lacking efficient treatments, in particular in central
nervous system disorders [2,3]. The translation of human stem cells to patients is still
critically dependent on preclinical studies, mostly validated through animal models [4].
Before approval by competent authorities, post-mortem analysis addressing safety,
biodistribution and fate of transplanted cells is requested and cannot be circumvented. They
represent complementary methods to new noninvasive tracking systems [5,6].

Prelabeling human stem cells using membrane permeable-fluorescent dyes (Dil), quantum
dots, 5-bromo-2-deoxyuridine loading or insertion of reporter genes (e.g., LacZ, luciferase,
red/yellow/green fluorescent protein) allow for easy identification in situ in animal tissues
[7,8], but is potentially associated with turning off of the reporter gene, cell toxicity [9],
unforeseen consequences on differentiation [10] and/or an immune response [11]. For
instance, discrepancies in the expression level of green fluorescent protein between in vitro
(high expression) and in vivo (low expression) have already been described in
transplantation studies [12,13]. While exogenous labeling of transplanted cells or modifying
the cells with reporter transgenes is convenient for research applications, this may produce
genetic perturbations of unknown significance jeopardizing the preclinical study or clinical
translation approval by regulatory authorities.

Terminal procedures including immunohistochemical methods are routinely carried out as
analysis of cell fate upon transplantation. Species-specific antibodies (Ab), gender-specific
or human-specific biomarkers are essential tools to track engrafted cells of human origin by
immunohistochemistry. Along these lines, the marker “human nuclear antigen' recognizes an
epitope of human histone H1 family member 0 and is ubiquitously expressed in all human
cell nuclei. Ab generated against human nuclear antigen have been widely used to track
human cells xenotransplanted in animal tissues. Unfortunately, most of these studies only
focused on frozen sections [14-17], which is a shortcoming for applications on paraffin-
embedded or long-stored/shipped specimens. In addition, human-specific Ab recognizing
blood antigens such as TRA-1-85 [18,19] or minor/major histocompatibility antigens [20]
have also been tested but have not yielded satisfactory results in terms of broad applicability,
ubiquitous expression or lasting expression following differentiation.

In the present study, we aimed at characterizing three ubiquitous biomarkers — Ku80, human
mitochondria (hMito) and Alu sequences — as tools for tracking human stem cells
xenotransplanted into animal models and suitable for paraffin-embedded samples. Using
computer-assisted image analysis, we quantified the engraftment of human neural- or glial-
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precursor cells following transplantation into rat and mouse spinal cord, respectively.
Completing such panel, we characterized human-specific Ab detecting apoptotic,
proliferative or neural-lineage differentiating cells. Based on immunohistochemistry and in
situ hybridization, this methodological paper assesses the human-species specificity and
ubiquitous expression of several biomarkers and proposes useful tools to analyze the fate of
human stem cells in preclinical studies.

Materials & methods

Ethic statement

Cell culture

Human skin fibroblasts were obtained from the Centre de Ressources Biologiques in Lyon,
France, with the approval of competent authorities. A statement of biological samples was
made according to French laws formulated by the Ministére de la Recherche and to the
Comité de Protection des Personnes, lle de France (DC 2009-1067). Human glial-restricted
precursors (GRP) were obtained from brains of fetal cadavers of gestational age from 17 to
24 weeks. Tissue was procured by Procurement Specialists employed by Advanced
Bioscience Resources (Alameda, CA, USA; FEIN 3005208435) following informed consent
standard operating procedure and donor medical record review procedures.

Induced pluripotent stem cells (iPS) were prepared as described elsewhere [21,22]. Briefly,
iPS were generated following forced expression of OCT4, SOX2, KLF4 and c-MYC
transcription factors with retroviral vectors. They were grown on irradiated mouse
embryonic fibroblast feeder layers in the following medium (iPS medium): DMEM/F12
containing 20% Knock-Out Serum Replacement (Life Technologies, CA, USA), 10 ng/ml
FGF2 (Miltenyi Biotec, Paris, France), 100 uM nonessential amino acids (Life
Technologies), 100 uM mercaptoethanol (Life Technologies), 50 U/ml penicillin and 50
mg/ml streptomycin. Cultures were passaged every 5-10 days either manually or
enzymatically with collagenase type IV (1 mg/ml; Life Technologies). Human iPS-derived
neural precursor cells (NPC) were obtained as previously detailed [22,23]. For neural
differentiation, iPS were collected as small clusters and resuspended in iPS medium without
FGF2. After 2 weeks, floating clusters were dissociated into single cell suspension with
Accumax (PAA Laboratories, Linz, Austria). Cells were further differentiated into neurons
for 14 days in DMEM/F12 containing 2% B27 (Life Technologies).

