Received: 22 February 2020

Revised: 29 April 2020

Accepted: 18 May 2020

DOI: 10.1002/jcla.23420

RESEARCH ARTICLE

WILEY

Comparison between paramagnetic and CD71 magnetic
activated cell sorting of fetal nucleated red blood cells from the

maternal blood

Dragos Nemescu®
Alexandru Carauleanu®

1Grigore T Popa University of Medicine and
Pharmacy, lasi, Romania

2Victor Babes University of Medicine and
Pharmacy, Timisoara, Romania

Correspondence

Daniela Constantinescu, Grigore T Popa
University of Medicine and Pharmacy, lasi,
Romania.

Email: dconstantinescu_ro@yahoo.com

Funding information

National Program for Research Development
and Innovation Il, Grant/Award Number:
1196

| Daniela Constantinescu®
| Lavinia Caba®

| Vlad Gorduza® |
| Dan Bogdan Navolan?

Abstract

Background: Fetal nucleated red blood cells (NRBC) from maternal circulation are
rare events but can be enriched and used to evaluate the genetics of the fetus. We
compared two simplified selection methods of the fetal cells from the maternal blood.
Methods: We isolated fetal cells from maternal blood through double-density gra-
dient centrifugation followed either by magnetic cell selection, based on the para-
magnetic proprieties of the NRBC hemoglobin, converted to methemoglobin, or
by a positive magnetic-activated cell sorting (MACS) enrichment, using anti-CD71
monoclonal antibodies. Finally, the cells were identified through fluorescence in situ
hybridization (FISH) with specific chromosome X and Y probes.

Results: We processed 10 mL of peripheral blood samples from 27 pregnant
women with singleton normal male fetuses. Hemoglobin-based enrichment isolated
significantly more NRBCs: 29.7 x 10% cells than anti-CD71 MACS: 10.1 x 10* cells
(P <.001). The FISH analysis found at least one XY cell in 81.5% and 61.5% of cases,
respectively, for paramagnetic and anti-CD71 selection. Also, the average number
of XY cells identified through paramagnetic selection was 5.09 + 2.5, significantly
higher than those observed through CD71 sorting: 3.38 + 1.7 cells (average + SE)
(P =.03).

Conclusion: The combination of density gradient centrifugation with paramagnetic
selection has the advantage of simplicity and achieves a minimal manipulation and
treatment of cells. It yields an increased number of NRBCs and FISH confirmed fetal

cells, compared to the anti-CD71 sorting.
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1 | INTRODUCTION

Prenatal diagnosis has become critical for the management of high-
risk patients and fetal ultrasound defects. Currently, a definitive
prenatal diagnosis needs an invasive procedure, most frequent a
chorionic villous biopsy or an amniocentesis. These procedures are
associated with a low, measurable risk for the fetus and the mother.!
Therefore, significant efforts have been made to develop non-inva-
sive diagnosis methods with similar performance.

Currently, non-invasive prenatal testing (NIPT) techniques are
based mainly on cell-free fetal DNA analysis in the maternal blood.
However, these methods can accurately identify common aneu-
ploidies (trisomy 21, 18, and 13),2 but they are, at this moment, in-
effective in detecting copy-number variations, which are another
important group of prenatal abnormalities.

Many studies proved the presence of fetal cells in maternal
blood.® Intact fetal cells from the maternal circulation can over-
come the cell-free NIPT's limitations because they could be a
source of pure fetal genomes. They are a rare event, with a fre-
quency of one in 10* to 107, which represents a challenge for
actual technologies.4 However, these cells can be enriched from
the maternal circulation and used in different tests to assess the
fetus genetics. That leads to interesting opportunities for prenatal
evaluation.

After years of oblivion, the interest in the analysis of the fetal
cells non-invasively isolated from maternal circulation reborn.® That
is due to recent developments in single-cell analysis technologies,
which opens opportunities for prenatal screening.®”’

Fetal nucleated red blood cells (NRBC) are a reliable candidate
target because they have a limited Iifespan,8 can be differentiated
morphologically from maternal cells,? contain a representation of
whole fetal genome,10 have specific markers (eg, embryonic and
fetal globin) and allow analysis with chromosomal fluorescence in
situ hybridization (FISH).1

Because the number of fetal NRBC in maternal blood is small,
many attempts have been made to enrich these cells: density gra-
dient centrifugation, magnetic-activated cell sorting (MACS), flu-
orescence-activated cell sorting (FACS), lectin-binding method,
micro-beads sedimentation,'? and micromanipulation. However,
the procedures are complex that limits extensive studies. In recent
years, many approaches based on microfluidics chips have been de-
veloped to capture circulating fetal cells. 137

Despite considerable progress, reproducibility, and reliability
of isolation and detection of fetal cells from maternal blood remain
poor.!® That was attributed to the rarity and variability of fetal cells
among pregnancies.’’ Also, current methods require a great deal of
work and specific cellular localization or manipulation technologies
that loose or affect the cells. Thus, the selection methods should be
relatively simple, efficient, and reproducible.

