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Even patients with mild COVID-19 symptoms after
SARS-CoV-2 infection show prolonged altered red blood cell
morphology and rheological parameters
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1 | INTRODUCTION coronavirus disease 2019 (COVID-19).! SARS-CoV-2 infection might
cause light to severe transient diseases, including severe acute re-
The severe acute respiratory syndrome coronavirus-2 (SARS- spiratory syndrome, coagulopathy, vascular and organ damage,
CoV-2) is a novel coronavirus that was first described in 2019 and microangiopathy and neurological disease phenotypes not solely
that has caused a pandemic of acute respiratory disease called the related to thrombotic events.2™* Typical symptoms associated with
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the infection were described to include breathlessness, cough, fever,
ageusia or loss of smell, but infections might also be asymptomatic.
Infections with SARS-CoV-2 affect all age groups with men and
women being equally affected.’ Breathlessness and a reduced fit-
ness were reported by most COVID-19 patients, and it is suggested
that this might be related to altered oxygen uptake into the red blood
cells (RBC) and/or oxygen binding and/or oxygen release in this
disease. These phenomena might be associated to damages of the
beta-chain of the haemoglobin or an increased formation of methae-
moglobin, which increases the oxygen affinity of the undamaged
haemoglobin.®” An altered haematological profile including reduced
RBC count or shifted RBC distribution width,® but also changes in
the RBC morphology, structure and function might occur during the
acute phase of the infection and might provide a further explanation
for the described symptoms.9’10 COVID-19 is also described to aug-
ment RBC rheology.!! In particular, RBC deformability was reduced
and RBC aggregation parameters were increased, indicating that key
determinants of the blood flow in the microcirculation are limited by
COVID-19 following SARS-CoV-2 infection.!? This might be associ-
ated to structural protein damages and membrane lipid remodelling,
which might also affect the cytoskeleton that is of major importance
for proper RBC deformability.13 RBC deformability is crucial for the
oxygen supply within the microcirculation and is determined by the
surface-to-volume ratio, intracellular viscosity, membrane elastic-
ity'*15 and nitric oxide (NO) availability.X® RBC NO synthase (RBC-
NOS) activity is one source of NO generation within RBC and RBC
NO has been linked to S-nitrosylation of the cytoskeletal spectrins
and RBC deformability changes.}” Whether the RBC-NOS signalling
pathway is affected by SARS-CoV-2 remains unknown. Moreover,
whether RBC rheology is altered in a mild course of this disease has
yet not been described. Thus, the aim of the study was to investigate
morphological changes, RBC rheology, RBC-NOS activation and
marker for oxidative stress in men and women after recovery from
COVID-19 with mild symptomatic in order to further understand the
deleterious impact of SARS-CoV-2 on the blood system.

2 | MATERIAL AND METHODS

2.1 | Study participants and sample processing

A total of n = 50 participants (n = 37 male; n = 13 female) were
tested after an average of 60.7 days after positive PCR result on
SARS-CoV-2 infection. We thus aimed to avoid acute effects of
the infection but also post-COVID-19 effects which include symp-
toms that persist longer than or occur after 12 weeks. An additional
n =42 healthy controls (n =30 male; n = 12 female) were investigated.
Age (range) of the study groups were as follows: COVID-19 male:
24.0 + 4.4 years (14-30); female: 24.1 + 5.5 years (16-35); control
male: 24.1 + 5.6 years (17-37); female: 23.8 + 6.4 years (16-33).
SARS-CoV-2 infection was verified by PCR and antibody test. With
the exception of four asymptomatic participants, all reported a mild
course of disease with typical SARS-CoV-2 associated symptoms.

None were hospitalized or reported other illnesses. None of the
participants was vaccinated against COVID-19 at the time of blood
sampling. Fitness level was above average for all participants. The
described protocols align with the Declaration of Helsinki, and all
participants gave written informed consent to participate in this
study. The project was approved by the local ethics committee of
the German Sport University (087/2020).

Venous blood samples were collected at rest from the vena me-
diana cubiti into EDTA vacutainer (Becton Dickinson GmbH) and fur-
ther processed immediately. Described parameters were analysed of
all tested participants unless otherwise stated.

2.2 | Measurement technique

Basal RBC parameters including RBC count, haemoglobin concen-
tration (hb), haematocrit (hct), mean corpuscular volume (MCV),
mean corpuscular haemoglobin (MCH), mean corpuscular haemoglo-
bin concentration (MCHC) and RBC distribution width (RDW) were
directly determined in whole blood using the hematology analyzer
Sysmex Digitana KX-21N (Sysmex).

