
magnetochemistry

Article

Enrichment of Rabbit Primitive Hematopoietic Cells via MACS
Depletion of CD45+ Bone Marrow Cells
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Citation: Vašíček, J.; Baláži, A.;

Bauer, M.; Svoradová, A.;

Tirpáková, M.; Ondruška, L’.;

Parkányi, V.; Makarevich, A.;

Chrenek, P. Enrichment of Rabbit

Primitive Hematopoietic Cells via

MACS Depletion of CD45+ Bone

Marrow Cells. Magnetochemistry 2021,

7, 11. https://doi.org/10.3390/

magnetochemistry7010011

Received: 29 November 2020

Accepted: 5 January 2021

Published: 13 January 2021

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional clai-

ms in published maps and institutio-

nal affiliations.

Copyright: © 2021 by the authors. Li-

censee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Institute of Farm Animal Genetics and Reproduction, Research Institute for Animal Production Nitra, NPPC,
Hlohovecká 2, 951 41 Lužianky, Slovakia; andrej.balazi@nppc.sk (A.B.); miroslav.bauer@nppc.sk (M.B.);
andrea.svoradova@nppc.sk (A.S.); lubomir.ondruska@nppc.sk (L’.O.); vladimir.parkanyi@nppc.sk (V.P.);
alexander.makarevic@nppc.sk (A.M.); peter.chrenek@nppc.sk (P.C.)

2 Department of Biochemistry and Biotechnology, Faculty of Biotechnology and Food Science,
Slovak University of Agriculture in Nitra, Tr. A. Hlinku 2, 949 76 Nitra, Slovakia; maria.tirpakova@uniag.sk

3 Department of Botany and Genetics, Faculty of Natural Sciences, Constantine the Philosopher University
in Nitra, Nábrežie mládeže 91, 949 74 Nitra, Slovakia

4 AgroBioTech Research Center, Slovak University of Agriculture in Nitra, Tr. A. Hlinku 2,
949 76 Nitra, Slovakia

* Correspondence: jaromir.vasicek@nppc.sk; Tel.: +421-37-6546-600

Abstract: Hematopoietic stem and progenitor cells (HSC/HPCs) of human or few animal species
have been studied for over 30 years. However, there is no information about rabbit HSC/HPCs,
although they might be a valuable animal model for studying human hematopoietic disorders or
could serve as genetic resource for the preservation of animal biodiversity. CD34 marker is commonly
used to isolate HSC/HPCs. Due to unavailability of specific anti-rabbit CD34 antibodies, a novel
strategy for the isolation and enrichment of rabbit HSC/HPCs was used in this study. Briefly, rabbit
bone marrow mononuclear cells (BMMCs) were sorted immunomagnetically in order to remove all
mature (CD45+) cells. The cells were depleted with overall purity about 60–70% and then cultured in
a special medium designed for the expansion of CD34+ cells. Quantitative Polymerase Chain Reaction
(qPCR) analysis confirmed the enrichment of primitive hematopoietic cells, as the expression of CD34
and CD49f increased (p < 0.05) and CD45 decreased (p < 0.001) at the end of culture in comparison to
fresh BMMCs. However, cell culture still exhibited the presence of CD45+ cells, as identified by flow
cytometry. After gating on CD45− cells the MHCI+MHCII−CD38+CD49f+CD90−CD117− phenotype
was observed. In conclusion, rabbit HSC/HPCs might be isolated and enriched by the presented
method. However, further optimization is still required.

Keywords: rabbit; hematopoietic stem cells; CD45; MACS; CD34 expansion; flow cytometry; qPCR

1. Introduction

Bone marrow (BM) is recognized as the major hematopoietic organ that is located
inside the bones representing about 5% of human body [1] and producing new blood
cells [2]. In general, BM consists of the bone marrow mesenchymal stem cells (BM-MSCs)
that are responsible for the regeneration of bone tissue and quiescent hematopoietic stem
cells (HSCs), which produce different types of immune cells necessary for the proper
immune answer [3,4]. HSCs are multipotent and self-renewal ancestors of all blood cell
types [5–7] that differentiate into the hematopoietic progenitor cells (HPCs; myeloid and
lymphoid precursors). Thus, HSC/HPCs could give rise to either myeloid lineage cells
such as erythrocytes, granulocytes, macrophages, monocytes, and platelets, or lymphoid
lineage cells as B and T lymphocytes and natural killer (NK) cells [8] and so maintain the
homeostasis of the hematopoietic system.