This study aimed to compare two simplified selection methods
of the fetal cells in the blood of normal pregnant women. First was a
magnetic cell selection based on the paramagnetic proprieties of the

hemoglobin, converted to methemoglobin. Second was a positive

MACS enrichment, using anti-CD71 monoclonal antibodies. The
fetal cells were recognized through the visualization of the Y chro-
mosome by FISH.

2 | MATERIAL AND METHODS
2.1 | Patients

We included women with singleton pregnancies with a male fetus,
attending for routine antenatal care or prenatal diagnosis. After an
informed consent, approved by the University Ethics Committee,
we collected 10-16 mL of maternal peripheral venous blood into K2
EDTA vacutainers and processed within 1-4 hours. In all cases, there
was a normal fetal development without structural or chromosomal
abnormalities. The fetal sex was determined by ultrasound, con-
firmed by amniocentesis or at birth. We harvest the maternal blood

samples before any invasive fetal procedure.

2.2 | Separation and enrichment of nucleated cells
from the maternal blood

In the laboratory, maternal samples were mixed for 15 minutes on
a roller, diluted 1:1 with phosphate-buffered saline (PBS) Dulbecco
without Ca and Mg (Biochrom AG) and carefully layered on a double-
density gradient prepared with 10 mL of 1.119 g/mL and 10 mL of
1.077 g/mL Percoll (Fluka). Then, at room temperature (20°C), sam-
ples were centrifuged at 500 g for 30 minutes (2 acceleration, no
brake). After that, the cell ring at the interface of the two density
gradients was collected with a Pasteur pipette and washed twice
with PBS Dulbecco's solution (1:1 dilution). Then, another by cen-
trifugation at 500 g for 10 minutes followed. The cell layer of inter-
est was localized with density marker beads (green 1.102 g/mL and
orange 1.035 g/mL, Sigma). After removal of the supernatant, the
washed cells were re-suspended in 3 mL buffer prepared by a 1:10
dilution of the MACS BSA Stock Solution with autoMACS™ Rinsing
Solution (named Buffer B). The viable cells thus selected were
counted using a Burker-Turk chamber, after which the sample was
divided into two aliquots. These were processed as paired samples
using the hemoglobin enrichment and magnetic-activated cell sort-
ing (MACS) techniques.

Magnetic cell selection with hemoglobin was based on the
paramagnetic properties of the nucleated cells when the con-
tained hemoglobin is converted to methemoglobin. For this, one
aliquot of the suspension was incubated with 1.5 mL of 50 mmol/L
NaNO, solution for 10 minutes at room temperature. The probe
was then passed through a MiniMACS MS+ magnetic column
under a magnetic field of 1.4T provided by a VarioMACS™ magnet
(Miltenyi Biotech). We used a low flow rate of 270 s/mL controlled
with a NE-500 programmable syringe pump (World Precision
Instruments Inc).* The column was then washed with 500 uL buf-

fer B at the same flow rate. After rinsing, the column, removed
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from the magnetic field, was eluted with 2.5 mL Hanks’ balanced
salt solution (HBSS) at high flow, according to the manufacturer's
protocol.

Cells from the other aliquot of the suspension were enriched
by CD71 magnetic positive sorting technique, following a slightly
modified manufacturer protocol (Miltenyi Biotech), previously
described.?°

Viable cells from the paramagnetic and CD71 positive fractions
were counted using a Burker-Turk chamber. The suspension was
gently mixed with a fresh Carnoy solution (1:1 dilution) and cen-
trifuged at 300 g for 10 minutes. The pellet was re-suspended in
500 pL Carnoy fixative for a minimum of 2 hours. We placed the en-
riched NRBCs on increased adherence slides (Superfrost®Plus Gold,
Menzel-Glaser) by cytocentrifugation at 270 g for 5 minutes (Rotofix
32, Hettich) at medium acceleration and brake, using a mean size
cyto chamber (60 mm? area, Hettich Cyto System 2). We obtained,
for each case, a single-cell spot, with 0.3-3 x 10° total cells/slide.
Then, the slides were cytocentrifuged at 1100 g for 1 minute and
air-dried. Finally, the slides were successively fixed with 100% meth-
anol for 5-7 minutes and formaldehyde (2% in PBS) for 10 minutes at
room temperature.