GRP were derived as described by Campanelli's protocol [24]. Briefly, forebrain from
human fetus was mechanically and enzymatically dissociated, followed by magnetic-
activated cell sorting-based positive selection with the glial progenitor specific cell surface
antigen A,Bs. Following selection, GRP were cultured on polyornithine-coated flasks in
DMEM/F12, with .-glutamine, 15 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(Life Technologies), 1X N1 (Sigma-Aldrich, MO, USA), 0.01% human serum albumin, 20
ng/ml FGF2 and 10 ng/ml PDGF-AA (both from Peprotech, NJ, USA) for 20 days. To
prepare pMXs-mRFP1 retrovirus, 293FT cells (Invitrogen, CA, USA) were transfected with
plasmids pMXs-mRFP1, pCL-Eco and pCMV-VSV-G (all were purchased from Addgene,
MA, USA). After 2 days of culture, pMXs-mRFP1 retrovirus was concentrated from
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supernatant with PEG-it™ Virus Precipitation Solution (System Biosciences, CA, USA)
following manufacturer's protocol. On the day of infection, pMXs-mRFP1 retrovirus
solution was added to GRP culture medium at the concentration of 2 x 108 1U/ml, and then
the medium was changed in 24 h. After 4-5 days of culture, the red fluorescent signal of red
fluorescent protein (RFP) in the infected cells became visible under the florescence
microscope. The cells were trypsinized and resuspended with artificial cerebrospinal fluid
(Tocris Bioscience, Bristol, UK) at the concentration of 1.5 x 10 cells/ul, in preparation for
transplantation. To induce GRP differentiation, the cells were cultured in DMEM/F12
(Invitrogen), N2/B27 (Invitrogen) supplement and 10 ng/ml hBMP4 (Peprotech) for 4 days.

Male C57BL/6 mice aged from 8 to 12 weeks and female Sprague—Dawley rats weighing
250-300 g were purchased from Taconic Farm (MD, USA). All animals were housed in a
humidity-, temperature-and light-controlled animal facility with ad libitum access to food
and water. Experimental procedures were reviewed by the institutional animal care and use
committee (Laboratory agreement LA1230342, protocol 292N), conducted in accordance
with the European Communities Council Directive (2010/63/EU, 86/609/EEC and 87-848/
EEC) and the NIH Guide for the Care and Use of Laboratory Animals.

Experimental design & surgery

Mice were anesthetized with ketamine (120 mg/kg) and xylazine (5 mg/kg). The dorsal skin
and underlying muscle layers were incised along the midline between the spinous processes
of C2 and T1 [25-27]. Following right unilateral laminectomy, mice were administered
100,000 GRP in 2 pl in the ventral horns of both C4 and C5 levels, at a depth of 0.75 mm.
Mice were immunosuppressed by intraperitoneal administration of FK-506 and rapamycin
(1 mg/kg each per day; LC Laboratories, MA, USA) daily beginning 3 days before grafting
and continuously until sacrifice [16].

Anesthesia in rats was induced by ketamine (60 mg/kg) and xylazine (7.5 mg/kg). The
dorsal skin and underlying muscle layers were incised along the midline between the
spinous processes of L1 and L6. Following laminectomy on L4 and L5 levels, rats received
200,000 iPS-derived NPC in 2 pl targeting the respective ventral horn segments at a depth of
1.5 mm [23]. Rats were immunosuppressed with cyclosporine A (Neoral; Novartis
International, Basel, Switzerland) at 10 mg/kg per day, added in the drinking water. The
immunosuppression was started 5 days before transplantation and continued until the
sacrifice. Sham animals underwent the same surgery, including laminectomy, but received
injections of artificial cerebrospinal fluid. At the end of the procedure, overlying muscles
were closed in layers with sterile 4-0 silk sutures, and the skin incision was closed using
sterile wound clips. Animals were allowed to recover on a circulating water-heating pad
until awake and then returned to their home cages. They were daily monitored for 5 days,
and measures were taken to avoid dehydration and to minimize any potential pain or
discomfort. Animals were sacrificed by exsanguination under anesthesia at different time
post-transplantation.
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Tissue preparation

Animals were transcardially perfused with saline and then 4% buffered paraformaldehyde.
Spinal cord was collected and pot-fixed overnight in paraformaldehyde. Spinal cord was
longitudinally split in two hemicords. One segment of hemicord was rinsed in tap water and
then was dehydrated in 70% alcohol before paraffin-embedding. The other half was washed
in 0.1 M phosphate buffer and cryoprotected in 30% sucrose for 3 days at 4°C followed by
embedding in freezing medium.

Species-specific tissue microarray

Tissue microarrays (TMA) were constructed using a Minicore tissue arrayer (Alphelys), as
previously detailed [28]. TMA blocks bring together tissue samples from various mice, rats
and human organs and included skeletal muscle, trachea, stomach, small intestine, colon,
spleen, tonsil, lymph nodes, hematopoietic bone marrow, liver, pancreas, cerebellum, brain
(hippocampus), spinal cord, lung, heart, kidney, thymus, prostate, testis, thyroid, mammary
gland, ovary, fallopian tube, endometrium, cervix, myometrium and placenta. Additionally,
pancreas, spleen, liver, lung, heart, hematopoietic bone marrow and lymph nodes (kindly
gifted by Professor Desmecht, ULg, Belgium) from swine pigs were included in the study
and processed for paraffin-embedding.