Over the years, HSCs have become of great importance to the treatment of human
hematological disorders. These cells are mainly obtained from BM, mobilized periph-
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eral blood, and umbilical cord blood [9] by the enrichment of CD34 positive cells using
magnetic-activated cell sorting (MACS). The MACS technique has become a standard
procedure for the selection of abundant or even rare cells from various biological sources of
different species [10] based on the immunological principle of antigen-antibody binding or
other chemical interactions of the specific protein binding affinity (e.g., streptavidin-biotin
complex or binding of annexin V to phosphatidylserine, etc.).

At present, CD34 is still the most often used marker to identify or isolate human HSCs,
although several other unique markers have been identified to be present on them [11].
On the other hand, no marker, even CD34 or other reagents, exists that could be used for
the identification or isolation of rabbit HSC/HPCs thus making them unavailable for the
study of HSC transplantation or for stem cell banking [12]. However, animal HSCs of other
species (mouse, swine, cattle, sheep, or dog) are normally used in biomedicine [13–17],
there is currently a demand for small animal models besides mouse, such as rabbit, that
could be used for the regenerative medicine applications. Rabbit is closer to human than
mouse in terms of genetics [18] and, moreover, rabbits have many hereditary diseases
commonly occurring in the human population [19]. Hence, all these facts indicate that
rabbit itself is a valuable animal model not only for basic research, but rabbit HSC/HPCs
might be an interesting biological model for hematopoietic stem cell therapies, disease
modeling, or pharmaceutical screening, etc. In addition, these cells might be cryopreserved
in stem cell banks as valuable genetic resources in order to preserve the biodiversity of
domestic farm animals. Unfortunately, the insufficient knowledge about rabbit HSCs does
not allow using them for these goals [12].

Nevertheless, aside from the positive selection (e.g., direct sorting of CD34+ cells),
the MACS method offers also negative selection of targeted cells by the depletion of
unwanted cells from the heterogeneous cell population [20]. As HSCs do not express
lineage commitment markers that are typical for the mature hematopoietic cells (lymphoid
and myeloid lineage cells and their committed precursors) [21], they could be possibly
enriched by the depletion of mature lineage positive cells [22]. Our preliminary results [22]
indicated that this sorting strategy might be used until other rabbit HSCs-specific marker
(CD34 or other) is discovered.

Therefore, the aim of this study was to enrich the cell population expressing CD34,
as a promising rabbit HSC/HPCs marker, by the depletion of mature hematopoietic cells
from the bone marrow and their expansion in a specific culture medium.

2. Results
2.1. Magnetic-Activated Cell Sorting (MACS) Depletion of CD45+ Cells

Freshly isolated bone marrow mononuclear cells (BMMCs) were MACS sorted using
two sorting strategies: positive selection of CD45+ cells (Posselds) or depletion of CD45+

cells (Depl025) in order to obtain pure CD45− cell fraction. The yield of MASC sorting
in negative fractions was about 1–3% of cells from the initial heterogeneous BMMCs
population (Table S1). The efficiency of both sorting procedures, evaluated as the number
of CD45+ and microbeads (LCR+) bound cells (Figure 1), is shown in Figure 2. The
proportion of CD45+ cells significantly (p < 0.001) decreased from ~80% to ~35% (Posselds)
or to ~43% (Depl025) in negative fractions. Interestingly, percentage of cells with bound
microbeads (CD45+LCR+) in negative fractions (Posselds) corresponded with the number of
CD45+ cells, whereas a minimum of cells with microbeads were found in negative fractions
after depletion using Depl025 program. This discrepancy might be due to insufficient
microbeads binding affinity or failure in antibody and/or microbeads staining. The positive
fractions contained more than 90% of CD45+ cells. However, the removal of CD45+ cells
using both strategies evidently requires other optimization in order to obtain higher cell
purity, even though at the cost of lower cell yield.
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Figure 1. Flow cytometric strategy for the evaluation of magnetic-activated cell sorting (MACS) sorting efficiency. Firstly, 
live bone marrow mononuclear cells (BMMCs) were gated and then the number of single (CD45+) and double (CD45+LCR+) 
positive cells in control unsorted samples (A), negative (B), or positive (C) fractions was measured. Gating on CD45+ cells 
in control and both fractions (D, E, and F, respectively) shows the location of CD45− cells on FSC/SSC dot-plot as well as 
clear enrichment of these cells in negative fraction compared to control sample or positive fraction. BMMCs—bone mar-
row mononuclear cells, LCR—labelling check reagent. 

