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ABSTRACT Coronavirus disease 2019 (COVID-19) is caused by the Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2) and can affect multiple organs, among which is the circulatory system. Inflammation and mortality risk markers
were previously detected in COVID-19 plasma and red blood cells (RBCs) metabolic and proteomic profiles. Additionally,
biophysical properties, such as deformability, were found to be changed during the infection. Based on such data, we aim to
better characterize RBC functions in COVID-19. We evaluate the flow properties of RBCs in severe COVID-19 patients admitted
to the intensive care unit by using in vitro microfluidic techniques and automated methods, including artificial neural networks, for
an unbiased RBC analysis. We find strong flow and RBC shape impairment in COVID-19 samples and demonstrate that such
changes are reversible upon suspension of COVID-19 RBCs in healthy plasma. Vice versa, healthy RBCs immediately resemble
COVID-19 RBCs when suspended in COVID-19 plasma. Proteomics and metabolomics analyses allow us to detect the effect
of plasma exchanges on both plasma and RBCs and demonstrate a new role of RBCs in maintaining plasma equilibria at the
expense of their flow properties. Our findings provide a framework for further investigations of clinical relevance for therapies
against COVID-19 and possibly other infectious diseases.

1 INTRODUCTION effects may play a role in COVID-19 severity. However, the
origin of pathological changes of COVID-19 RBCs and their

Infection with the Severe Acute Respiratory Syndrome Coro- | -
impact on blood flow remains poorly understood. RBC flow

navirus 2 (SARS-CoV-2) can lead to the development of the ) - ) :
Coronavirus disease 2019 (COVID-19) (1). The pathophysi- properties are particularly relevant in the microvasculature,

ology of COVID-19 is characterized by respiratory manifesta- Esp?cially in capillaries, where gas e)/(clll(ang,es and microthrqm—
tions but also involves increased inflammatory responses (2), }?UC .evelilits.g‘ccgr. Regentl();, I?ubancgva et agl. ( ) studied
alterations in the number and phenotype of blood cells (3, 4), the microfluidic flow of RBCs from COVID-19 patients sus-

microthrombotic complications, and vascular occlusions that pended a in phosphate-buffered saline (PBS) solution in a

can be fatal (5-7). In these changes, red blood cells (RBCs) chann.ell witha cross-sect{on of 20 x 20 pm?, resu Iting in cell
were found to exhibit structural protein damage, membrane VelOCItl,e,S up to 30cms™. At such high veloc'mes, RBC de-
lipid remodeling (8), dysregulation in serum levels of coagu- formablh.ty turned out to be het.erogeneous,.wnl.l most of the
lation factors (9), as well as altered physical and rheological RB(;S. b.emg .strongly clongated in the flow direction but some
properties, such as shape, size, and deformability (4, 10). exhibiting circular, less deforr.nablle shap.es compared with
Changes in RBC mechanical properties, such as its bending h'eallthy controls. 'In human capillaries, which have diameters
rigidity and cytoplasm viscosity, can dramatically alter their similar to RBC size (about 10 ym), confined fows confer'to
morphology, reduce microvascular perfusion, and impact flow RBCs characteristic shapes that depend on the cell velocity

behavior and hemorheology of blood in the circulatory system, and.the su.r rf)unding rqedium (16, 1.7)' We p reYiopsly used
eventually affecting gas transport efficiency (11-15). Such 2 microfluidic setup with channel dimensions similar to the
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RBC size and analyzed RBC shapes at high detail by means
of artificial neural networks (18) in a velocity range that re-
sembles microvascular in vivo flow. Flow properties of RBCs
depend on biophysical cell features that are influenced by
biochemical characteristics. In order to elucidate the effects
of COVID-19 on RBCs, we study their shapes and flow prop-
erties in autologous and allogeneic plasma in similar confined
microfluidic channels in comparison to healthy controls. We
observe RBC flow impairment in COVID-19 plasma and a
full recovery upon suspension in healthy plasma. To better
elucidate these effects, we additionally characterize both RBC
and plasma content by proteomics and metabolomics analysis,
highlighting a mutual influence of RBC and plasma and dis-
covering a new role of RBC in establishing plasma equilibria
in COVID-19.

