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1. Introduction

This Editorial ‘Advances in Red Blood Cell Research’ is the preface for the special issue
with the same title which files 14 contributions listed in Table 1. This collection of articles
compiles recent developments and ‘hot spots’ in red blood cell research. These cells inspired
generations of scientists for centuries, and still harbor surprises such as the recent identifica-
tion of the mechanosensitive ion channel Piezo1 as the Er-blood group-defining protein [1],
or the association between the RH-blood group and the high-altitude acclimatization [2].
The majority of the papers within this special issue represent translational research, span-
ning from the investigation of the molecular mechanisms of pathologies (Table 1, #6, and
#10) to the novel methodological approaches to diagnose diseases (Table 1, #1, #6, and
#14), case (Table 1, #11) and epidemiological (Table 1, #3) studies, and transfusion medicine
(Table 1, #13). Several articles focus on the factors influencing red blood cell production
in vivo and in culture. These factors include hypoxia (Table 1, #5), immunophenotypic
profile of precursor cells (Table 1, #12), their cytoskeleton and membrane lipid composition
(Table 1, #10). In-depth studies of the rheological properties of red blood cells of humans
and animals are presented (Table 1, #2, #4, #8, and #11). Finally, the need for an age-specific
approach to estimate the causes of anemia in the elderly population is justified (Table 1, #3).

Table 1. Overview of titles that are part of the Special Topic.

Number Type Field Title

1 research
article

diagnostics,
rare diseases

Acanthocyte Sedimentation Rate as a Diagnostic
Biomarker for Neuroacanthocytosis Syndromes:
Experimental Evidence and Physical Justification

2 research
article

genetics,
diagnostics

Effects of Genotypes and Treatment on
Oxygenscan Parameters in Sickle Cell Disease

3 research
article epidemiology Causes of Anemia in Polish Older

Population—Results from the PolSenior Study

4 research
article rare diseases

Different Involvement of Band 3 in Red Cell
Deformability and Osmotic Fragility—A
Comparative GP.Mur Erythrocyte Study

5 research
article erythropoiesis

In Vitro Erythropoiesis at Different pO2 Induces
Adaptations That Are Independent of Prior
Systemic Exposure to Hypoxia

6 research
article

rare diseases,
diagnostics

Concomitant Hereditary Spherocytosis and
Pyruvate Kinase Deficiency in a Spanish Family
with Chronic Hemolytic Anemia: Contribution of
Laser Ektacytometry to Clinical Diagnosis

Cells 2024, 13, 359. https://doi.org/10.3390/cells13040359 https://www.mdpi.com/journal/cells

https://doi.org/10.3390/cells13040359
https://doi.org/10.3390/cells13040359
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cells
https://www.mdpi.com
https://orcid.org/0000-0003-0502-5381
https://orcid.org/0000-0001-6796-9535
https://doi.org/10.3390/cells13040359
https://www.mdpi.com/journal/cells
https://www.mdpi.com/article/10.3390/cells13040359?type=check_update&version=1


Cells 2024, 13, 359 2 of 6

Table 1. Cont.

Number Type Field Title

7 research
article basic science

Continuous Percoll Gradient Centrifugation of
Erythrocytes—Explanation of Cellular Bands and
Compromised Age Separation

8 research
article

comparative
physiology

Interspecies Diversity of Osmotic Gradient
Deformability of Red Blood Cells in Human and
Seven Vertebrate Animal Species

9 research
article basic science The Shape of Human Red Blood Cells Suspended

in Autologous Plasma and Serum

10 research
article * erythropoiesis

Membrane Properties of Human Induced
Pluripotent Stem Cell-Derived Cultured Red
Blood Cells

11 research
article

veterinary
medicine,

rare diseases

Methemoglobinemia, Increased Deformability
and Reduced Membrane Stability of Red Blood
Cells in a Cat with a CYB5R3 Splice Defect

12 research
article erythropoiesis

Analysis of Immunophenotypic Changes during
Ex Vivo Human Erythropoiesis and Its
Application in the Study of Normal and Defective
Erythropoiesis

13 research
article

transfusion
medicine

The Effect of the Donor’s and Recipient’s Sex on
Red Blood Cells Evaluated Using Transfusion
Simulations

14 review diagnostics
Diagnostic Value and Prognostic Significance of
Nucleated Red Blood Cells (NRBCs) in Selected
Medical Conditions

* Editors’ Choice.