 
Figure 2. MACS sorting efficiency and purity of sorted cells. The numbers of single positive 
(CD45+) and double positive (CD45+LCR+) cells were compared among the control (unsorted) sam-
ples and both sorted fractions. CON—control sample, NEG—negative fraction, POS—positive 
fraction. The data from eight experiments are expressed as the mean ± SD; **—difference is statisti-
cally significant at p < 0.01; ***—difference is statistically significant at p < 0.001. 

2.2. Expansion of CD45 Depleted Cells 
As the sorting efficiencies of both used strategies were similar, the results from the 

following analysis were evaluated altogether independently of the used sorting strategy. 
  

Figure 1. Flow cytometric strategy for the evaluation of magnetic-activated cell sorting (MACS) sorting efficiency. Firstly,
live bone marrow mononuclear cells (BMMCs) were gated and then the number of single (CD45+) and double (CD45+LCR+)
positive cells in control unsorted samples (A), negative (B), or positive (C) fractions was measured. Gating on CD45+ cells
in control and both fractions (D, E, and F, respectively) shows the location of CD45− cells on FSC/SSC dot-plot as well as
clear enrichment of these cells in negative fraction compared to control sample or positive fraction. BMMCs—bone marrow
mononuclear cells, LCR—labelling check reagent.
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Figure 2. MACS sorting efficiency and purity of sorted cells. The numbers of single positive (CD45+)
and double positive (CD45+LCR+) cells were compared among the control (unsorted) samples and
both sorted fractions. CON—control sample, NEG—negative fraction, POS—positive fraction. The
data from eight experiments are expressed as the mean ± SD; **—difference is statistically significant
at p < 0.01; ***—difference is statistically significant at p < 0.001.

2.2. Expansion of CD45 Depleted Cells

As the sorting efficiencies of both used strategies were similar, the results from the
following analysis were evaluated altogether independently of the used sorting strategy.
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2.2.1. Cell Proliferation

Negatively sorted (CD45−) cells were cultured for 2–3 days in a special medium that
was developed to expand the number of human CD34+ cells. The number of cultured cells
was significantly (p < 0.05) increased almost two-fold at the end of culture, which was also
confirmed by a light microscope observation (Figure 3).
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CD45 antigen at the time of cell seeding, it would be expected that particular percentage 
of cultured cells could remain CD45 positive at the end of culture. Hence, a specific flow-
cytometric evaluation strategy was designed in order to analyze the phenotype of the 
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Figure 3. Proliferation rate of the cultured CD45− cells. Cell number was increased almost two-fold
during the culture. (A) Number of cells after seeding (B) and at the end of culture (C) observed under
a Zeiss Primovert phase-contrast microscope (magnification at 100×; scale bar = 100 µm). The data
from eight experiments are expressed as the mean ± SD; *—difference is statistically significant at
p < 0.05.

2.2.2. Flow-Cytometric Analysis of the CD45− Cultured Cells

At the end of the culture, cells were harvested and analyzed for their specific mem-
brane marker expression by flow cytometry. Since about 30–40% of cells still expressed
CD45 antigen at the time of cell seeding, it would be expected that particular percentage
of cultured cells could remain CD45 positive at the end of culture. Hence, a specific flow-
cytometric evaluation strategy was designed in order to analyze the phenotype of the truly
CD45 negative cells (Figure 4).
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Figure 4. Evaluation strategy for the phenotyping of cultured CD45− cells. Firstly, live cultured cells
were gated, then only CD45− cells were shown on FSC/SSC dot-plot (A) and cells from this region
were analyzed for the expression of specific markers. (B) Blue: control, red: specific marker.
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In general, almost 70% of cultured cells still expressed the CD45 protein (Figure 5).
Moreover, the majority of them (>65%) were positive for MHCI, MHCII, CD38, and CD49f.
On the other hand, cells were dim positive for CD90 or negative for CD117. Overall cell
viability reached about 70%, which may indicate the dying of non-hematopoietic cells
during culture. The phenotype of CD45− gated cells slightly differ from the whole cell
culture, since nearly 90% of cells expressed MHCI, while the expression of MHCII was
obviously missing. Those cells were also positive for CD38 and CD49f, while negative for
CD45, CD90, and CD117.
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Figure 5. Phenotype of MACS-depleted and cultured cells analyzed by flow cytometry. Cul-
tured cells highly expressed almost all analyzed markers except CD90 and CD117, while
maintaining the cell viability about 70% (A). Phenotype of CD45− gated cells was
MHCI+MHCII−CD38+CD49f+CD90−CD117− (B). The data from six experiments are expressed
as the mean ± SD.