Red blood cells were separated by centrifugation (3600 g,
5 min, room temperature), dispersed on a glass slide, heat fixed and
Pappenheim staining was conducted to better illustrate and analyse
morphological changes of the RBC. Images of the stained slides were
taken using a Zeiss microscope coupled to a CCD-camera (DXC-
1850P, Sony). Magnification of the images was 200-fold. A total of
five images were taken of each slide, all RBC (average 500 cells per
image) were counted and morphological abnormalities were put in
proportion as a percentage.

Red blood cells deformability was measured by ektacytometry
using the LORRCA MaxSis (RR Mechatronics)®® after dilution of
100*106/pl RBC in polyvinylpyrrolidone (PVP) solution (1:250; 29cP
at 37°C, RR Mechatronics). The samples were sheared in a Couette
system and exposed to nine consecutive shear stresses between
0.3 and 30 Pa, and the diffraction pattern of a laser beam directed
through the samples was analysed by the LORRCA software of each
applied shear stress resulting in a respective elongation index (El).
The LORRCA software then calculated the maximum elongation
index (Elmax), representing the maximum deformability at infinite
shear stress and SS1/2 which represents the shear stress at one-half
Elmax. Finally, the SS1/2:Elmax ratio was calculated and higher val-
ues display reduced RBC deformability.

The osmotic gradient ektacytometry (osmoscan) was performed
using the LORRCA MaxSis and measured deformability under vari-
ous osmotic conditions. Measured RBC number was standardized for
each sample using the following equation: 1000/RBC count = x pl
sample mixed with 5 ml PVP. Thus, the deformation of RBC shape
at a defined shear stress and constant temperature (37°C) is mea-
sured during an osmotic gradient and the following parameters were
provided by the LORRCA software: Omin which corresponds to the
osmolality at which RBC deformability reaches its minimum in the
hypotonic environment and which is influenced by the mean cellular
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TABLE 1 Redblood cell parameters of

Male Control 243{7.0_19 Female Control Z;T/al:;—m male and female COVID-19 participants
compared with respective female and
RBC [*10%/pl] 4.8(0.5) 7 (0.5) 4.5 (0.4)# 4.4 (0.3)+++ male healthy control group
Hct [%] 43.7 (4.2) 41.4 (4.4)* 40.5 (3.3)## 38.9 (3.1)+++
Hb [g/dl] 15.1(1.4) 14.2 (1.8)* 13.4 (0.9)### 13.1 (1.4)+
MCV [fl] 90.5 (3.5) 87.2 (4.2)** 91.0(3.7) 88.3 (3.3)*
MCH [pg] 31.1(1.5) 29.9 (2.3)** 30.2 (1.4)# 29.8(2.0)
MCHC [g/dI] 34.4(1.6) 34.4(1.5) 33.2 (L.1)# 33.5(1.7)*
RDW [%] 12.7(0.7) 13.1(1.6) 12.8(0.7) 12.7(0.8)

Data are mean (SD).

*p <0.05; ** p <0.01; *** p < 0.001 vs respective control; # p < 0.05; ## p < 0.01 female vs male

control; + p < 0.05 female vs male COVID-19.

surface-to-volume ratio. Below this point, most RBC rupture if the
osmolality is further decreased. EImax corresponds to the maximum
deformability near the isotonic osmolality and relates to the RBC
membrane surface. Ohyper, the osmolality in the hypertonic region,
corresponds to 50% of Elmax and reflects the hydration status of
the RBC. Ohyper is affected by the cytoplasmic viscosity and the
cell volume. 22

Red blood cells aggregation was measured at 37°C by syllec-
tometry using the LORRCA MaxSis after the hct of the samples was
adjusted to 40% using autologous plasma. All samples were fully ox-
ygenated for 15 min with the use of a Roller Mixer (Karl Hecht KG)
prior to the measurement.?? Oxygenated samples were transferred
to the Couette system and changes of backscattered light were re-
corded over 120 s using two photodiodes and presented as a graph
(syllectogram) to calculate an Aggregation-Index (Al%). The thresh-
old shear rate balancing RBC aggregation and disaggregation was
obtained after an iteration procedure was performed to primarily
calculate dlsc min. This parameter defines the minimum change in
backscatter intensity during the iteration procedure, representing

the minimum shear rate where RBC aggregates start to disaggregate

(DAB) solution (Sigma) in TBS was used to develop the staining.
Slides were dehydrated by exposure to alcohol solutions of increas-
ing concentration and sealed using Entellan® (Merck). Images were
taken from the test and the control area of each slide using a Zeiss
microscope coupled to a CCD-camera (DXC-1850P, Sony). The grey
values of the images were analysed using the ‘Image J' software
(National Institutes of Health). A total of 50 RBC from at least four
images were determined in the test area and a total of 10 RBC from
at least two images were determined in the control area. The grey
values were cleared against the background grey value. Finally, grey
values of RBC from test and control areas were subtracted to obtain
net staining intensities.