2 MATERIALS AND METHODS
2.1 Blood collection

Nine mL of blood is drawn in heparin tubes from five healthy
volunteers under informed consent and 14 COVID-19 patients
admitted at the Intensive Care Unit (ICU) at the Frankfurt
University Hospital, seven of which with supported ventila-
tion and six receiving extracorporeal membrane oxygenation
(ECMO) (Online Supplementary Table S1). The study is per-
formed according to the Declaration of Helsinki and under the
approval of the Fraunhofer Institute for Translational Medicine
and Pharmacology ethics committee (reference #20-643, #20-
982). Healthy and patient blood tubes are transported at room
temperature and processed after 2 hours from blood drawing.

2.2 Sample preparation

Blood is leukodepleted (Pall’s Acrodisc PSF syringe filters,
Pall Corporation, New York, NY) and centrifuged at 1500 xg
for 5 minutes to separate RBCs and plasma. RBCs are then
suspended in PBS (Gibco PBS, Thermo Fisher, Bremen, Ger-
many) and the centrifugation and washing steps are repeated
three times. Plasma fraction is centrifuged at 5000 xg for 5
minutes to assure the removal of platelets, then used to resus-
pend washed RBCs in autologous plasma at a final hematocrit
of 0.5 %. Additionally, patient RBCs are suspended in blood
group-matching control plasma and control RBCs in patient
plasma. Hence, we obtain four sample groups; (i) control
RBC:s in control plasma (CinC), (ii) patient RBCs in patient
plasma (PinP), (iii) control RBCs in patient plasma (CinP),
and (iv) patient RBCs in control plasma (PinC) (Figure 1A).

2.3 Microfluidic setup

A microfluidic channel with a rectangular cross-section of
8 um height (H) and 11 um width (W) (Figure 1B) is used to
pump RBC suspensions as described (17). RBC flow x-y-plane
is recorded with a frame rate of up to 400 fps using a pressure
drop range between 100 mbar and 1000 mbar. The resulting

cell velocities are in the range of 0.1 mms~! and 7mms~!,

similar to the flow in the microvascular network (19, 20).

2.4 Flow analysis

Velocity, lateral cell position in the y-direction, and projection
area of each cell are determined using a customized python
script. Based on RBC velocity, the distribution of RBC lateral
y-position is used as a characteristic indicator of the single-cell
flow in such confined microchannels (16—18). The difference
between pathological and healthy single-cell flow behavior
is quantified by the so-called y-deviation, which relates the
y-distribution of a given sample to the average distribution for
healthy controls at specific cell velocities (Online Supplemen-
tary Figure S1). Additionally, we use a convolutional neural
network to classify RBC shapes, as previously described (18).

2.5 OMICS sample collection

Four hundred pL packed RBCs is suspended in 1 mL autolo-
gous or allogeneic compatible plasma for 20 minutes at 4°C.
Plasma is collected according to a modified Folch extraction
method (21) and the three fractions obtained (lipid, metabolite
and protein-enriched) are stored in liquid nitrogen until analy-
sis, as well as packed RBCs after suspension in autologous or
allogeneic plasma. Samples are collected from three healthy
controls and eight patients, of which four were with supported
ventilation and four on ECMO.

2.6 Ultra-High-Pressure Liquid
Chromatography-Mass Spectrometry
(UHPLC-MS) metabolomics

A volume of 50 uL of frozen RBC aliquots is extracted in
950 uL. methanol:acetonitrile:water (5:3:2, v/v/v). Samples
are vortexed and insoluble material pelleted as described (22).
Analyses are performed using a Vanquish UHPLC coupled
online to a Q Exactive mass spectrometer (Thermo Fisher,
Bremen, Germany). Samples are analyzed using a 3-minute
isocratic condition or a 5, 9, and 17 minutes gradient as
described (23). Solvents are supplemented with 0.1 % formic
acid for positive mode runs and 1 mM ammonium acetate
for negative mode runs. MS acquisition, data analysis, and
elaboration are performed as described (23). Additional anal-
yses, including untargeted analyses and Fish score calculation
via MS/MS, are calculated against the ChemSpider database
with Compound Discoverer 2.0 (Thermo Fisher, Bremen,
Germany).