2.2.3. Real-Time Polymerase Chain Reaction (PCR) Analysis

Changes in the relative mRNA expression of typical membrane markers and transcrip-
tion factors before and after MACS sorting as well as at the end of culture were analyzed by
a qPCR method. Relative expression of some markers (CD34 and CD49f) increased either
insignificantly after depletion (negative fractions) or significantly (p < 0.05) after expansion
of cells in a special culture medium (Figure 6). On the other hand, significant decrease in
the relative expression of CD45 (p < 0.01 and p < 0.001), CD90 (p < 0.01 and p < 0.001) and
MHCII (p < 0.05 and p < 0.01) was observed after depletion and subsequent culture of cells,
respectively. Expression of E-cadherin decreased significantly (p < 0.01) after depletion as
well as the expression of CD172a (p > 0.05), whereas expression of both markers increased
after cell culture, though insignificantly. A significant rise in the expression of CD117 (c-kit)
was observed after the depletion of CD45 cells, while its expression decreased to the basal
value after cell culture. No changes in the relative expression were noticed for CD9, CD38,
and MHCI markers.

Concerning transcription factors, we found a significantly increased expression of
GATA1 and GATA2 factors after depletion (negative fractions) in comparison to control
samples (p < 0.001 and p < 0.05, respectively), although expression of both factors reached
the basal values at the end of culture (Figure 7). On the other hand, GATA3 expression
significantly decreased after cell depletion or even after culture (p < 0.001). No significant
differences were observed in the expression of pluripotency markers (OCT4, SOX2, and
SOX17) except NANOG, where significant decrease was observed in the cultured cells
(p < 0.001).
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3. Discussion

In general, cells can be enriched using two basic procedures, positive or negative
selection (depletion). The first mentioned procedure is based on a specific and known
marker (antigen) that can be labeled with an antibody or other protein with high affinity
and subsequently isolated using flow cytometry or immunomagnetic sorting [20]. However,
despite the fact that this procedure is quite easy and can reach high purity of targeted
cells, the agent bound to the cells might alter their functions in vitro or even in vivo [23].
For this reason, the negative selection by the depletion (removal) of all unwanted cells
from the heterogeneous mixture is much more desirable than direct positive selection [20].
Optimized protocols for MACS negative isolation of wanted cells from the desired organs
are shown to be easy to use with a sufficient yield and purity and gentle to the cells during
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the whole process [23]. Therefore, these methods are considered to be a gold-standard for
the immunological studies [20].

Here, we present for the first time, a novel promising strategy for the isolation and
enrichment of rabbit primitive hematopoietic stem and progenitor cells using the MACS
technology and depletion strategy. A similar technique that is based on the removal of
cells with lineage commitment markers has been already used in mice for the purification
of hematopoietic stem and progenitor cells [24–26]. Although we used only one marker
(CD45) for the depletion of mature bone marrow cells, it might be sufficient, as the CD45
antigen (known as a leukocyte common antigen) is expressed on almost all hematopoietic
cells except mature erythrocytes [27]. Thus, labeling the cells with anti-CD45 antibody
might result in the removal of the majority of differentiated hematopoietic cells. However,
the purity of cells (CD45−) after MACS sorting was in the range of 60–70% (Figure 1).
Hence, some optimization of the MACS process is still required in order to gain samples
of high purity. On the other hand, the column capacities of the MACS instruments might
be thoroughly obeying especially when a highly expressed antigen, as CD45, is used.
Nevertheless, a great variability in the purity of CD34+ human samples (from 3 to 84%)
enriched by positive MACS selection was also observed in our previous study [12], thus
raising a question about the use of a method combining several MACS selection techniques.

BM cell samples depleted for CD45+ cells were cultured in special culture medium
with the cytokine supplementation that was designed to expand the number of human
hematopoietic cells, especially CD34+ cells. This supplemented medium has already been
used for the expansion of human HSC/HPCs [28,29]. In our study, we also successfully
expanded the number of seeded CD45-depleted cells almost twice (Figure 3). Moreover,
the producer declares on the product’s website that this culture method can provide about
35-fold increase in the total cell number and about 14-fold increase in the number of CD34+

human cells after 7 days of culture [30]. Interestingly, a notable number of adherent cells
was observed in the rabbit BM cultures (figure not shown), which might be some type of
differentiated hematopoietic cells or even non-hematopoietic cells, since also CD45 negative
mesenchymal stem cells or other mature cells could be presented within the negatively
sorted fraction of the bone marrow.