2. Red Blood Cells as Markers and Cause of Pathology: From Genetics to
Functional Tests

Red blood cells are increasingly recognized as biomarkers, e.g., of the severity of the
disease manifestation for red blood cell-related diseases, such as hereditary and acquired
anemias (Table 1, #2, #3, and #6), but also for other pathologies that are not primarily linked
to red blood cells, such as inflammation [3], cancer [4], diabetes [5,6] and cardiovascular
disorders [7] (Table 1, #14). However, the tests that would establish a relation between the
factors that define severity of the systemic pathological condition and the red blood cell
properties are missing and common red blood cell indices, in particular the red blood cell
distribution width, are currently used as such markers, which are not very specific. Recent
studies reveal the promising potential for functional tests including red blood cell rheology,
vital morphology and responses of these parameters to extreme conditions. This includes
the response to swelling, shear or deoxygenation in judging the severity of the patients’
condition. Such functional tests are currently only available in a few clinical laboratories
and the equipment to perform those under standardized conditions is limited. An example
of using these tools to assess the disease state in sickle cell disease patients is presented by
Boisson et al. (Table 1, #2).

The authors demonstrate that the oxygenscan parameters such as the ‘point of sickling’
are reflective of sickle cell disease genotype (hemoglobin mutation variant) and treatment
(hydroxyurea or chronic red blood cell exchange). These oxygenscan parameters were
proven to be associated with clinical severity of the sickle cell disease and sensitive to the re-
sponsiveness of the patients to therapy. Newest technological developments in which high
throughput imaging and microfluidic devices are implicated allow detection of rheological
responses of the individual cells to stress conditions such as shear or deoxygenation [8].
Testing of these new approaches in the clinical setting will show if they may match or
even outperform ektacytometry which provides the mean values for deformability, mem-
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brane stability and hydration state for red blood cells in a given blood sample. One more
article reports on the use of the osmoscan mode of the Lorrca Maxsis for the diagnosis
of a compound hereditary anemia caused by a co-inheritance of beta-spectrin [9] and
pyruvate kinase [10] gene mutations in a Spanish family (Table 1, #6). The prevalence of
beta-spectrin-induced phenotype possibly caused by the pyruvate kinase variant in the
manifestation of pathology was demonstrated.

Kuo et al. (Table 1, #4) investigated the properties of red blood cells with Gp.Mur a
clinically relevant antigen of the MNS blood group system [11]. They found a decreased
deformability and increased osmotic resistance in Gp.Mur red blood cells due to higher
expression of Band3 protein and stronger Band3-aquaporin interaction, respectively.

An interesting observation reported for the feline patient with hereditary methemoglobine-
mia [12] with reduced function of cytochrome b5 reductase [13] due to two mutations in the
corresponding gene suggests that accumulation of methemoglobin may increase deformability
and reduce the stability of the red blood cell membrane (Table 1, #11).

One more report of this special issue brings ektacytometry closer to the veterinary
clinical laboratory. In their study, Varga et al. (Table 1, #8) define the reference ranges for
the Lorrca osmoscan test parameters for dogs, cats, sheep, rabbits, rats and mice. Earlier, a
remarkable variance in red blood cell deformability was reported for several species using
various techniques [14–17].

In a particular group of diseases known as the neuroacanthocytosis syndrome [18],
patients carry a dedicated phenotype red blood cell shape, the acanthocytes (Table 1, #1).
They were proposed as a diagnostic marker [19], although the relation of this peculiar red
blood cell morphology to the mutations causing neuroacanthocytosis is still elusive.

In the special issue (Table 1, #1), the authors set the scene for a new physical explanation
for the processes behind one of the oldest diagnostic tests used in clinical laboratories today,
the erythrocyte sedimentation rate (ESR) [20]. The study demonstrates that the red blood
cell aggregate formation alone is insufficient to describe the sedimentation rate. In contrast,
a colloidal physics explanation, based on a percolating gel structure and consecutive
collapse of the gel is much more appropriate to describe red blood cell sedimentation
dynamics. Furthermore, it was found that for neuroacanthocytosis syndrome patients, the
ESR is significantly longer than in controls, giving (for the first time) a useful threshold for
a diagnostic interpretation of a slow ESR. In this paper (Table 1, #1) Darras et al. set the
base for both, a deeper physical explanation [21,22] of the ESR and an application of the
ESR in the context of neuroacanthocytosis investigations [23]. We expect further studies in
particular addressing the question of differential diagnosis.