Statistical analyses of the data were performed using
GraphPadPrism software 8.0. Data were analysed for normal distri-
bution of the data, and one-way ANOVA was performed to detect
effects between the tested groups. Differences were considered as
significant with * p < 0.05, ** p < 0.01 and *** p < 0.001. Presented

data are mean + standard deviation (SD).

(y at dIsc min (s™%)). 3 | RESULTS
Nitrotyrosine and phosphorylation of the RBC-NOS serine 1177
residue were measured by immunohistochemistry.’” Thus, nitroty- 3.1 | Blood parameters

rosine represents a marker for the generation of free radicals, NO
in particular, and a marker for oxidative stress. Phosphorylation of
the RBC-NOS serine 1177 residue has been described as activation
site, thus representing increased enzyme activity and hence NO
production.*®!” Briefly, separated RBC were immediately fixed in
4% formaldehyde, separated on a slide and heat fixed. A test and
a control area were marked on each slide, both areas were washed
with tris-buffered saline (0.1 mol TBS, pH 7.6) and incubated with
0.1% trypsin solution. Non-specific antibody binding was minimized
by incubating both areas with 3% skim milk. The test area of each
slide was incubated with the respective primary antibody in a 0.3%
skim milk solution: Anti-phospho eNOS (Ser1177; (dilution: 1:150,
Millipore), Anti-Nitrotyrosine (dilution 1:500, Upstate/Millipore).
Slides were washed with TBS, treated with 3% normal goat serum
(Dako) and incubated with a secondary goat anti-rabbit antibody
(dilution: 1:400, Dako). 3,3-diaminobenzidine-tetrahydrochloride

Comparison of RBC parameters indicated reduced MCV, hct, hb
and MCH in male COVID-19 patients compared with healthy male
controls. Female COVID-19 patients showed lower MCV and higher
MCHC than the respective control participants. In general, RBC
count, hct, hb, MCH and MCHC were lower in females compared to
males (Table 1).

3.2 | Morphological changes

Distinct morphological changes, especially alterations of the mem-
brane, were observed in samples from COVID-19 patients. Two
major changes were identified and analysed of n = 20 (11 m/9 f)
COVID-19 patients and n = 15 (8 m/7 f) controls. Membrane ex-
tensions were defined as evaginations of the membrane leading
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to an apex which can be observed at the RBC (Figure 1A). These
changes were significantly higher after SARS-CoV-2 infection in
both, males and females compared with healthy controls (Figure 1C).
Permanent elongated RBC (Figure 1B) were also significantly higher
in both COVID-19 groups compared to the respective control groups
(Figure 1D).

3.3 | Red blood cell deformability

Red blood cell deformability was represented as SS1/2 to Elmax
ratio. SS1/2:Elmax values were significantly higher and thus, RBC
deformability was significantly lower in both COVID-19 groups.
Comparison of male and female controls revealed higher RBC de-

formability in females compared to males (Figure 2A).
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FIGURE 1 Morphological changes of RBC in COVID-19 patients.
Representative images of morphological changes including (A)
membrane extensions and (B) permanent elongated RBC. Images
were taken with 200-fold magnification. Quantitative analyses

of an average of 2500 RBC revealed (C) a significantly higher
percentage of RBC showing membrane extensions after SARS-
CoV-2 infection in both, female and male, groups compared with
the respective control groups (* p < 0.05). (D) In parallel, percentage
of permanent elongated RBC was also significantly higher in the
COVID-19 groups with higher values in the affected male cohort
(*** p < 0.001) compared to the female cohort (* p < 0.05). Data are
mean + SD
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3.4 | Redblood cell aggregation

Red blood cell aggregation was analysed from n = 48 (30 m/18 f)
COVID-19 patientsand n =25 (15 m/10 f) controls. Values of RBC ag-
gregation index (Al%) did not differ between control and COVID-19
(Figure 2B). The threshold shear rate balancing RBC aggregation and
disaggregation was significantly higher in male COVID-19 compared
with the respective control group. In the female test group, values
tend to be higher compared with the control cohort (effect size:
0.41; Figure 2C).

3.5 | Red blood cell Osmoscan

Omin was reduced after SARS-CoV-2 infection in both, female and
male COVID-19 cohorts (Figure 2D). ElImax (osmoscan) was signifi-
cantly reduced in males but not in females with COVID-19 (Figure 2E)
and Ohyper was also significantly reduced in both COVID-19 groups
compared with their respective control groups. Comparison of male
and female controls showed higher Ohyper values in females than in

males (Figure 2F).