The presented method of isolation and expansion of rabbit HSC/HPCs seems to be
really promising, as the reduction in the CD45 antigen expression and overexpression of
CD34 and CD49f antigen was observed in the cultured cells compared to control samples
(Figure 6). However, almost 70% of cultured cells still expressed CD45 antigen, as was
demonstrated by flow cytometric analysis (Figure 5). In addition, the majority of the
cultured cells also expressed MHCI, MHCII, CD38, and CD49f, and were dim positive for
CD90 (only 6%) or negative for CD117. To identify the phenotypic expression of primitive
hematopoietic cells, a gate around the CD45− cells was created. Those cells possessed the
MHCI+MHCII−CD38+CD49f+CD90−CD117− phenotype. It was known that human HSCs
can be distinguished within the heterogeneous pool of cells as the lineage-negative cells
with the expression of CD90 and CD34 [31]. Then, additional markers for the enrichment of
long-term HSCs that are capable of self-renewal were identified: CD38 [32], CD45RA [33],
and CD49f [34]. Moreover, besides the human HSCs, the CD49f antigen expression has
been reported in human embryonic stem cells (ESc) [35], more recently also in human
BM-MSCs [36], as well as in several other stem cell types [37], thus making this antigen
a promising stemness marker also for rabbit. Additionally, it has been reported that
10% of cells with the Lin−CD34+CD38−CD90+CD45RA−CD49f+ phenotype had long-
term repopulating capacity in mouse models [34]. Nevertheless, another research group
observed that the majority of CD34+ human HSC/HPCs also co-expressed CD38, and
the same was reported for the CD133+ cells [38], although CD133 is also considered as
a marker of human primitive HSCs. On the other hand, Porada et al. [11] identified the
ovine HSC/HPCs as the CD34+CD45+ cells. Porcine CD34+ BMMCs were characterized
by the lack of lineage markers and the presence of CD90. On the other hand, they were
heterogeneous for MHCI, MHCII, and CD172a. This might indicate that different subsets
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exist within the CD34+ cells [39], since the same heterogeneity has been reported for porcine
CD117/c-kit+ HSCs, which seemed to be primitive in vitro and also in vivo [40].

According to our qPCR analysis (Figure 6), rabbit HSC/HPCs certainly expressed
CD34, CD38, CD49f, and MHCI and might also express CD9, E-cadherin, CD172a, and even
CD45 or CD117. Moreover, several various cell subsets of rabbit HSC/HPCs that differ
in their phenotype may exist, as has been already mentioned above for human, mouse,
and swine. Since markers, like CD9 and E-cadherin, have been noticed in human ESc [41],
it could be interesting to monitor their expression in rabbit primitive stem cells. CD117
(c-kit) is a transmembrane tyrosine kinase, which is very important for the regulation of
early hematopoietic development. In the adult BM, the CD117 protein is expressed in both
the long-term-repopulating HSCs and the more differentiated progenitor cells. Therefore,
c-kit is a valuable marker for their identification [42,43]. Expression of CD117 in rabbit cell
samples in the present study significantly increased after the depletion of CD45 (Figure 6),
thus indicating the successful enrichment of primitive hematopoietic cells, whereas its
expression noticeably decreased in the cell culture. This might be due to the expansion
of various CD34+ cell subsets with different expression of CD117. Unfortunately, flow
cytometry did not reveal significant expression of CD117 in the CD45− gated cells, however
the specificity and/or affinity of the used rabbit polyclonal anti-c-kit antibody is doubtful
when it is used for rabbit cells.

The family of GATA transcription factors has been reported to be regulators of genetic
expression in hematopoietic cells [44]. GATA1 is important for normal primitive and also
definitive erythropoiesis and is, therefore, expressed in the erythroid and mast cells as
well as in megakaryocytes at high levels. GATA2 is similarly expressed in hematopoietic
progenitors, such as early erythroid and mast cells and megakaryocytes, but also in em-
bryonic stem cells [45]. Moreover, high levels of GATA2 were found in murine HSCs [46].
On the contrary, expression of GATA3 is restricted to the T-lymphoid cells and some non-
hematopoietic cells, such as embryonic stem cells [47]. Moreover, for the regulation of
stem cell pluripotency and their undifferentiated state other transcription factors are very
important, such as OCT4, NANOG, and SOX2, which have been reported in embryonic
as well as adult stem cells [48]. SOX17 is a typical marker of fetal HSCs, however, can be
expressed also by the adult HSCs [49].