To assess the protocol results and to check the presence of he-
moglobin-rich cells, slides from some patients were stained with
benzidine and May-Grunwald/Giemsa. In practice, the slides were
exposed to a solution of 0.25% benzidine (Sigma-Aldrich, #3503-1G)
in methanol for 3 minutes, then developed in a solution of hydrogen
peroxide and methanol for 1.5 minutes in the dark (1.25 mL 30%
hydrogen peroxide in 50 mL 50% ethanol). After two rapid rinses in
dH,0, the slides were fixed for 10-15 minutes in absolute methanol.
We performed the May Grunwald Giemsa staining according to the
standard methods, the slides being finally washed with dH,0, and
then with tap water for color enhancement.** However, we found
that these treatments affected the quality of FISH, so this step was

removed from the study protocol.

2.3 | Fluorescence in situ hybridization analysis
(FISH)

The FISH analysis was performed using specific satellite enumera-
tion probes for chromosomes X and Y (Kreatech Poseidon™, Leica
Biosystems), and the rapid protocol was presented elsewhere.!! The
fluorescent signals were analyzed using a Axioscop 1.0 microscope
with x100 objective and triple band-pass filters (Zeiss). The images
were captured and processed using a digital camera and TissueFAXS
software (TissueGnostics). The system automatically recorded the
cells from the whole cytocentrifugation spot, followed by manual anal-
ysis of images. We choose for analysis only intact cells that were not
overlapping. When a Y chromosome was suspected, the field was re-
checked manually. Generally, all identified spots were counterchecked
for non-specificity in all other filters at a magnification of x1000.

The enrichment steps and analysis of fetal cells were performed

without knowledge of clinical details or fetal sex.
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2.4 | Statistical analysis

Data were analyzed using the SPSS program, version 23.0 (SPSS). The
Gaussian distribution of data was evaluated with the Shapiro-Wilk
test. Non-parametric tests (Wilcoxon Signed Ranks Test) were used
for comparison between paramagnetic and anti-CD71 sorting of nu-
cleated cells as well as for differentiation of XY cell numbers in the two
groups, as all these data had a non-gaussian distribution. The purity of
cell isolation was expressed as 1-NRBC/total cells for each enrichment
method. The efficiency of the two methods in detecting fetal sex (at
least one XY cell) was compared using the McNemar test. A P-value of

<.05 was considered significant.

3 | RESULTS

We tested peripheral blood samples from 27 normal pregnancies
with unique, healthy fetuses. Seventy-seven percent of them were
at their first pregnancy, and the others have had no history of a male
fetus. The gestational age had a mean of 21 weeks (range 12-30).
Maternal age has a median of 26 years (range 16-38). From 10 mL of
maternal blood, we isolated a mean of 9.6 + 1.2 x 10® mononuclear
cells (Figure 1) (mean + SE).

The median number of isolated NRBC, corrected for 10 mL
blood, was 29.7 x 10* cells (range: 0.9-76.8 x 10%) after hemoglobin
enrichment and 10.1 x 10 cells (range: 1-28.8 x 10%) after anti-CD71
magnetic-activated sorting. There is a significant statistical differ-
ence between the numbers of total NRBC isolated by the two tech-
niques (Wilcoxon Signed Ranks Test; P < .001) (Figure 2). The median
depletion rate (1-NRBC/total cells) was significantly lower for he-
moglobin selection (96.7%) than for the anti-CD71 sorting (99.1%)
(range: 89.2%-99.8% vs 95.7%-99.8%; Wilcoxon Signed Ranks Test;
P <.001).