2.7 Proteomics

Proteomics analyses are performed via filter aided sample
preparation (FASP) digestion and nano UHPLC-MS/MS iden-
tification (TIMS TOF Pro 2 Single Cell Proteomics, Bruker
Daltonics, Bremen, Germany), as previously described (24).
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Figure 1: Microfluidic setup, representative red blood cell (RBC) shapes in healthy and COVID-19 patients and related
phase diagrams. (A) Overview of the four sample groups, referred to as "X RBCs in X plasma", e.g. CinC for Control RBCs in
Control plasma, and so on for PinP, PinC, and CinP. (B) Schematic representation of microfluidic channel dimensions and
analysis method. Representative images of (C) healthy and (D) pathological RBC shapes found in COVID-19 patients. Scale
bars in (C) and (D) correspond to a length of 2.5 um. (E) Representative shape phase diagrams of two donors (a control and a
patient) for the four sample groups. The upper panels show the phase diagram of the donors in autologous plasma, while the
lower panels correspond to the same donors in allogeneic exchanged plasma.

2.8 Statistical analyses Spearman’s rank correlation coefficient analysis is applied
between the microfluidic and omics data. Both correlation
data and omics raw data are included in Online Supplementary
Table S2.

Graphical representations and statistical analyses by T-test, re-
peated measures ANOVA or Kruskal-Wallis test are performed
with GraphPad Prism (GraphPad Software, Inc, La Jolla, CA),
MATLAB (MathWorks, Natick, MA), and MetaboAnalyst 5.0.
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3 RESULTS

3.1 COVID-19 patients exhibit pathological
changes of RBC shapes in capillary flow

In confined flows with dimensions on the same order of mag-
nitude as the diameter of RBCs, healthy RBCs predominantly
deform into the centered croissants and off-centered slipper
shapes (Figure 1C), depending on the cell velocity. RBCs
of COVID-19 patients additionally exhibit complementary
pathological croissant and slipper shapes that resemble their
corresponding healthy classes but display pronounced spicules
on the membrane (Figure 1D). Further, COVID-19 patients
show sphero-echinocytes in flow, known as irreversible trans-
formations of RBCs that can occur upon ATP depletion, high
pH, or exposure to anionic detergents (25, 26) (Figure 1D).
The so-called RBC shape phase diagram (16—18) describes
the frequency of occurrence for RBC morphologies as a func-
tion of cell velocity. While croissant- and slipper-like shapes
emerge for control samples in autologous plasma (CinC),
corresponding pathological shapes and sphero-echinocytes
dominate for patient RBCs in autologous plasma (PinP) (Fig-
ure 1E, top graphs). This initial assessment highlights the
dramatic shape difference between control and COVID-19
patient RBCs. However, upon plasma exchange with healthy
control plasma, patient RBCs (PinC) show an immediate
shape reversal, exhibiting a phase diagram similar to healthy
controls. In contrast, control RBCs in allogeneic exchanged
COVID-19 plasma (CinP) result in a drastic RBC shape de-
terioration (Figure 1E, bottom graphs). Besides these results
in microcapillary flow, sphero-echinocytes for COVID-19
patients in autologous plasma (PinP) are also found in stasis
and highlight impaired RBC clustering (Online Supplemen-
tary Figure S2, A). However, upon plasma exchange (PinC),
RBC shapes in stasis revert to biconcave disks and are able
to aggregate into rouleaux. The opposite trend is observed
for control cells suspended in patient plasma (CinP) (Online
Supplementary Figure S2, B).