3.6 | Phosphorylated RBC-NOS serine 1177

Higher RBC-NOS serine 1177 phosphorylation is related to an
increase in enzyme activation.”?® Values were analysed from
n = 33 (20 m/13 f) COVID-19 patients and n = 20 (11 m/9 f) con-
trols. Increased staining intensity of phosphorylated RBC-NOS
serine 1177 residue was detected in both, males and females with
COVID-19 compared with respective healthy controls. Control fe-
males showed lower RBC-NOS serine 1177 phosphorylation com-

pared with control males (Figure 3A,B).

3.7 | Nitrotyrosine

Nitrotyrosine staining was performed in n = 33 (23 m/1 Of)
COVID-19 patients and n = 20 (10 m/10 f) controls. Intensity of
nitrotyrosine staining was similar between male controls and male
COVID-19 patients. In contrast, females showed higher staining val-
ues in COVID-19 compared with healthy controls (Figure 3C,D).

4 | DISCUSSION

Severe SARS-CoV-2 dependent COVID-19 disease was shown to
affect the RBC system?*2® and RBC rheological parameters in par-
ticular.!? This might be related to morphological changes’ and might
impact oxygen transport and supply. The recent study aimed to ad-
dress the question whether a mild COVID-19 disease progress is re-
lated to prolonged alterations in RBC morphology and rheological
parameters.
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FIGURE 2 Influence of COVID-19 on RBC rheological parameters. (A) RBC deformability was displayed by S51/2: EImax ratio and

values were significantly higher, and thus RBC deformability was significantly lower, in both COVID-19 groups (* p < 0.05, respectively).
Comparison of the control groups revealed higher RBC deformability in females compared with males (* p < 0.05). (B) Aggregation index
was comparable between the tested groups. (C) Shear rate balancing RBC aggregation and disaggregation was significantly higher in

males (* p < 0.05) after SARS-CoV-2 infection and a similar trend was observed in females, although not statistically significant. Osmoscan
parameters revealed (D) lower Omin in both COVID-19 groups (* p < 0.05 and *** p < 0.001, respectively), and also lower Omin values in
females compared with males (* p < 0.05). (E) EImax values measured during the osmoscan showed lower values in males after SARS-CoV-2
infection (* p < 0.05) but no difference between the female cohorts or between male and female controls. (F) Ohyper was significantly
lower in male and female COVID-19 groups compared to the respective controls (* p < 0.05 and *** p < 0.001). Control females showed
significantly higher values compared with male controls (** p < 0.01). Data are mean + SD

The data were separated by gender because the results con-
firm recent findings of distinct differences in the haematological
profile between males and females in general?®?” which was as-
sociated to higher testosterone levels in males?® or periodic men-
strual blood losses of females.?’ Distinct differences between
males and females were also observed in the rheological param-
eters showing higher deformability in healthy females compared
with healthy males which might be explained by regular menstru-
ation and thus, a potentially younger circulating RBC population

which were described to have higher deformability compared to
older RBC,26:2%:30

Studies on the effects of SARS-CoV-2 infection suggest that the
extent of altered haematological parameters were associated to the
severity of the COVID-19 disease and have been described to predict
the clinical outcome of the patients.3*"3% A drop in haemoglobin is
well documented for severe and critically ill COVID-19 patients.34’36
SARS-CoV-2 interacts with the haemoglobin molecules within RBC

possibly resulting in haemoglobin denaturation, drop in functioning
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haemoglobin, decreased NO availability and oxidative stress.3* It is
also discussed that modifications of the haemoglobin might affect
oxygen uptake, binding and release.® Analysis of the results from the
mild COVID-19 cases investigated herein revealed reduced haemo-
globin concentration and mean cellular haemoglobin in COVID-19
patients, thus confirming previous findings®® and further suggesting
that even patients with a mild disease state and overcome infection
experience a high impact of the virus on circulating blood cells. In
addition, haematocrit and MCV values significantly decreased in
COVID-19. Both the parameters are interrelated because the hae-
matocrit concentration is calculated by MCV multiplied by the num-
ber of circulating RBC which was comparable between COVID-19
and the respective control groups. Thus, while the number of circu-
lating RBC remained constant in mild COVID-19 but the MCV de-
creased, the hct also decreased. Changes in MCV might be related to
alterations of the cell morphology. RBC of COVID-19 patients, both