Our further qPCR analyses revealed overexpression of GATA1 and GATA2 factors
and the reduction of GATA3 expression in cell samples depleted for CD45 cells (Figure 7),
which might again indicate a positive enrichment of primitive HSCs. On the contrary, a
decrease in the GATA1 and GATA2 expression was noticed at the end of the cell culture,
while the GATA3 expression remained unchanged. Furthermore, there were no differences
observed in the relative expression of pluripotency factors, except a significant decrease in
NANOG expression at the end of the culture. However, true expression of all transcription
factors might be masked by the presence of heterogeneous mixture of CD45+ mature
hematopoietic cells in the cell culture as was confirmed by flow cytometric analysis.

In summary, according to the presented results further enhancements of the MACS
sorting, e.g., longer bead incubation in combination with the use of higher bead con-
centrations and/or continuous shaking, or additional purification of depleted fractions
with manual MACS instruments are required in order to obtain pure population of rabbit
HSC/HPCs that could be properly analyzed for the expressed phenotype. Additionally,
longer cell culture (for 4–5 days) with the supplementation of UM729 might increase the
hematopoietic cell expansion and thus higher number of cells can be yielded for subse-
quent analysis. Finally, the differentiation capacity of the isolated and cultured cells should
be also evaluated in the future in order to confirm the hematopoietic potential of rabbit
HSC/HPCs.
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4. Materials and Methods
4.1. Animals

In this study, clinically healthy New Zealand white (NZW) rabbits (n = 8) at the
age of 3–8 months reared as described previously [50] were used. The treatment of the
animals was approved by the Ministry of Agriculture and Rural Development of the Slovak
Republic no. SK U 18016 in accordance with the ethical guidelines presented in Slovak
Animal Protection Regulation (RD 377/12), which conforms to the Code of Ethics of the
EU Directive 2010/63/EU for animal experiments.

4.2. Experimental Design

The experimental procedure was designed in order to magnetically deplete the mature
hematopoietic (CD45+) cells from the heterogeneous mixture of freshly isolated bone mar-
row mononuclear cells (BMMCs). Briefly, BMMCs from rabbits were isolated using Biocoll
solution (Biochrom, Berlin, Germany) and density gradient centrifugation as described
previously [51]. At least 108 and more isolated cells were then used for the indirect immuno-
magnetic sorting under sterile conditions. Cells were firstly stained with anti-rabbit CD45
monoclonal antibody (L12/201, mouse IgG1; Bio-Rad, Hercules, CA, USA), then co-labeled
with anti-mouse IgG1 MicroBeads (Miltenyi Biotec, Bergisch Gladbach, Germany) and
sorted by AutoMACS Pro Separator (Miltenyi Biotec, Bergisch Gladbach, Germany) using
two sorting strategies (Posselds and Depl025) as described previously [22]. According to
the producer’s manual, Posselds is double column program for positive selection of cells
with loading rate of 1 mL/min; whereas, Depl025 is a single column depletion program
with loading rate of 0.25 mL/min.

4.3. MACS Sorting Efficiency and Sample Purity

The efficiency of the used MACS strategies was confirmed by the co-staining of control
(unsorted) cell samples and sorted samples (negative and positive fractions) with APC-
conjugated labeling check reagent (LCR; Miltenyi Biotec, Bergisch Gladbach, Germany)
and another clone of anti-rabbit CD45 monoclonal antibody (ISC18A, mouse IgG2a; WSU,
Pullman, WA, USA) as described previously [22]. To analyze the overall cell viability as
well as to exclude the cell debris and dead cells from the analysis, 7-AAD (eBioscience,
Wien, Austria) was used. A FACSCalibur flow cytometer (BD Biosciences, San Jose, CA,
USA) was used to measure at least 25,000 cells (events) per each sample. Obtained data
were analyzed using FlowJo™ Software v10.7 (BD Biosciences, San Jose, CA, USA). The
sample purity and the sorting efficiency were determined in the negative fractions as
the proportion of CD45 single positive (CD45+) cells and CD45/LCR double positive
(CD45+LCR+) cells, respectively.