The so-called shape ratio, which relates the number of
pathologically shaped cells (Figure 1D) to the number of
healthy cells (Figure 1C), quantifies the extent of pathological
RBC shape changes. While the shape ratio is considerably
smaller than one for healthy controls (CinC), COVID-19
patients (PinP) show shape ratios two orders of magnitude
higher in autologous plasma (Figure 2A). Upon plasma ex-
change (PinC), all patients exhibit a decrease in the shape ratio,
hence a reduction in the number of pathological RBC shapes.
In contrast, healthy RBCs suspended in COVID-19 plasma
(CinP) show an increase in the shape ratio between two to
four orders of magnitude compared to their control condition
(CinC). Similarly, suspension in allogeneic plasma results in
a reduction of sphero-echinocytes for all patients, while an
increase is observed for all controls in COVID-19 plasma
(Figure 2B). The pronounced number of sphero-echinocytes
in RBCs suspended in COVID-19 plasma leads to a decrease
of the 2D projection area in the x-y-plane compared to healthy

shapes (Figure 2C). The large number of sphero-echinocytes
and the impaired deformability of pathological RBCs in
COVID-19 plasma (PinP and CinP) hinders the formation of
stable slipper-shaped RBCs at high velocities. This causes
pronounced deviations from the single-cell flow behavior of
healthy cells, as expressed by the deviation in the equilibrium
position in y-direction (Figure 2D).

3.2 Multiomics analyses reveal a tight
interaction between plasma and RBCs

To delve into the molecular underpinnings of RBC shape
changes in COVID-19 and the reversal of such phenomenon
upon incubation with healthy control plasma we perform
multiomics analysis, including proteomics and metabolomics,
of the four sample groups (CinC, PinP, PinC, and CinP). RBCs
and plasma from all four conditions are examined separately.

3.2.1 RBCs affect plasma content

The comparison between control (CinC) and patient (PinP)
plasma shows two clusters of differentially abundant proteins
and metabolites (Figure 3A). Control plasma content results in
higher levels of albumin (ALB), transferrin (TF), and gelsolin
(GSN). Decreased levels of such proteins are associated with
hypercoagulability, higher inflammatory state, and severity
in COVID-19, respectively (28—30). On the contrary, patient
plasma is associated with an increase in inflammation and
coagulation markers, such as complement cascade proteins
(such as C2, C3, C5, C7, C9), SERPINA1, SERPINA3, and
SERPINA G1 and C-reactive protein (CRP).

After placing RBCs of patients in control plasma (PinC)
and vice versa control RBCs in patient plasma (CinP), plasma
contents immediately change, influenced by RBCs. Specif-
ically, the patient plasma becomes comparable to control
plasma content upon suspension with control RBCs (CinP),
while the opposite effect occurs in control plasma suspended
with patient RBCs (PinC) (Figure 3A). This shows a strong
influence of RBCs on plasma content and highlights the es-
tablishment of an equilibrium between RBCs and plasma.
Notably, RBC shape ratio and sphero-echinocyte percent-
age are comparable in RBCs suspended in patient plasma,
although plasma content is different. This means that RBC
influence on plasma content occurs at the expense of RBC
morphology, which, in turn, affects RBC flow properties.
Additionally, these results show that the impairment of RBC
shape is not directly caused by a specific plasma component
but may derive from a complex interaction between plasma
and RBCs. In agreement with the data in the heat map, princi-
pal component analysis (PCA) highlights four distinct groups,
showing that plasma contents of the groups CinP and CinC
result in neighboring clusters, while PinC and PinP clusters
strongly overlap (Figure 3B).

Within the identified significantly different molecules in
plasma (Figure 3A heatmap and Online Supplementary Table
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Figure 2: Parameters used for microfluidic flow analysis for the four sample groups. (A) Shape ratio, i.e., the proportion of
pathological to healthy RBC shapes, (B) percentage of sphero-echinocytes, (C) RBC 2D projection area in a velocity range of
1 - 3mms™', and (D) deviation of the RBC distribution in y-direction based on the average of controls (CinC) in a velocity
range of 5 — 10 mms~!. Left panels (A-D) show data as boxplots with superimposed individual data points. The bottom and top
of each box are the 25th and 75th percentiles of the sample, respectively. The line in the middle of each box is the sample
median. Whiskers go from the end of the interquartile range to the furthest observation. Data beyond the whisker length are
marked as outliers with *+’ signs. * refers to a significance level of p < 0.05, ** to p < 0.01, and *** to p < 0.001. Right panels
(A-D) show the effect of plasma exchange for individual donors. Gray areas correspond to the mean and standard deviations for

controls (CinC) of the corresponding data.