males and females, showed distinct morphological changes similar
to those previously described for patients with severe COVID-19
illness.”'° The extent of the defined elongated RBC and membrane
extensions was lower compared with seriously ill patients. Data pre-
sented herein indicate that about 2.5% of RBC from male COVID-19
patients showed membrane defects, which was a higher percentage
than observed in females with about 1% of RBC defects. This means
that 200-500 billion circulating cells show membrane defects given
the fact that about 20 trillion RBC circulate through the human body.
Because blood sampling described herein was scheduled approxi-
mately 60 days after infection to exclude the acute infection phase,
it seems plausible that the amount of RBC defects was most likely
higher during acute infection state. It seem reasonable that these
structural changes limit RBC deformation which is one reason for
erythrophagocytosis by macrophages37 and which might indicate
accelerated RBC turnover possibly explaining anaemia®® during
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COVID-19 infection. Indeed, RBC deformability was significantly
lower in both COVID-19 groups underlining previous findings.'*?
Moreover, deformability under various osmotic conditions showed
significant differences between COVID-19 and healthy participants.
Elmax (osmoscan), Omin and Ohyper were significantly lower in
male and female COVID-19 patients respectively. Thus, COVID-19
dependent changes of the RBC shifted the osmsocan curve to the
left and downwards as described for stiffened cells'? concluding that
the described haematological and morphological changes impairs
RBC deformability even after recovery from mild COVID-19 disease.
Since RBC deformability is crucial for the passage of the small capil-
laries and oxygen supply within the microcirculation, it is suspected
that stiffening of RBC, next to haemoglobin alterations, might also
be associated to the described hypoxemia®® during COVID-19 infec-
tion. RBC aggregation represents another crucial rheological param-
eter which was described to be affected by acute severe COVID-19
disease.’>® The present data could not support these findings,
possibly because of the mild nature of the disease course reported
herein or because the enrolled subjects did not show additional dis-
eases which were described for the COVID-19 patients by Renoux
and coIIeagues.12 Though, shear rate balancing aggregation and dis-
aggregation was remarkably higher in the COVID-19 groups and it
seems plausible that the membrane evaginations and elongation of
the cells described earlier increase the contact area between adja-
cent RBC thus increasing forces connecting these cells.

Further, nitrotyrosine levels were measured to investigate a
possible role of oxidative stress in the observed functional changes.
Nitrotyrosine originates from the reaction of NO and superoxide re-
sulting in peroxynitrite which in turn nitrates tyrosine residues of
proteins. Thus, nitrotyrosine represents a marker for cellular dam-
age and oxidative stress.*° Elevated levels of RBC free radical con-
tent have been previously described to induce a reorganization of
the membrane structure as well as water and ion imbalance** which
was also linked to reduced RBC deformability.*> 4 Damage of RBC
proteins and membrane lipid remodelling in COVID-19 patients was

reported by Thomas et al.*®

The observed changes include fragmen-
tation of crucial RBC cytoskeleton proteins such as spectrin which
is essential for RBC deformability,” but also of the anion exchanger
1/band 3 essential for membrane stability.45 The authors concluded
that modifications of the RBC proteins by COVID-19 might explain
the lack of the cells to respond to environmental oxygen saturation
and/or oxidative stress.®® In the present study, nitrotyrosine levels
were increased in female COVID-19 patients confirming, at least in
part, higher free radical content in RBC of COVID-19 patients which
promotes the decline in RBC deformability. Such a relation was not
observed in male COVID-19 patients. However, since a large num-
ber of different free radical species were described to be present in
RBC, further studies including the investigation of other free radical
species need to be carried out. High free radical content was also
described to reduce activation of the NO producing enzyme RBC-
NOS.“2 RBC-NOS produced NO has been linked to S-nitrosylation
of RBC cytoskeletal proteins including spectrin, thus positively af-
fecting RBC deformability?” and possibly preserving deformability

in conditions of oxidative stress.*® Surprisingly, RBC-NOS activa-
tion, represented by the phosphorylation state of the serine 1177
residue,'® was significantly higher in both COVID-19 groups. Thus,
also higher NO levels might be hypothesized in RBC of COVID-19
patients because higher RBC-NOS activation was associated to in-
creased levels of RBC NO.*4 |n addition, the generation of ni-
trotyrosine requires the presence of NO as described above. A study
by Mortaz and colleagues report increased NO levels in RBC of se-
vere COVID-19 patients48 which might apply to the finding of the
present study. Given the reduced RBC deformability in COVID-19
patients despite higher RBC-NOS activation, it is assumed that this
observation might represent a compensatory mechanism, which,
however, cannot maintain RBC deformability.*”*° It seems plausible
that the observed morphological changes were caused by damages
of the cytoskeleton, the membrane or both and that increased RBC-
NOS produced NO is not capable to affect deformability because of
the structural damages.

In conclusion, to the best of our knowledge, these are the first
data revealing prolonged prominent RBC structural and rheological
changes in patients after a mild COVID-19 disease. These changes
were observed in both, young female and young male COVID-19
patients although certain haematological parameters and morpho-
logical changes seemed to be more pronounced in male patients.
Impairment of RBC deformability and aggregate strength, morpho-
logical changes and oxidative stress seem to be highly interrelated.
Impaired rheological parameters were shown to affect blood flow
dynamics and, together with the reported left-shift of the oxygen
dissociation curve,® possibly oxygen supply in the microcirculation.
Investigations of the RBC system post-COVID-19 (>12 weeks after
infection) but also investigations on the exact underlying mech-
anisms of altered RBC structure and rheological parameters are

needed to develop specific therapies and/ or therapeutic agents.