4.4. Expansion of CD45 Depleted Rabbit Hematopoietic Cells

Sorted cells from negative fractions (CD45 depleted cells) were diluted at the cell
density of 1–1.5 × 105 mL in a serum-free StemSpan™ SFEM II medium containing 10% of
CD34+ Expansion Supplement (Stemcell Technologies, Vancouver, BC, Canada) and 0.5%
of penicillin/streptomycin mixture (Life Technologies, Bratislava, Slovak Republic). This
special commercial medium is designated for the in vitro culture and expansion of human
hematopoietic cells especially CD34+ cells from different biological sources. Cell cultures
were incubated at 37 ◦C in a 5% CO2 humidified atmosphere for at least 2–3 days according
to the producer’s manual. At the end of the culture, cells were harvested by centrifugation
for 10 min at 488× g and at 20 ◦C. In order to determine the cell proliferation rate, cell
concentration was counted using an EVE™ automated cell counter (NanoEntek, Seoul,
Korea). The changes in cell proliferation during the culture were monitored using Zeiss
Primovert phase-contrast microscope (Carl Zeiss Slovakia, Bratislava, Slovakia).
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4.5. Phenotypic Analysis of the CD45− Cultured Cells

The phenotype of the cells, which were cultured in special expansion medium, was
determined by flow cytometry. Briefly, the specific monoclonal or polyclonal antibodies
against several membrane markers, which were either fluorochrome conjugated or purified,
were used to stain cultured cells according to the producer’s manual. Prior to the main
cell staining, purified (unconjugated) antibodies were firstly conjugated with a proper
fluorochrome (FITC, PE, or APC) using LYNX Rapid Conjugation Kits (Bio-Rad, Hercules,
CA, USA). The antibodies used for flow cytometry are summarized in the Table 1. Labeled
cells were analyzed using flow cytometer in the same way as mentioned above.

Table 1. List of primary antibodies used for flow cytometry.

Marker Host/Isotype Clone Conjugate Company

CD45 mouse IgG2a ISC18A purified 1 WSU
MHCI mouse IgG2a H58A purified 1 WSU
MHCII mouse IgG2a TH14B purified 1 WSU
CD38 mouse IgG1 01 purified 1 Sino Biological
CD49f rat IgG2a GoH3 AF647 BioLegend
CD90 mouse IgG1 5E10 FITC BD Biosciences

c-kit (CD117) rabbit IgG polyclonal FITC Biorbyt
1 Purified antibodies were conjugated with a proper fluorochrome using LYNX Rapid Conjugation Kits.

4.6. Real-Time PCR Analysis

The changes in the relative mRNA expression of several membrane markers (CD9,
CD34, CD38, CD45, CD49f, CD90, CD172a, CDH1 (E-cadherin), c-kit (CD117), MHCI,
and MHCII) and transcription factors (GATA1, GATA2, GATA3, NANOG, OCT4, SOX2,
and SOX17) among the control and sorted samples (negative and positive fractions) as
well as cultured cells, were monitored using quantitative real-time PCR (qPCR). Briefly,
isolation of total RNA from samples was performed as described previously [22]. The
gene-specific primers, which have been either already published or designed de novo
using the Primer-BLAST at NCBI website [52], were used in this study (Table 2). qPCR
was performed as described previously [53] with some modifications. The amplification
protocol was as follows: initial denaturation and activation of hot-start DNA polymerase at
95 ◦C for 7 min followed by 40 cycles of denaturation at 95 ◦C for 10 s, annealing at 60 ◦C
for 10 s, and extension at 72 ◦C for 10 s in Rotor-Gene 6000 (Corbett Research, Sydney,
Australia). All samples were amplified in duplicates from the same RNA preparation
and the mean value was considered. A melting curve analysis was performed within
temperature range of 72–95 ◦C to check the specificity of PCR products. Standard curves
were generated for all genes using a serial dilution of template cDNA from control cells
(fresh BMMCs). A relative quantification of gene expression to housekeeping gene beta
2-microglobulin (B2M) was calculated using the threshold (CT) values and PCR reaction
efficiencies according to Pfaffl [54].
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Table 2. Gene-specific primers and size of PCR products.