Immunohistochemistry

Immunostainings were performed on Ventana discovery XT™ (Ventana, Roche
Diagnostics, Vilvoorde, Belgium) using the DABMap detection system according to
manufacturer's recommendations. Briefly, 5 um-thick tissue sections were deparaffinized
and endogenous peroxydase activity was inhibited with 3% hydrogen peroxide. Each
primary Ab was added according to Ab concentration specified in Table 1. Next, slides were
washed and incubated with biotinylated secondary Ab against mouse or rabbit (1:200,
Vector Laboratories, Peterborough, UK) followed by the addition of complex avidin—
horseradish peroxidase. Immunostaining was detected by incubation with diaminobenzidine
and hydrogen peroxide. Sections were counterstained with hematoxylin and mounted with
Entellan®. When hMito immunostaining was performed on mouse tissue, a MoMap Kit
(760-137, Ventana) was used according to manufacturer's protocol.

In situ hybridization

In situ hybridization was carried out on Ventana discovery XT™ using the DABMap
Detection System according to manufacturer's recommendations. Five micrometer thick
sections were deparaffinized. Antigen retrieval was performed with RiboCC™ (pH 6.0) for
60 min at 95°C followed by digestion with Protease 3 (760-2020, Ventana) for 20 min at
37°C. Alu Positive Control Probe Il (780-2221, Ventana) was dropped, slides were warmed
at 85°C to denature DNA, hybridization was performed at 47°C for 1 h. Slides were washed
twice with sodium saline citrate. Nonspecific binding was impeded by incubation of
inhibitor D and endogenous biotins were blocked with avidin-biotin kit (760-050, Ventana).
Bound probe was detected by rabbit anti-digoxigenin (780-4335, VVentana) and then tissues
were incubated with biotinylated anti-rabbit Ab (Vector Laboratories). Slices were exposed
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at complex avidin—horseradish peroxidase at room temperature and finally were incubated
with diaminobenzidine and hydrogen peroxide.

Immunofluorescence

Cells in culture were fixed with 4% buffered paraformaldehyde, washed in phosphate
buffered saline (PBS) and permeabilized 15 min with 0.1% Triton X-100. After washing,
primary Ab (diluted at 1:100) were incubated overnight at 4°C in blocking buffer (PBS
supplemented with 4% fetal bovine serum). Primary Ab were against Ku80, hMito, nestin,
SSEA4 (Chemicon, CA, USA), SMI32 (Covance, Belgium), GFAP (Dako, Heverlee,
Belgium). The following day, the cells were washed and secondary Ab incubated for 1.5 h at
room temperature. Secondary Ab FITC goat anti-mouse 1gG, FITC goat anti-rabbit 1gG,
TRITC goat anti-rabbit 1gG were all purchased from Molecular Probes (Life Technologies)
and diluted at 1:200 to recognize the matched primary Ab. Thirty micrometer thick frozen
spinal cord sections were air-dried and successively washed and permeabilized with 0.4%
Triton X-100 in PBS for 5 min at room temperature, then incubated in blocking solution
(PBS containing 10% normal goat serum and 0.4% Triton X-100) for 1 h at room
temperature. Sections were labeled overnight at 4°C with Ku80 Ab (1:100) in blocking
solution, and after washed three-times with PBS (5 min each time), sections were incubated
with the secondary Ab in blocking solution for 1 h in room temperature. After washing
twice with PBS (10 min each time), sections were mounted with coverslips.

Computer-assisted image analysis

Statistics

Results

Immunostained spinal cord slides were scanned using a NanoZoomer slide scanner
(Hamamatsu, Japan). For each virtual slide, immunostaining quality was controlled. Using
the Visiomorph software package (Visiopharm, H@rsholm, Denmark), hemicord areas were
selected manually, discarding tissue folds and other technical artifacts. Quantitative analysis
of the injected hemicord was further performed. For each selected area and each staining, we
computed the labeling index (L) [28], which corresponds to the percentage of the
immunostained tissue area. For nuclear immunostaining (i.e., Ku80 and Alu probes), the LI
corresponds to the percentage of the immunostained nucleus area.

Independent groups of quantitative data were compared using nonparametric one-way
analysis of variance (Kruskal-Wallis test), followed by post-hoc test (Dunn method) for
multiple comparisons. p < 0.05 was considered as significant.