ACKNOWLEDGEMENT

The authors thank Ms Bianca Collins, Ms Emily Zollmann, Ms Anke
Schmitz and Mr Alexander FloB for technical and organizational sup-
port. Open Access funding enabled and organized by Projekt DEAL.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

AUTHOR CONTRIBUTIONS

Marijke Grau: Data curation (lead); Formal analysis (lead);
Investigation (equal); Methodology (lead); Resources (equal);
Supervision (equal); Visualization (lead); Writing - original draft
(lead). Lars Ibershoff: Formal analysis (equal); Investigation (equal);
Writing - review & editing (equal). Jonas Zacher: Conceptualization
(lead); Funding acquisition (lead); Project administration (lead);
Resources (equal); Writing - review & editing (equal). Janina
Bros: Formal analysis (equal); Investigation (equal); Writing - re-
view & editing (equal). Fabian Tomschi: Formal analysis (equal);
Investigation (equal); Writing - review & editing (equal). Katharina
Felicitas Diebold: Investigation (equal); Project administration



GRAU ET AL.

(equal); Writing - review & editing (equal). Hans-Georg Predel:
Conceptualization (equal); Funding acquisition (equal); Project ad-
ministration (equal); Resources (equal); Writing - review & editing
(equal). Wilhelm Bloch: Conceptualization (equal); Project admin-
istration (equal); Resources (equal); Writing - review & editing
(equal).

PATIENT CONSENT
All patients gave written informed consent to participate in this

study.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available on rea-
sonable request from the corresponding author. The data are not

publicly available due to privacy or ethical restrictions.

ORCID
Marijke Grau "= https://orcid.org/0000-0003-1980-9195
REFERENCES

1. Hu B, Guo H, Zhou P, Shi Z-L. Characteristics of SARS-CoV-2 and
COVID-19. Nat Rev Microbiol. 2021;19:141-154.

2. Schwabenland M, Salié H, Tanevski J, et al. Deep spatial profil-
ing of human COVID-19 brains reveals neuroinflammation with
distinct microanatomical microglia-T-cell interactions. Immunity.
2021;54:1594-1610. ell.

3. Stasi C, Fallani S, Voller F, Silvestri C. Treatment for COVID-19: An
overview. Eur J Pharmacol. 2020;889:173644.

4. Touma M. COVID-19: molecular diagnostics overview. J Mol Med.
2020;98:947-954.

5. Corona-Infektionen (COVID-19) in Deutschland nach Altersgruppe
und Geschlecht. Accessed February 02, 2022. https://de.statista.
com/statistik/daten/studie/1103904/umfrage/corona-infektione
n-covid-19-in-deutschland-nach-altersgruppe/#professional

6. Boning D, Kuebler WM, Bloch W. The oxygen dissociation
curve of blood in COVID-19. Am J Physiol Lung Cell Mol Physiol.
2021;321:L349-L357.

7. Wenzhong L, Hualan L. COVID-19: Attacks the 1-beta chain of he-
moglobin and captures the porphyrin to inhibit human heme me-
tabolism; 2020. doi:10.26434/chemrxiv.11938173

8. Lu G, Wang J. Dynamic changes in routine blood parameters of a
severe COVID-19 case. Clin Chim Acta. 2020;508:98-102.

9. Gérard D, Ben Brahim S, Lesesve JF, Perrin J. Are mushroom-
shaped erythrocytes an indicator of COVID-19? Br J Haematol.
2021;192:230.

10. Gagiannis D, Umathum VG, Bloch W, et al. Antemortem vs post-
mortem histopathologic and ultrastructural findings in paired
transbronchial biopsy specimens and lung autopsy samples from
three patients with confirmed SARS-CoV-2. Am J Clin Pathol.
2022;157:54-63.

11. Kubankovd M, Hohberger B, Hoffmanns J, et al. Physical
phenotype of blood cells is altered in COVID-19. Biophys J.
2021;120:2838-2847.

12. Renoux C, Fort R, Nader E, et al. Impact of COVID-19 on red blood
cell rheology. Br J Haematol. 2021;192:e108-e111.

13. Thomas T, Stefanoni D, Dzieciatkowska M, et al. Evidence
of structural protein damage and membrane lipid remodel-
ing in red blood cells from COVID-19 patients. J Proteome Res.
2020;19:4455-4469.