S2) tryptophan metabolites deserve consideration. As pre-
viously described (31), tryptophan metabolism is altered in
COVID-19 plasma, resulting in decreased anthranilate and in-
dole acetaldehyde and increased kynurenine in patients, which
is associated with a higher mortality risk (31, 32) (Figure 3C).
Compared to control conditions (CinC), plasma kynurenine
significantly increases upon exposure of patient RBCs in con-
trol plasma (PinC). Tryptophan levels are significantly lower
in patient plasma (PinP) compared to controls (CinC), while
they significantly increase for control RBCs in patient plasma
(CinP). Plasma anthranilate levels and tryptophan/kynurenine
(Trp/Kyn) ratio significantly differ in the groups with control
RBCs (CinC and CinP) compared to patients groups (PinC
and PinP). These data suggest a role of RBCs in buffering
kynurenine content and related metabolites, thus potentially
protecting from an increased risk for mortality in COVID-19
patients (Figure 3D).

3.2.2 RBC content is affected by plasma

Omics analyses on RBCs from each group reveal a clus-
ter of proteins and metabolites that is comparable between
CinC and PinP. Most of them involve plasma proteins, such
as albumin (ALB), fibrinogen (FGA and FGB), gelsolin
(GSN), transferrin (TF), serpins (SERPINA1, SEPRINCI),
and immunoglobulin variables (IGHV439, IGHG2, IGKC)
(Figure 4A), which instead result significantly different in the
respective control and patient plasma samples.

Additionally, two clusters indicate that some characteris-
tics of RBCs are maintained only when they are suspended
in autologous plasma. Control RBCs (CinC) show higher
levels of pantothenol, which is known to have antiseptic prop-
erties (33), adenosine and hydroxyglutarate that were found
decreased in hypoxia (34), and formyl-kynurenine, probably
buffering plasma kynurenine (Figure 4A). In contrast, the
most abundant proteins in patient RBCs (PinP) are linked
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Figure 3: Metabolomics and proteomics analyses of plasma from the four sample groups. (A) Hierarchical clustering
analysis of the top 50 metabolites and proteins by two-way ANOVA test. (B) Principal component analysis (PCA) shows
distinct groups. (C) Schematic representation of tryptophan pathway to kynurenine, anthranilate, and indole acetaldehyde
formation. (D) Boxplots of all samples for each group showing statistical differences in selected molecules generated in
the tryptophan-kynurenine pathway. Y-axis indicates peak areas for each selected analyte, as determined by UHPLC-MS.
Statistically-significant differences exist between controls (CinC) and patients (PinP) in the levels of tryptophan and anthranilate.
Plasma exchanges cause strong significant differences in anthranilate levels and the ratio tryptophan-kynurenine (Trp/Kyn) in
all groups, a marker of COVID-19 disease severity and mortality in previous studies (27).

to cellular responses to stress (Online Supplementary Figure
S3), involving ubiquitination and protein degradation by the
proteasome, which may be related to higher oxidative stress.
Increasing levels of guanidinoacetate, ornithine, urate, and

L-citrulline indicate higher catabolism of arginine.

Since RBCs influence plasma metabolites and protein
abundance, they must necessarily adopt their metabolic and
protein content. Indeed, an effect occurs when RBCs are
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Figure 4: Metabolomics and proteomics analysis on RBCs of the four sample groups. (A) Hierarchical clustering analysis
of the top 50 metabolites and proteins in RBCs by two-way ANOVA test. (B) PCA analysis from RBC content shows clusters of
each sample group, where CinC is neighboured by the overlapping clusters CinP and PinC, and PinP as the furthest cluster.

suspended in allogeneic plasma (CinP and PinC), resulting
in changed levels of plasma proteins (ALB, FGA, FGB,
GSN, TF, SERPINA1, SEPRINC1) and immunoglobulin
variables (IGHV439, IGHG2, IGKC) (Figure 4A). These data
indicate RBC’s ability to equilibrate their protein levels when
coming in contact with the new plasma, since the first cluster
is comparable between CinC and PinP and between CinP
and PinC. However, the changes in RBC metabolism and
protein content that occur upon suspension with allogeneic
plasma do not reflect RBC morphological changes, since PinP
samples exhibit many more pathological RBC shapes than
PinC samples.