Broad & human-specific expression of biomarkers

Through TMA screening, we first sought to determine the human specificity of three
putatively ubiquitous biomarkers: Ku80, hMito and Alu sequences. Using
immunohistochemistry and in situ hybridization, we showed that Ku80, hMito and Alu were
broadly expressed throughout the human body. Human liver, pancreas, brain, testis, lung,
hematopoietic bone marrow and lymph node were strongly immunoreactive for the three
biomarkers (Figure 1), while no signal could be seen in their rat or mouse counterparts
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(lower panels in Figure 1). As expected, the localization of the immunostaining was
confined to the nucleus for Ku80 and Alu, and to the cytoplasmic compartment for hMito.
An in-depth analysis aimed at identifying the cellular expression was performed using TMA
slides encompassing numerous normal human, mouse, rat and pig organs. As shown in
Table 2, Alu was the most intense, the most expressed and the broadest human biomarker in
the tissues analyzed, even found in the latest stage of spermatogenesis. Although Ku80 had
the same expression pattern and immunoreactivity (Supplementary Figure 1; see online at
www.future-medicine.com/doi/suppl/10.2217/rme.14.26) as Alu, it could not be found in the
spermatozoa nucleus. Among the three biomarkers, hMito demonstrated the weakest
immunoreactivity and, for instance, was not observed in type | pneumocytes or spermatozoa
(Table 2). Ku80 and Alu were never detected in mouse, rat or pig tissues, confirming their
specificity toward human species (Supplementary Figure 1). Surprisingly, the hMito Ab
recognized a homologous protein in pig tissues making it unsuitable for xenotransplantation
follow-up in this animal model. hMito did not cross-react with mouse or rat tissues (Figure
1). Although claimed to work on paraffin sections, a commercially available histone H1 Ab
did not yield satisfactory results in terms of ubiquitous or human-specific expression (data
not shown).

Stable expression of Ku80 & hMito biomarkers along differentiation of human iPS cells

To be considered as a reliable biomarker for long-term follow-up, the biomarker should be
expressed in the tracked cells at all stages of cell differentiation. We therefore cultured
human iPS and differentiated them toward the neuronal lineage. iPS co-expressed the
undifferentiated marker SSEA4 with the nuclear biomarker Ku80 (Figure 2A). The same
cells were strongly immunoreactive for hMito (Figure 2B). iPS were further differentiated
into NPC which expressed the neural lineage marker nestin concomitantly with Ku80
(Figure 2C). Pure NPC cultures also expressed hMito biomarker (Figure 2D). Finally, NPC
cultures were incubated in medium without growth factors, achieving the ultimate
differentiation stages. After two weeks, we were able to detect SMI132™* cells expressing
Ku80 biomarker (Figure 2E). These SMI32* cells displayed the typical morphology of
mature neurons (arrow in Figure 2E). Cells with a neuronal morphology derived from the
same culture condition all expressed hMito biomarker (Figure 2F). Although our protocol of
differentiation was being optimized to push NPC toward a neuronal phenotype [22], we
sparsely observed GFAP™ expressing likewise hMito biomarker (inset in Figure 2F).

NPC expressed human biomarkers up to 60 days after transplantation in rat spinal cord

Human iPS-derived NPC were injected in the ventral horn of rat lumbar spinal cord and
tracked up to 60 days post-transplantation (Figure 3A). Ku80, hMito and Alu
immunoreactive cells were observed in a rat sacrificed 1-h postinjection, suggesting that
these biomarkers could be used in vivo to track human stem cells and eventually to follow
the cell fate for longer time periods (Figure 3A). Using computer-assisted quantification
analysis, we were able to compute an LI for each slide (Figure 3B). Human NPC were
visualized in the spinal cord tissue by Ku80, hMito and Alu stainings up to 60 days
postinjection (Figure 3C). At gross microscopic analysis, the number of immunoreactive
cells in the cord tended to decrease after grafting, which was confirmed by further image
quantification. The LI of each immunostaining was significantly higher at 1, 15 and 30 days
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post-transplantation compared to sham animals but progressively decreased over time likely
due to cell death (Figure 3D). We did not detect immunostaining for any of the biomarkers
in the sham group receiving injection of artificial cerebrospinal fluid (data not shown).

Stable expression of Ku80 & Alu biomarkers along differentiation process of human GRP

In order to extend these findings, we used a second human progenitor cell type, A,Bs* glial-
lineage restricted precursors, which are able to give rise to fully mature astrocytes. These
A,Bs* GRP were in vitro transduced with an RFP-carrying viral vector and subcultured in
undifferentiated and differentiated conditions. Most undifferentiated GRP expressed both
A,Bs and RFP (Figure 4A). They also expressed Ku80 and Alu biomarkers and to a lesser
extent hMito (Figure 4A). Differentiation was initiated by addition of BMP4 in the medium,
which induced morphological changes toward star-shaped cells. GFAP immunostaining
confirmed the differentiation process to an astrocyte phenotype (Figure 4B). Upon
differentiation, cells retained their RFP expression, and at least expression of two of the
biomarkers: Ku80 and Alu. hMito immunolabeling resulted in a very weak signal in
differentiated GRP, suggesting decreasing expression of this biomarker upon differentiation
(Figure 4B).