The total number of NRBC harvested from double-density gradi-
ent centrifugation, or the total number of cells from hemoglobin or

MACS enrichment were not influenced by parity or gestational age.
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FIGURE 1 Number of NRBC isolated by centrifugation in the
density gradient, depending on gestational age
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FIGURE 2 NRBC isolated by paramagnetic hemoglobin and
anti-CD71 techniques. The horizontal line represents the median.
The bottom and top of each box shows 25% and 75% of all values,
respectively. The upper and lower bars represent the 90% and 10%
limits, respectively
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FIGURE 3 The number of XY nuclei identified by FISH for
hemoglobin enriched and anti-CD71 sorted samples. The horizontal
line represents the median, the inferior and superior bars represent
the limits of 10%, respectively, 90%. The bottom and top of each
box shows 25% and 75% of all values, respectively

In the case of paramagnetic selection, the FISH analysis found at
least one male cell in 22 of the 27 (81.5%) cases. The average num-

ber of XY cells viewed was 5.09 + 2.5 (mean + SE) cells, with a range

between 2 and 10. For anti-CD71 selection, the FISH analysis found
at least one male cell 16 from the 27 women (61.5%). The average
number of XY cells, thus visualized, was 3.38 + 1.7 (average + SE),
with a range between 1 and 6. That represents about one cell per
1 mL of maternal blood. There was no statistically significant differ-
ence between the percentage of nuclei with an XY signal in hemoglo-
bin and anti-CD71 sorted samples (McNemar test, N = 26, P = .109).
However, the number of NRBC was significantly higher in hemoglo-
bin selected samples (P = .03, Wilcoxon Signed Ranks Test) (Figure 3).

All control slides, with male cord blood samples, achieved easily
identifiable spots for all fluorochromes. Our FISH protocol achieves
an efficiency over 90% for the X and Y chromosome samples. All
probes were processed by female assistants only, to limit the
contamination.

The final enriched fractions were assessed using benzidine/May-
Grunwald/Giemsa staining. That found the isolation of several cell
types, including erythrocytes, white blood cells, and NRBCs. The
NRBCs were recognized as cells with a low nucleus to cytoplasm
ratio, a small dense nucleus, and an orthochromatic nongranular
cytoplasm.?! The hemoglobin in the erythroid cells was specifically
stained using a pseudo-peroxidase reaction with benzidine. Thus,
the cytoplasm of the hemoglobin containing NRBCs appears gold-

en-brown, improving their detection (Figure 4).

4 | DISCUSSION

Our study assessed the ability to isolate the fetal nucleated erythro-
blasts by a simplified method. After a common double-density gradi-
ent enrichment, we compared the efficacy of the magnetic selection
using the paramagnetic properties of hemoglobin with the magnetic
sorting using anti-CD71 antibodies. In the first case, the method
selects erythroblasts containing magnetic active hemoglobin, con-
verted to methemoglobin, while in the second, the fetal erythro-
blasts are screened according to the presence of CD71 antigens. The
assessment of the two methods was performed by highlighting the Y
chromosome using FISH.

Double-density gradient centrifugation provided mononuclear
concentrations with a wide range of variations. Similar values also
acquired Lim and col.?? (mean of 11.8 x 10° cells/ 10 mL blood)
and Reading and col.?® (mean of 17.47 x 10° cells/ 10 mL whole
blood), using a 1.077 g/mL density gradient centrifugation with
Percoll or Histopaque, respectively. Kwon and col., using the same
double-density gradient as in our study, but with other osmolari-
ties, found similar results: a mean of 7, respective 4.9 x 10® NRBC
cells per 10 mL blood, for gestational ages of 17 and 28 weeks.?*
Our value (950 NRBC/uL) also fits in the range described in neo-
nates.?> The number of cells recovered by the double-density gra-
dient had a considerable variation. That may directly influence the
number of cells from magnetic sorting and probably the number of
identified fetal cells.

The stationary capture of fetal nucleated erythroblasts in the

magnetic column through a single separation cycle allowed the



NEMESCU ET AL.

& 2 o
[ | L~
3 . 5 . - ~‘ e [ 1“.‘;
\ ‘\?; n - e %

FIGURE 4 Cytospin preparation of enriched cells from anti-
CD71 positive magnetic sorting (A) and paramagnetic selection (B),
stained with benzidine/May Grunwald/Giemsa (x400). The NRBCs
(arrows) were recognized as cells with a low nucleus to cytoplasm
ratio, a small dense nucleus, and an orthochromatic nongranular
cytoplasm. Also, by benzidine staining, the cells with a golden-
brown cytoplasm contain hemoglobin (NRBC, RBC), and cells
without hemoglobin (WBC) have a blue cytoplasm

elimination of non-specific cells with a 96% efficiency (median 96.7%,
percentiles 20 and 80, 94.9% and 98.7%, respectively). However,
these values are lower than those obtained by Huang et al in a sim-
ilar experiment (median separation efficiency 98.6%, percentiles 20
and 80, 98.1% and 99%, respectively). This difference could appear
by the higher number of cells initially introduced in the experiment
because the separation was carried out by a microfluidic device.'*
The second method was a positive magnetic sorting using CD71,
the transferrin receptor present on erythroid cells such as nucle-
ated erythrocytes. We achieved a mean depletion of 98.6%, similar
to that obtained by others.?®> However, other groups, using a similar
method, have obtained significantly more CD71 positive cells (mean
of 34 to 149 x 10* cells/10 mL blood), with a lower depletion rate
(94%-97%).242¢ Variations in the initial cell number and the different
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measurement methods (automatic vs manual) can explain these
differences.