3. Findings on the In Vivo Erythropoiesis and In Vitro Red Blood Cell Culturing

Environmental stressors such as hypoxia, hyper- and hypothermia [24], and endurance
and extreme sports practices [25–27] impact the numbers and properties of red blood cells.

Exploring the effects of these stressors on erythroid precursor cells, their properties,
and processes driving their differentiation and proliferation during erythropoiesis (Table 1,
#10, and #12) may help to improve conditions for the in vitro production of red blood cells
of rare blood groups or those that may be used for transfusion for all patients. In vitro
cultures of erythroid cells are normally maintained in incubators where atmospheric air is
supplemented with 5% CO2,, i.e., at oxygen concentrations of around 20% while in the bone
marrow pO2 is substantially lower [28]. Within this special issue (Table 1, #5), Simionato
et al. investigated the impact of hypoxia on the in vitro erythropoiesis of CD34+ cells
collected from the healthy donors at sea level (110 m, Heidelberg, Germany) and while
under hypoxic conditions at the Jungfraujoch Research station (3450 m, Switzerland, [29]).

Today, ‘making one’s own red blood cells in a bioreactor’ is a realistic, although rather
expensive option. Developing optimal methods for preserving red blood cells obtained
from donors and storage in blood banks is of decisive importance for decreasing the costs
and for successful blood transfusions. The need for improvement and novel approaches
to assess the quality of the blood-derived products used for transfusion is recognized at
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the state and international level [30,31], and the potential for lab-on-the-chip technology
and artificial intelligence has recently been revealed [32]. In line with this, the effect of the
sex of the donor and the recipient in defining the efficacy of transfusion was investigated
in one of the studies in this issue (Table 1, #13). In their work, Laengst et al. (Table 1,
#13) experimented with transfusion simulations and observed sex-dependent hemolytic
differences with lower hemolysis in the presence of female-derived plasma.

A further study (Table 1, #12) characterized the kinetics of expression of a panel of im-
munotypic markers occurring during in vitro differentiation of the human CD34+ precursor
cells. This panel of markers may be used to detect stage-specific anomalies in patients with
dyserythropoietic anemia and monitor the treatment’s success. The article also provides
insights into the role of NDS1 histone lysine methyltransferase during the differentiation of
erythroid precursor cells. Patients with severe hemolytic or dyserythropoietic anemia are
in constant need of blood transfusion therapy.

4. On the Red Blood Cell Morphology and the Factors in Control of Their
Fractionation in Percoll Density Gradients

Fractionation of red blood cells in Percoll density gradients is used for decades to
obtain the red blood cell fractions enriched with young, senescent and mature cells. How-
ever, the in-depth understanding of the behavior of red blood cells during fractionation is
incomplete, as stated earlier [33], and revealed in the study of Maurer et al. (Table 1, #7).
The Percoll nanoparticles mediate red blood cell aggregation. As a result, the fractionation
on the self-forming Percoll density gradient does not ‘order’ the cells according to the
single cell density, but reflects more likely the average density of the red blood cells in an
aggregate, while individual cells in the aggregate may have a broad range of densities.

Furthermore, the shapes of red blood cells adapt when they are resuspended in
autologous plasma or serum (Table 1, #9). In general, numerous studies investigate and
classify red blood cell shapes in 2D (e.g., [34,35]) or in 3D [36]. However, the thickness of
the cells is rarely quantified. In his work, Thomas Fischer determined the ratio of thickness
across the dimple region to the thickness of the rim to be 0.55 and 0.6 in plasma and serum,
respectively. Consideration of these data in models of red blood cells will likely improve
the models in terms of agreement with observations.

5. Summary and Outlook

Taken together, the contributions included in this special issue (Table 1) represent a
fair cross-section of the areas of interest in modern red blood cell research. We are glad to
declare this issue completed and are looking forward to a follow-up collection to illustrate
further developments in the field.

Author Contributions: Both authors wrote the manuscript. All authors have read and agreed to the
published version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.
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