GRP expressed human biomarkers up to 15 days after transplantation in mouse spinal

cord

According to a similar protocol of transplantation, undifferentiated GRP were injected in the
mouse cervical spinal cord (Figure 5A) in order to demonstrate the usefulness of Ku80, Alu
and hMito biomarkers as immunohistochemical tools for tracking human xenotransplanted
progenitor cells. As cells were previously transduced in vitro with the RFP exogenous
reporter gene, it was straightforward to identify the transplanted cells under fluorescence on
cryostat-processed spinal sections. We demonstrated that RFP* GRP transplants expressed
Ku80 biomarker in vivo at 1 and 15 days post-transplantation (Figure 5B). Using classical
immunohistochemistry on paraffin-embedded samples, we tested Ku80, hMito and Alu
immunolabeling on sham- and GRP-injected spinal cord. We did not detect immunostaining
for any of the biomarkers in the sham group receiving injection of artificial cerebrospinal
fluid (Figure 5C). In transplanted mice, we showed that Ku80 and Alu biomarkers were
continuously expressed at a high intensity over time and allowed for rapid identification of
human cells (Figure 5D). While hMito was significantly expressed in GRP at 1-day post-
transplantation, labeling with this biomarker progressively was lost at the later time point.
Rare and discrete hMito* cells were observed containing faint cytoplasmic granulations at
15 days post-transplantation (Figure 5D).

Human-specific biomarkers of apoptotic, proliferative or neural-lineage differentiating cells

We also found that c-PARP and cyclinB1 Ab are human markers of apoptotic and
proliferating cells, respectively (Figure 6A-H), which could be used to further characterize
the fate of transplanted stem cells. Immunolabeling could be seen on human spleen samples
where apoptotic c-PARP™ cells (Figure 6A) or proliferating cyclinB1* cells (Figure 6B)
were present in the white pulp. Spleens from mouse (Figure 6C & E) and rat (Figure 6D &
F) were not immunostained with the human-specific biomarkers. CyclinB1 Ab, but not c-
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PARP, cross-reacted with spleen sample from pig origin (Table 1). Fifteen days after
intraspinal transplantation, some human NPC underwent apoptosis since they were
immunoreactive for c-PARP (Figure 6G) and some continued to proliferate as demonstrated
by immunoreactivity for cyclinB1 (Figure 6H). Two different Ki67 Ab (data not shown),
one of the most commonly used markers of proliferation, were also tested, but neither was
specific to the human species (Table 1). We next characterized supplementary biomarkers,
nestin and neuron-specific enolase (NSE), which allow for the identification of neural-
committed cells and neurons. Their cross-reactivity was tested on human, rat and mouse
nervous tissue (Table 1). In the rat model transplanted with human NPC, we observed the
presence of nestin* cells as early as 1-day post-transplantation (Figure 61) whereas NSE
started to be expressed from 30 days post-transplantation, most likely in differentiated NPC
(Figure 6J). Both biomarkers did not label brain or spinal cord tissue from rat origin
allowing for specific detection of the human cell population.

Discussion & conclusion

In pioneering transplantation clinical trials, dopamine neurons derived from human fetal
forebrain were injected into Parkinson patients and were functional for months, showing
sustained uptake of dopamine precursor and producing long-lasting clinical improvements.
Proof of concept that the graft survived up to 16 years after initial transplantation was shown
by post-mortem immunohistochemistry, demonstrating tyrosine hydroxylase
immunoreactive dopaminergic cells in the parkinsonian recipient brain [29,30]. Although
there is no definite proof that these dopaminergic cells arose from the graft, there is an
overall growing consensus among the scientific community that a better understanding of
the fate of transplanted cells — biodistribution within or outside of the target tissue, viability
over time, integration into host tissue, differentiation into functional cells, tumorigenic
potential — will be critical for the long-term approval and ultimate success of these stem cell-
based strategies. Before translation to patients, preclinical assessment of a human cell
therapy product must address strict regulations. Many crucial parameters such as delivery
dose accuracy or engraftment efficiency must be quantified. These important questions can
be addressed by immunohistochemical methodology using aforementioned human-specific
biomarkers: Ku80, Alu and hMito. In the past, hMito Ab was used for tracking the
engraftment of human mesenchymal stem cells in rodent traumatic CNS injury models
[31,32] and the fate of neural precursors in a rat model of amyotrophic lateral sclerosis [23].
Mostly on cryostat-processed tissues, Ku80 and Alu probes also allowed for tracking human
cells in several xenotransplantation paradigms [33-37].