14. Chien S. Red cell deformability and its relevance to blood flow.
Annu Rev Physiol. 1987;49:177-192.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

WiLEY- L2

Mohandas N, Chasis JA. Red blood cell deformability, mem-
brane material properties and shape: regulation by transmem-
brane, skeletal and cytosolic proteins and lipids. Semin Hematol.
1993;30:171-192.

Kleinbongard P, Schulz R, Rassaf T, et al. Red blood cells ex-
press a functional endothelial nitric oxide synthase. Blood.
2006;107:2943-2951.

Grau M, Pauly S, Ali J, et al. RBC-NOS-dependent S-nitrosylation
of cytoskeletal proteins improves RBC deformability. PLoS One.
2013;8:€56759.

Hardeman DJG, Ince C. The Laser-assisted Optical Rotational Cell
Analyzer (LORCA) as red blood cell aggregometer. Clin Hemorheol
Micro. 2001;25:1-11.

Nemeth N, Kiss F, Miszti-Blasius K. Interpretation of osmotic gradi-
ent ektacytometry (osmoscan) data: a comparative study for meth-
odological standards. Scand J Clin Lab Invest. 2015;75:213-222.

Da Costa L, Suner L, Galimand J, et al. Diagnostic tool for red blood
cell membrane disorders: assessment of a new generation ektacy-
tometer. Blood Cells Mol Dis. 2016;56:9-22.

Zaninoni A, Fermo E, Vercellati C, et al. Use of Laser Assisted opti-
cal rotational cell analyzer (LoRRca MaxSis) in the diagnosis of RBC
membrane disorders, enzyme defects, and congenital dyserythro-
poietic anemias: a monocentric study on 202 patients. Front Physiol.
2018;9:451.

Baskurt OK, Uyuklu M, Ulker P, et al. Comparison of three instru-
ments for measuring red blood cell aggregation. Clin Hemorheol
Micro. 2009;43:283-298.

Ulker P, Yaras N, Yalcin O, et al. Shear stress activation of nitric
oxide synthase and increased nitric oxide levels in human red blood
cells. Nitric Oxide. 2011;24:184-191.

O'Connor T, Santaniello S, Javidi B. COVID-19 detection from red
blood cells using highly comparative time-series analysis (HCTSA)
in digital holographic microscopy. Opt Express. 2022;30:1723-1736.
O'Connor T, Shen J-B, Liang BT, Javidi B. Digital holographic deep
learning of red blood cells for field-portable, rapid COVID-19
screening. Opt Lett. 2021;46:2344-2347.

Grau M, Cremer JM, Schmeichel S, Kunkel M, Bloch W. Comparisons
of blood parameters, red blood cell deformability and circulating
nitric oxide between males and females considering hormonal con-
traception: a longitudinal gender study. Front Physiol. 2018;9:1835.
Tomschi F, Bloch W, Grau M. Impact of type of sport, gender and
age on red blood cell deformability of elite athletes. Int J Sports Med.
2018;39:12-20.

Zeng SM, Yankowitz J, Widness JA, Strauss RG. Etiology of differ-
ences in hematocrit between males and females: sequence-based
polymorphisms in erythropoietin and its receptor. J Gend Specif
Med. 2001;4:35-40.

Kameneva MV, Watach MJ, Borovetz HS. Gender difference in rhe-
ologic properties of blood and risk of cardiovascular diseases. Clin
Hemorheol Micro. 1999;21:357-363.

Bizjak DA, Brinkmann C, Bloch W, Grau M. Increase in red blood
cell-nitric oxide synthase dependent nitric oxide production during
red blood cell aging in health and disease: a study on age dependent
changes of rheologic and enzymatic properties in red blood cells.
PLoS One. 2015;10:e0125206.

Mao J, Dai R, Du R-C, Zhu Y, Shui L-P, Luo X-H. Hematologic changes
predict clinical outcome in recovered patients with COVID-19. Ann
Hematol. 2021;100:675-689.

Taj S, Kashif A, Arzinda Fatima S, Imran S, Lone A, Ahmed Q. Role of
hematological parameters in the stratification of COVID-19 disease
severity. Ann Med Surg. 2021;62:68-72.

Djakpo DK, Wang Z, Zhang R, et al. Coronavirus (COVID-19) pa-
tients. Biosci Rep. 2019;2020:40.

Cavezzi A, Troiani E, Corrao S. COVID-19: hemoglobin, iron, and
hypoxia beyond inflammation. A narrative review. Clin Pract.
2020;10:1271.


https://orcid.org/0000-0003-1980-9195
https://orcid.org/0000-0003-1980-9195
https://de.statista.com/statistik/daten/studie/1103904/umfrage/corona-infektionen-covid-19-in-deutschland-nach-altersgruppe/#professional
https://de.statista.com/statistik/daten/studie/1103904/umfrage/corona-infektionen-covid-19-in-deutschland-nach-altersgruppe/#professional
https://de.statista.com/statistik/daten/studie/1103904/umfrage/corona-infektionen-covid-19-in-deutschland-nach-altersgruppe/#professional
https://doi.org/10.26434/chemrxiv.11938173

3030
—I—WI LEY

35.
36.