3.3 Pathological RBC shapes are associated
with markers of inflammation, oxidation,
and hypoxia

3.3.1 RBC morphological correlations with plasma

components

The main plasma components correlating with sphero-echino
cytes are lactate and 2,3-diphosphoglycerate (2,3-DPG), as-

sociated to increased glycolysis; nicotinamide and trypto-
phanamide, related to tryptophan metabolism; glutamate, cre-
atine, and hypoxanthine, which was found to be positively cor-
related with creatinine (31); lactoferrin (LTF), an iron-binding
protein with antimicrobial and anti-inflammatory activity (35);
ectoine a compound associated to anti-inflammatory proper-
ties (36) and found in COVID-19 sera, as well as 2-oxoglutarate
(also known as a-ketoglutarate) (37). The shape ratio also
correlates to hypoxanthine, ectoine, and nicotinamide. TF
levels negatively correlate to sphero-echinocyte percentage
and shape ratio. TF was previously reported to decrease during
COVID-19 infection (29). Similarly, the levels of arginine and
tyrosine were previously reported to negatively correlate with
disease severity, as gleaned by the levels of the inflammatory
cytokine interleukin-6 (IL-6) (31). Analogously, decreases
are observed in the levels of sulfur-containing amino acids,
thiocysteine, 3-sufinoalanine, and cystine, a marker of redox
homeostasis.
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Figure 5: Plasma and RBC Spearman correlation analysis of RBC shape parameters with omics data. Volcano plot
representations highlight the most significant proteins and metabolites in plasma (A) and in RBCs (B) positively (red) or
negatively (blue) correlated to shape ratio (left panels in A and B) or sphero-echinocyte percentage (right panels in A and B). P
values are plotted on the y-axis versus magnitude of change (fold change) on the X-axis; significance threshold is set at p < 0.05.

3.3.2 RBC morphological correlations with RBC content

Most correlations to both sphero-echinocytes and shape ratio
are observed with respect to RBC content (Figure 5B, Online
Supplementary Table S2). Negative correlations result with
lactate, in contrast with the positive correlation in plasma,
and mannitol, for which decreased levels are associated with
reduced deformability of RBCs (38). Among the proteins is
ALB, known to re-establish RBC discocyte shape in stored
blood (39), TF, which is reduced in COVID-19 plasma and is
correlated with increased levels of CRP and IL-6 ((29), Online
Supplementary Table S2). Tryptophan and the related metabo-
lites formyl-kynurenine, kynurenine and serotonin negatively
correlate with pathological RBC shapes, coherently with lower
levels seen in patient RBCs (formyl-kynurenine, Figure 4A).
Serotonin and dopamine result negatively correlated with
shape ratio. In contrast, positive correlations exist with several
amino acids, such as methionine, tyrosine, lysine, histidine,
threonine, and arginine catabolism products through the urea
cycle, specifically citrulline, ornithine, arginine-succinate and
urate. Creatine and creatinine levels also result positively
correlated, further suggesting enhanced arginine catabolism.
These results highlight that RBC buffering activity to contrast
the altered amino acid metabolism implies their morphological
impairment. Finally, while formyl-kynurenine and kynurenine
negatively correlate, positive correlations exist with anthrani-
late and picolinic acid, suggesting the ability of pathological
RBC:s to buffer the kynurenine pathway metabolites. Positively
correlated proteins are linked to different biological processes.
Gas and ion transport-related proteins, such as carbonic anhy-
drase (CA2) and band3 (SLC4A1) are linked to pathological
RBC shapes; a special highlight is a correlation with the ex-
pression of hemoglobin F subunits (HBG1 and HBG2). These
data suggest a need to adjust oxygen transport, transporter
activity, and pH buffering (chloride/bicarbonate ratios impact
intracellular pH of RBCs) during the infection state (34).
Other correlations are found with several proteasome-linked