Our methodology of detection is based on native protein biomarkers expressed by most
human cells that could be used to follow the fate of any human xenotransplanted stem cells,
from their most undifferentiated state to their final maturation state. Through human tissue
microarray screening, we first identified Ku80, hMito antigen and Alu sequences as good
immunohistochemical biomarkers, broadly expressed throughout the human body. As they
are expressed by most differentiated human cells, they can be applied in a variety of
preclinical study settings, assessing human stem cells giving rise to many different cell
types: muscles, epithelial cells, fibroblasts, osteoblasts, endocrine cells or nervous cells.
Moreover, preliminary results from our laboratory suggested that the aforementioned
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biomarkers are similarly expressed in human stem cells arisen from various tissues: neural
progenitor cells, cardiac progenitor cells and hepatic progenitor cells. Among the
limitations, hMito Ab had the lowest sensitivity for some cell types (i.e., pneumocytes,
lymphocytes and fibroblasts) and the final stage of male gamete was only labeled with Alu
probe. In this work, we demonstrated that Ku80 was stably expressed along the
differentiation process of our stem cell populations, from the very undifferentiated iPS cell
to mature neurons and from the glial precursor to astrocytes. Surprisingly, hMito staining,
unlike Ku80 or Alu, was weak in GRP cells and progressively vanished over the
differentiation process of GRP in vitro and in vivo; this highlights the importance of
appropriate biomarker selection for specific cell populations and its validation with respect
to sensitivity and expression stability along differentiation [18]. Ku80 and Alu biomarkers
represent reliable biomarkers to track the long-term engraftment of human stem cells in the
mostly used xenotransplantation animal models (rat and mouse). As Ku80 Ab and Alu did
not cross-react with any pig tissue, their use can be extended to xenotransplantation
paradigms in this species, a well-known model for the study of cardiac disease [38]. The
advantage of using these three biomarkers is their applicability on paraffin-embedded/stored
tissues compared to previously used common human biomarkers (e.g., human nuclei, human
nuclear antigen) supporting only cryostat applications [16,39]. In our quest for universal
human biomarkers, we confirmed Ku80, hMito and Alu as being specifically expressed in
many human cells and not in normal tissues from mouse, rat or pig origins. However, we
cannot rule out whether these biomarkers are present during pathological processes (i.e.,
inflammation, apoptosis or necrosis) in the mentioned animal species. For instance, Ki67, a
widely used marker of proliferation in human diagnostics, has been shown to unexpectedly
label apoptotic cells in particular conditions [40,41] and is downregulated during hypoxia
[42,43]. We therefore proposed two alternative human-specific markers for labeling
proliferative and apoptotic cells, namely CyclinB1 and c-PARP. Surprisingly, we did not
observe huge amount of c-PARP* apoptotic cells in our xenotransplantation paradigm while
significant cell loss could be detected over time. A possible explanation for this intriguing
result is that the cell loss we observed is not related to apoptosis but mediated by alternative
pathways such as necrosis or destruction by host immune cells. For instance, when Schwann
cells were transplanted into injured rat spinal cord, it has been shown that six-times more
transplanted cells died during the first week after transplantation by necrosis than apoptosis,
with the majority of cell death occurring within the first hours [44].

Finally, computer-assisted image analysis allowed us to quantify the cell engraftment and to
tridimensionnally reconstruct the site of injection (data not shown). Such quantitative data
could serve as valuable parameters when comparing different types of cell delivery
(intraparenchymal/intravenous/intraperitoneal/intracavitary injections), vehicle solution or
cell populations. Although alternative methods of quantification do exist, most of them are
based on the detection of human-specific DNA sequence by real-time PCR [45-47] in
xenotransplanted tissues. Our approach has the advantage of allowing both morphological
analysis and quantification. Nevertheless, real-time PCR may be seen as a complementary,
and possibly more sensitive, method to detect low amounts of engrafted cells, particularly in
large organs that would be processed as a whole.
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Noninvasive molecular imaging, including MRI and PET, as well as ongoing improvements
of these modalities that enhance their spatial and temporal resolution, is likely to increase
the prospects of successful tracking in preclinical studies. So far, immunohistochemistry-
based post-mortem analysis together with image quantification still provides information on
cell engraftment or distribution after transplantation as accurate and quantitative as modern
noninvasive techniques, helping at corroborating in vivo findings in the fields of stem cell
therapy [32,35] or tumor xenograft [20].

Future perspective

The translation of human stem cells to patients is still critically dependent on preclinical
studies, mostly validated through animal models. Before approval by competent authorities,
post-mortem immunohistochemistry, using specific biomarkers detecting human engrafted
cells, cannot be circumvented and allows for addressing safety, biodistribution and fate of
transplanted cells. They represent complementary methods to in vivo noninvasive tracking
systems. There is an overall growing consensus among the scientific community that a better
understanding of the fate of transplanted cells — biodistribution within or outside of the
target tissue, viability over time, integration into host tissue, differentiation into functional
cells, tumorigenic potential — will be critical for the long-term approval and ultimate success
of these stem cell-based strategies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Executive summary

Broad & human-specific expression of biomarkers (Ku80, human mitochondria &
Alu)

*  Ku80, human mitochondria (hMito) and Alu can serve as reliable biomarkers to
track the long-term engraftment of human stem cells in the mostly used
xenotransplantation animal models (rat and mouse). As Ku80 antibody and Alu
did not cross-react with any pig tissue, their use can be extended to
xenotransplantation paradigms in this species.

e Ku80, hMito and Alu are human biomarkers broadly expressed throughout
human tissues.