Gene Product Size
(bp) Forward Primer Reverse Primer Reference

CD9 158 5′-CAACAAATTCCACGTCATCG-3′ 5′-TTGAGGGGTACACCTTCCTG-3′ XM_017343606.1 1

CD34 155 5′-CTGAGGTTAGGGCTCAGTGC-3′ 5′-GGAGTAGCTCTGGTGGCTTG-3′ [22]
CD38 148 5′-CAACCTTGTGTGGTGTGGAG-3′ 5′-GACCGTACCACAGGCAGATT-3′ NM_001082683.1 1

CD45 262 5′-TACTCTGCCTCCCGTTG-3′ 5′-GCTGAGTGTCTGCGTGTC-3′ [51]
CD49f 123 5′-AGGTACAGTGGTCGGTGAGC-3′ 5′-TTCAAAGTTGCTGTGCCAAG-3′ XM_017342931.1 1

CD90 293 5′-CTGCTGCTGCTCTCACTGTC-3′ 5′-ACAGAAGCAGCTTTGGGAAA-3′ [51]
CD172a 162 5′-CCAGCATTCAGATTGGTCCT-3′ 5′-GTCCCATTCACTTCCTCTGC-3′ XM_017341726.1 1

CDH1
(E-cadherin) 168 5′-GAATCCTGGCTCTGCTCATC-3′ 5′-GCTGGCTCAAGTCAAAGTCC-3′ XM_002711639.3 1

c-kit (CD117) 189 5′-CCGGTGGACTCCAAGTTCTA-3′ 5′-GTAAACGTGGTGGGTGCTCT-3′ NM_001329070.1 1

MHCI 97 5′-AGTGGGAATTGTTGCTGGAG-3′ 5′-TCCTTTCCCATCTGAGCTGT-3′ NM_001171270.2 1

MHCII 142 5′-CTGTGAGCACAGGAAGGTGA-3′ 5′-GGGTGGCTAGATGTCTGGAA-3′ NM_001171118.1 1

GATA1 164 5′-AAACGGGCAGGTACTCAGTG-3′ 5′-TTCCGAGTCTGGATTCCATC-3′ XM_002719899.3 1

GATA2 137 5′-GACAAGGACGGGGTCAAGTA-3′ 5′-TAGGAGGGGTAGGTGGGAAT-3′ XM_008260327.2 1

GATA3 118 5′-AAGGCAGGGAGTGTGTGAAC-3′ 5′-CGGTTCTGTCCGTTCATTTT-3′ XM_002717361.3 1

NANOG 122 5′-GCCAGTCGTGGAGTAACCAT-3′ 5′-CTGCATGGAGGACTGTAGCA-3′ [51]
OCT4 149 5′-GAGGAGTCCCAGGACATGAA-3′ 5′-GTGGTTTGGCTGAACACCTT-3′ [51]
SOX2 152 5′-CAGCTCGCAGACCTACATGA-3′ 5′-TGGAGTGGGAGGAAGAGGTA-3′ [51]

SOX17 135 5′-CGTGTTGTTGCGTTTTGTTT-3′ 5′-CGGGGAACAAGTCTCTGAAG-3′ XM_008255533.2 1

B2M 118 5′-ATTCACGCCCAATGATAAGG-3′ 5′-ATCCTCAGACCTCCATGCTG-3′ [51]
1 NCBI Reference Sequence.

4.7. Statistical Analysis

Data obtained from analyses were evaluated using GraphPad Prism version 9.0.0 for
Windows (GraphPad Software, San Diego, CA, USA) with two-way ANOVA (Tukey test)
for MACS efficiency, t-test for cell proliferation and one-way ANOVA (Fisher’s least signifi-
cant difference (LSD) test). Results are expressed as the mean ± SD. p-values at p < 0.05
were considered as statistically significant.

5. Conclusions

As far as we know, a novel promising strategy for the isolation and enrichment of
rabbit primitive hematopoietic stem and progenitor cells using MACS technology and de-
pletion strategy is presented here for the first time. This strategy allows obtaining enriched
population of rabbit bone marrow CD45− cells with the purity about 60–70%. Moreover,
these cells can be expanded using special culture medium, which might increase the num-
ber of CD34+ cells. According to the flow cytometric and qPCR analyses rabbit HSC/HPCs
could have CD45−CD34+MHCI+MHCII−CD38+CD49f+CD90−CD117− phenotype. Ad-
ditionally, relative mRNA expression of CD9, E-cadherin, CD117, and CD172a, as well as
several transcription factors, was observed within the cultured cell population. However,
the true phenotype of primitive HSC/HPCs could be masked by the presence of CD45+

hematopoietic cells in the cell culture. Therefore, further optimization of this method is
still required for the purpose of obtaining pure CD45− cell population, which might reach
the full phenotype and potential of rabbit hematopoietic stem and progenitor cells.
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