proteins, such as PSMB2, PSMB6, PSMA1, PSMC4, PSMC2
(Online Supplementary Figure S4) with an ATP-dependent
function, indicating high levels of protein degradation and
regulation of amino acid metabolism in pathological RBCs.
Indications of an enhanced antioxidant activity to cope with in-
creased oxidative stress in such cells is highlighted by positive
correlations with glutathione metabolism-related enzymes,
such as glutathione S-transferase Mu 3 (GSTM3), glutathione
reductase (GSR), which maintains reduced glutathione, and
glucose-6-phosphate dehydrogenase (G6PD), the rate-limiting
enzyme for the pentose-phosphate pathway (PPP), which is
the only source for NADPH generation in RBCs, thus the main
pathway for protection against oxidative stress. In addition, a
positive correlation exists with peroxiredoxin 1 (PRDX1) that
catalyzes the reduction of hydrogen peroxide. Further correla-
tions are found with nicotinamide-phosphoribosyl transferase
(NAMPT), which catalyzes the biosynthesis of NAD, and
NADH-cytochrome b5 reductase 3 (CYB5R3), which reduces
methemoglobin, the oxidated form of hemoglobin to the ferric
state.

Together, these data show that morphological impairments
observed in RBCs flowing in COVID-19 patient plasma are
strongly related to markers of inflammation, oxidation, and
hypoxia, which are associated with increased mortality risk
27).

4 DISCUSSION

Our microfluidic analysis demonstrates a significantly in-
creased number of pathological RBC shapes, such as sphero-
echinocytes in the capillary flow of COVID-19 patients (PinP)
(Figure 2A-C). These changes lead to an alteration of the
microscale flow behavior since these RBCs are not able to
adapt their shape to the imposed flow conditions compared
to healthy controls (Figure 2D). Static images of the same
suspensions confirm such morphological changes, where im-
paired RBCs can be visualized as sphero-echinocytes. These
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shapes do not aggregate into rouleaux but cluster into disor-
ganized structures. However, RBCs are able to revert their
shape to biconcave disks in stasis and healthy croissant and
slipper shapes in flow, resulting in a single-cell flow behavior
comparable to control samples. Interestingly, the reversibility
of sphero-echinocytes contradicts previous literature. Up to
now, it was assumed that sphero-echinocytes cannot reverse
to discocytes due to membrane loss through vesiculation that
imbalances the structure of the lipid bilayer (25). However, the
shapes observed here must not involve such types of changes.
Of note, echinocytes presence is not a specific feature of
COVID-19 infection, but has been previously observed in
stasis in blood smears of septic patients (40).

Patient plasma results in increased levels of inflammation
and hypercoagulation markers, in accordance with previously
published data (31). Particularly interesting due to its associa-
tion with higher mortality risk is kynurenine, which decreases
upon suspension of healthy control RBCs in COVID-19
plasma. Kynurenine levels are associated with hypoxia mark-
ers and interferon signaling (IFNG) (27, 41). The restoration
of proteins and metabolites levels is acute and immediate and
occurs at the expense of RBC shapes. These results highlight a
non-previously identified "sponge-like" behavior of RBCs that
rebalance plasma content. These influences and adaptations
to the surrounding environment may be a specific feature of
RBC:s since they cannot synthesize new proteins and thus
respond to needs through metabolic adjustments that also
involve shape transformations. Proteomics and metabolomics
data on RBCs indeed confirm that the differences between
healthy and patient cells reflect the differences observed in
their plasma content. A deeper investigation on morphologi-
cally impaired COVID-19 RBCs by correlation analysis results
in their association with markers of inflammation, oxidation,
and hypoxia in the plasma, features that act in a tight relation
to overcome the infection.