Expression of biomarkers of interest along differentiation of human induced
pluripotent stem & glial-restricted precursor cells

* Intwo human stem cell populations (induced pluripotent stem cells and glial-
restricted precursors), the expression of Ku80 and Alu biomarkers seemed to be
stable over time and does not change upon cell differentiation into more
committed cells. This was not the case for hMito.

« By allying both immunohistochemistry and computer-assisted image
guantification, we were able to sensitively detect the engraftment of human stem
cells, their morphology and that of the surrounding environment while
generating quantitative data.

Human-specific biomarkers of apoptotic or proliferative cells

* Human-specific c-PARP and CyclinB1 can serve as alternative markers of
apoptotic and proliferating cells, respectively.
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Figure 1. Immunohistochemistry of Ku80, human mitochondria and Alu biomarkers in organs
from human, mouse and rat origins
All three biomarkers are expressed in human liver, pancreas, brain, testis, lung,

hematopoietic bone marrow and lymph node (upper panels) but not in mouse (lower left
panels) or rat (lower right panels) tissue counterpart. Ku80 and Alu strongly label the
nucleus while hMito is confined to the cytoplasmic compartment. In most of the human
organs, more than 99% of the cells, regardless of their tissular origin (epithelial, muscular,
connective), are immunoreactive for Alu and Ku80 biomarkers. hMito is less broadly
expressed and for instance does not label all types of human pneumocytes. A detailed
analysis of biomarker expression is shown in Table 2. Scale bar represents 50 pum.

hMito: Human mitochondria.

Regen Med. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Allard et al.

Page 17

Figure 2. Immunohistochemistry of Ku80 and human mitochondria along the differentiation
process of human induced pluripotent stem cells toward neuronal lineage

(A & B) Ku80 and hMito immunolabeled all clones of induced pluripotent stem cell, whose
cells are characterized by the expression of the SSEA4. (C & D) Upon differentiation into
neural precursor cells, they start expressing nestin while keeping Ku80 and hMito
expression. (E & F) At further differentiation stages, cells with a typical neuronal
morphology were observed (white arrowheads in E). SMI32* neurons were still expressing
Ku80 and hMito. Sparse GFAP™ cells were also found immunoreactive for hMito (inset in
F). Scale bar represents 50 um.

DAPI: 4 6-diamidino-2-phenylindole; hMito: Human mitochondria.
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Compuler-assisted
image quantification
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Figure 3. Human neural precursor cells are injected into the rat spinal cord, targeting the
ventral horn (facing page)
(A) At 1-day postinjection, Ku80, hMito and Alu immunostainings help visualize the

injection site. (B) Computer-assisted image analysis allows to make the difference between
the blue staining from hematoxylin counterstaining and the di-amino-benzidine brown
precipitates from specific anti-human immunohistochemistry. Hence, LI corresponding to
the percentage of the immunostained tissue surface was calculated. (C) Using anti-human
Ku80, hMito and Alu immunohistochemistry, neural precursor cell-derived human cells are
visualized in the spinal tissue from 1 day to 60 days post-transplantation. (D) Around the
injection site, we detect inflammatory reaction and gliosis, most likely causing a loss of
engrafted human cells over time. This is confirmed by image quantification showing a
progressive decrease of the L1 of Ku80, Alu and hMito immunostainings. Scale bars
represent 500 um in (A) and 100 pm in (C). Results are expressed as mean + standard error
of the mean. *p < 0.05, **p < 0.01, ***p < 0.001 for comparisons 1, 5, 15, 30 and 60 days
versus sham group.

The number of animals was, respectively, 8, 3, 5, 7, 14 and 5 rats for the experimental
conditions: sham, 1, 5, 15, 30 and 60 days.

hMito: Human mitochondria; LI: Labeling index.

Regen Med. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Allard et al. Page 19

Figure 4. Immunohistochemistry of Ku80, human mitochondria and Alu along the
differentiation process of human glial-restricted precursors toward astrocytic lineage

(A) Undifferentiated glial-restricted precursors (GRP) are isolated from human fetuses based
on their A,Bs-specific expression. Cells are further transduced with a retroviral vector
driving the RFP reporter gene. Undifferentiated GRP preferentially display a rounded shape
and express all three biomarkers: Ku80, hMito and Alu. (B) Upon differentiation with
BMP4, star-shaped cells are observed close to an astrocyte morphology and showing a
strong immunoreactivity for GFAP. Differentiated GRP still express Ku80 and Alu, but the
immunostaining for hMito is more faint. Scale bar represents 50 pm.