We did not find the variation of isolated total NRBC with gesta-
tional age like others, using a microfluidic or microbead selection.*>%’

In this study, we found through FISH at least one XY cell in 81.5%
of the pregnant women bearing a male fetus, in the case of the para-
magnetic selection and in 59% for that with anti-CD71 antibodies,
respectively.

The rate at which the CD71 positive selection followed by FISH
found a male sex fetus varies widely in the literature from 24% to
100%.%2428 Most studies report values ranging from 50% to 60%.2%30
This phenomenon could appear because: (a) only a small part of
the fetal cells are nucleate,®* (b) we can select only a reduced pro-
portion of the fetal erythroblasts, (c) the fetal erythroblasts have
a large number variation in the maternal circulation, (d) the fetal
erythroblasts do not survive or are strongly affected through the
enrichment process, with numerous cell treatments. From this point
of view, some studies have found that most fetal erythroblasts are
not suitable for FISH analysis, about 43% of them being apoptotic.32
Erythroblasts could find in the maternal blood a higher oxygen con-
centration, which promotes apoptosis®® and reduces nucleus size.3*
Thus, probably most fetal erythroblasts are not suitable for the FISH
analysis. Other authors suggest contamination, especially with per-
sistent fetal cells from previous pregnancies.24 In our study, the per-
centage of women at their first pregnancy was high (80%), and the
others did not had male children. These could partially explain the
reduced frequency of identification of XY fetal cells.

Finally, we found a low number of confirmed XY cells in all sam-
ples, an average of five cells in 10 mL blood for paramagnetic selec-
tion, and three cells in 10 mL blood for anti-CD71 selection. New
technologies based on microfluidic devices achieved a slightly im-
proved number, in normal pregnancies: 2.38-7.25 fetal cells per mL

of maternal blood in Huang et al'’

|15

study, or at least 1-11 fetal cells
per mL in Ma et al*” study.

However, there are some limitations to the study. First, the CD71
and hemoglobin are not specific to fetal cells, being expressed as well
in maternal erythroid precursors. Therefore, we expect many mater-
nal cells selected by the two enrichment methods, which must be
differentiated by FISH. Second, the number of available fetal cells is
inevitably reduced by the numerous procedures like centrifugation,
re-suspension. Third, the cytospin itself could be a limiting factor, lead-
ing to an uneven cell distribution, not fixing all cells, and even degrad-
ing some of them. At this moment we cannot estimate the weight of
these procedures in the result. Fourth, the automatic microscopy has
allowed the study of hundreds of thousands of cells on a single slide,
the time required to scan a single centrifugation spot requiring about
12 hours. The scan is limited by the fact that the fluorescent signals
are on different levels in the same nucleus. We needed a special algo-
rithm to focus and combine multiple acquired planes. Fluorescence
visualization signaled a lot of candidate cells, some with red, as well
as green signals. We do not know the cause of these false-positive
red signals. They may appear by non-specific binding of the sample or

maybe small particles present in the wash solution.®®
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Our methods were based on a single phase of detection and con-
firmation of the fetal cells, applying the FISH detection to all cells re-
sulting from the positive selection process. Thus, we excluded many
centrifugations, various cell staining and discoloration treatments,
which could make the fetal cells unsuitable for FISH analysis. This
approach, however, required automatic slide assessment on the flu-
orescence microscope.

From a technical point of view, the combination of density gradi-
ent centrifugation with paramagnetic selection represents a unique,
original approach. It has the advantage of simplicity and achieves a
minimal manipulation and treatment of cells. The technology is much
easier to be applied compared to most approaches commonly used
to enrich and screen fetal nucleated erythroblasts.

The isolation and identification of fetal cells in the maternal
blood is a considerable challenge due to the low number of these
cells. To be used in prenatal screening, new methods of cell enrich-

ment or other specific antibodies are required.
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