Guanidinoacetate and ornithine correlations in patient
RBCs suggest more activity of arginase that results in creatine
production, which is used for ATP synthesis. It was previ-
ously seen that incubation of RBCs with arginine leads to
the production of citrulline, ornithine, and urea, indicating an
RBC-related enzymatic machinery for arginine metabolism
(42). The functional role of increased arginine catabolism
may be to increase nitric oxide (NO) availability to respond
to hypoxia, inducing vasodilation for an increased blood
flow. Arginine supplementation increases T-cell prolifera-
tion and macrophage activity, thus it could contribute to
enhance immune response (27). As well, creatine leads to
ATP synthesis, which increases during the immune response
to boost leukocyte proliferation and activity. Moreover, tryp-
tophan metabolism is involved in nicotinamide and NAD
production. NAD is implicated in the glycolytic pathway and
oxidative phosphorylation and its formation from tryptophan
metabolism was demonstrated to boost macrophage phago-
cytic activity during immune response (43). Dopamine has
arole in the initiation of immune responses in lymphocytes

(44). The biosynthesis of serotonin and dopamine, which
are negatively correlated with morphological RBC devia-
tions, is thought to decrease in COVID-19 infection due to
a co-expression and a functional link with Angiotensin I
Converting Enzyme 2 (ACE2) (45), the main receptor for
SARS-CoV-2. Together, these data highlight the relevance of
the RBC buffering effect for immune cell activity regulation.
Positive correlations with plasma lactate levels are also linked
to increased energy demand. Hypoxia causes a boost in gly-
colysis to produce and release more ATP that stimulates NO
production and vasodilation, as well as 2,3-DPG that increases
deoxyhemoglobin release of oxygen (34). ATP release also
results in increased adenosine and xanthine in hypoxic plasma,
as observed in our data. Adenosine levels remain high because
PKA triggers a hypoxia-induced proteasome that degrades
adenosine transporters (34), as we show from the correlation
with several proteasome ATP-dependent proteins. More gly-
colysis results in less PPP for glutathione reduction, so less
NADPH formation and presumably less antioxidant capacity
of RBCs. Although the oxygen dissociation curve was not
found different in COVID-19 patients (46) the presence of
markers of hypoxia is expectable, considering that COVID-19
infection often results in lowered blood oxygen saturation, and
in ECMO patients it is reduced until 82 % (47). A reason for
no differences in the oxygen dissociation curve may be due to
methemoglobin, which increases hemoglobin oxygen affinity
and may compensate the opposite effect of 2,3-DPG (46). In-
deed, we found positive correlations with methemoglobin and
hemoglobin F globin chains, whose expression is stimulated
by hypoxia (48). This highlights an effect of the infectious
state also at the level of erythropoiesis.

Sphero-echinocytes show increased antioxidant activity
since they are positively correlated with GSR, which catalyzes
glutathione reduction, G6PD that is necessary for NADPH
formation, and PRDX1, which reduces hydroperoxides. This
response is associated with the infectious state since in septic
patients proinflammatory cytokines such as TNF alpha pro-
mote ROS generation to destroy bacteria (40). We could not
find differences in, e.g., levels of band 3 (AE1), to indicate
oxidative stress-associated loss of cytoskeletal proteins, but
it was reported oxidation of band 3, spectrin (SPTA1) and
ankyrin (ANK1) (8), which, along with alterations of the
lipid compartments, may alter RBC deformability. We see
that the impaired deformability in COVID-19 cells is mostly
reversible, thus not indicating damaged antioxidant mecha-
nisms in RBCs, but rather increased oxidative stress caused
by higher ROS generation during the infection that may be
resolved by increasing RBC antioxidant defense.

The results of our study create the basis for possible clinical
impacts: convalescent plasma transfusion was shown not to
be associated with improved clinical outcomes (49). While
plasma transfusions from healthy individuals may benefit RBC
flow properties in COVID-19 patients that may potentially
decrease RBC-related thrombotic risk (50), patient antibodies
would be diluted, possibly compromising the efficacy of the
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immune response to the virus. Further studies are necessary to
evaluate the role of RBCs in re-establishing plasma equilibria,
potentially decreasing patient mortality risk.
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