37.

38.
39.
40.
41.
42.
43.

44,

GRAU ET AL.

Taneri PE, Gdmez-Ochoa SA, Llanaj E, et al. Anemia and iron me-
tabolism in COVID-19: a systematic review and meta-analysis. Eur J
Epidemiol. 2020;35:763-773.

Yuan X, Huang W, Ye B, et al. Changes of hematological and im-
munological parameters in COVID-19 patients. Int J Hematol.
2020;112:553-559.

Arias CF, Arias CF. How do red blood cells know when to die? R Soc
Open Sci. 2017;4:160850.

Dhont S, Derom E, van Braeckel E, Depuydt P, Lambrecht BN. The
pathophysiology of ‘happy’ hypoxemia in COVID-19. Respir Res.
2020;21:198.

Nader E, Nougier C, Boisson C, et al. Increased blood viscosity and
red blood cell aggregation in patients with COVID-19. Am J Hematol.
2022;97:283-292.

Romero N, Denicola A, Radi R. Red blood cells in the metabolism of
nitric oxide-derived peroxynitrite. IUBMB Life. 2006;58:572-580.
Starodubtseva MN, Tattersall AL, Kuznetsova TG, Yegorenkov NI,
Ellory JC. Structural and functional changes in the membrane and
membrane skeleton of red blood cells induced by peroxynitrite.
Bioelectrochemistry. 2008;73:155-162.

Kuck L, Grau M, Bloch W, Simmonds MJ. Shear stress ameliorates
superoxide impairment to erythrocyte deformability with concur-
rent nitric oxide synthase activation. Front Physiol. 2019;10:36.
Simmonds MJ, Meiselman HJ, Marshall-Gradisnik SM, et al.
Assessment of oxidant susceptibility of red blood cells in various
species based on cell deformability. Biorheology. 2011;48:293-304.
Baskurt OK, Temiz A, Meiselman HJ. Effect of superoxide an-
ions on red blood cell rheologic properties. Free Radic Biol Med.
1998;24:102-110.

45.

46.

47.

48.

49.

50.

Peters LL, Shivdasani RA, Liu S-C, et al. Anion exchanger 1 (band 3)
is required to prevent erythrocyte membrane surface loss but not
to form the membrane skeleton. Cell. 1996;86:917-927.

Diederich L, Suvorava T, Sansone R, et al. On the effects of reac-
tive oxygen species and nitric oxide on red blood cell deformability.
Front Physiol. 2018;9:332.

Jubelin B, Gierman J. Erythrocytes may synthesize their own nitric
oxide. Am J Hypertens. 1996;9:1214-1219.

Mortaz E, Malkmohammad M, Jamaati H, et al. Silent hypoxia:
higher NO in red blood cells of COVID-19 patients. BMC Pulm Med.
2020;20:269.

Grau M, Jerke M, Nader E, et al. Effect of acute exercise on RBC
deformability and RBC nitric oxide synthase signalling pathway in
young sickle cell anaemia patients. Sci Rep. 2019;9:11813.

Grau M, Mozar A, Charlot K, et al. High red blood cell nitric oxide
synthase activation is not associated with improved vascular func-
tion and red blood cell deformability in sickle cell anaemia. Br J
Haematol. 2015;168:728-736.

How to cite this article: Grau M, Ibershoff L, Zacher J, et al.
Even patients with mild COVID-19 symptoms after SARS-
CoV-2 infection show prolonged altered red blood cell
morphology and rheological parameters. J Cell Mol Med.
2022;26:3022-3030. doi:10.1111/jcmm.17320



https://doi.org/10.1111/jcmm.17320

	Even patients with mild COVID-­19 symptoms after SARS-­CoV-­2 infection show prolonged altered red blood cell morphology and rheological parameters
	Abstract
	1|INTRODUCTION
	2|MATERIAL AND METHODS
	2.1|Study participants and sample processing
	2.2|Measurement technique

	3|RESULTS
	3.1|Blood parameters
	3.2|Morphological changes
	3.3|Red blood cell deformability
	3.4|Red blood cell aggregation
	3.5|Red blood cell Osmoscan
	3.6|Phosphorylated RBC-­NOS serine 1177
	3.7|Nitrotyrosine

	4|DISCUSSION
	ACKNOWLEDGEMENT
	CONFLICT OF INTEREST
	AUTHOR CONTRIBUTIONS
	PATIENT CONSENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