hMito: Human mitochondria; RFP: Red fluorescent protein.
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C)]
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Figure 5. Detection of human glial-restricted precursors injected into the mouse spinal cord
(A) RFP prelabeled human glial-restricted precursors (GRP) are injected into the mouse

spinal cord, targeting the ventral horn. (B) At 1-day postinjection, RFP* human GRPs are
visualized in the injection site of the spinal cord. These cells co-express the human-specific
biomarker Ku80. (C) Using anti-human Ku80, hMito and Alu immunohistochemistry,
human GRP cells can be tracked in the spinal tissue from 1 day to 15 days post-
transplantation. (D) Vehicle-injected animals do not show any biomarker immunoreactivity
in the spinal tissue. While Ku80 and Alu immunoreactive cells are still found at 15 days
post-transplantation, the signal for hMito is very weak. Scale bar represents 50 pm.

hMito: Human mitochondria; RFP: Red fluorescent protein.
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Figure 6. Human biomarkers of apoptosis, proliferation and neural commitment
(A) c-PARP and (B) CyclinB1 antibodies are biomarkers detecting cell death and

proliferation in human spleen, which do not cross-react with (C-E) mouse or (D-F) rat
spleens. (G) Fifteen days post-transplantation of human neural precursor cells, these
detected cells undergoing apoptosis or (H) clusters of proliferating human cells into the rat
spinal cord tissue. (1) Neural precursor cells express nestin at 1-day postinjection and (J)
later on become progressively immunoreactive for a human-specific neuron-specific enolase
antibody. Scale bar represents 50 um.
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Cross-reactivity of human biomarkers.

Table 1

Biomarker Supplier Reference Concentration  Species reactivity
Kugo Cell Signaling  CST-2180  1:100 Hut

hMito Millipore MAB1273 1:1000 Hu, Sw
Histone H1 FO Sigma-Aldrich  HPA000843  1:500 Hu, Ms, Rt, Sw
Alu Roche Ventana  780-2221 100 ng/ml HuT

Ki67 Thermo Fisher  MA5-14520 1:200 Hu, Ms, Rt, Sw
Ki67 Dako M7240 1:1000 Hu, Ms, Sw
CyclinB1 Epitomics 1495-1 1:200 Hu, Sw
c-PARP Cell Signaling ~ CST-5625 1:200 HuT

Nestin Millipore MAB5326 1:200 Hu
Neuron-specific enolase  Dako N1557 Ready-to-use Hu, Ms

hMito: Human mitochondria; Hu: Human; Ms: Mouse; Rt: Rat; Sw: Swine pig.

+

Not mouse, not rat and not swine pig.
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Expression and distribution of human-specific biomarkers in normal tissue.

Regen Med. Author manuscript; available in PMC 2015 May 01.

Cell type Ku80 hMito Alu
Nervous system

Neurons 4+ ++ 4+
Glial cells 4+ + 4+
Endocrine system

Thyrocytes 4+ ++ S+
Respiratory system

Pneumocytes type | +++ - F++
Pneumocytes type Il +++ +++ +++
Digestive tract

Esophageal epithelium +++ +++ +++
Fundic glands +++ +4+ +++
Enterocytes +++ 4+ 4+
Goblet cells +++ +++ +++
Lieberkuhn's glands +++ +++ +++
Digestive organs

Liver:

Hepatocytes e 4
Bile duct e 4+
Pancreas:

Islets of Langerhans +++ + 4+
Acinar cells +++ ++ +++
Immune system

Spleen, lymph node, tonsil:

Lymphocytes +++ ++ +H+
Hematopoietic cells ++ +++ +++
Urinary tract

Kidney:

Proximal tubule +++ +++ +++
Loop of Henle +++ +4+ +++
Collecting duct 4+ ++ .,
Connective tissue

Fibroblasts ++ + St

Table 2
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Cell type Ku80 hMito Alu
Chondrocytes +++ + +++
Osteoblasts +++ + +4+
Osteocytes +++ + 4+
Muscle and cardiovascular system
Smooth muscle ++ ++ +++
Skeletal muscle +++ ++ +++
Cardiomyocytes +++ ++ +++
Endothelial cells +++ + +++
Reproductive system
Testis:
Spermatogonia +++ ++ +++
Spermatid +++ ++ +++
Spermatozoa - - 4+
Leydig cells +++ +++ +++
Prostate:
Epithelial cells +++ ++ +++
Uterus:
Myometrium +++ ++ +4+
Endometrial glands +++ +++ +++
Mammary glands +++ +++ +++
Placenta:
Cytotrophoblast +++ ++ +++
Syncitiotrophoblast +++ +++ ++

Page 24

Labeling for Ku80 and Alu was mostly confined to the nucleus unlike cytoplasm staining for hMito. Immunoreactivity was assessed by semi-

quantitative scoring.

—: 0%,; +: <30%; ++: 30-60%; +++: >60% of immunoreactive cells throughout the whole organ; hMito: Human mitochondria.
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