Experimental 2
He[:nutology ARTICLE Q ISEH

Inhibitory effects of SARS-CoV-2 spike protein and BNT162b2
vaccine on erythropoietin-induced globin gene expression in
erythroid precursor cells from patients with g-thalassemia

\\

SARS-CoV-2 BNT-162b2 —
S-protein  COVID-19 vaccine -“. .~

Erythroid precursor | M m
| cells (ErPCs) from bl
V1 B-Thalassemia patients @

y ‘ . J \ Y/ A 4

HPLC RT-qPCR

/ \ \ Inhibition of

Inhibition of Inhibition of -
hemoglobin HbF production }he elxg!'essmn
production of y-globin genes

— | —

— e
™




ARTICLE

Inhibitory effects of SARS-CoV-2 spike protein and
BNT162b2 vaccine on erythropoietin-induced globin
gene expression in erythroid precursor cells from
patients with g-thalassemia

Lucia Carmela Cosenza®, Giovanni Marzaro®, Matteo Zurlo®, Jessica Gasparello®, Cristina Zuccato™,
Alessia Finotti®*, and Roberto Gambari™“*
3

?Department of Life Sciences and Biotechnology, Section of Biochemistry and Molecular Biology, University of
Ferrava, Fervara, Italy; *Department of Pharmaceutical and Pharmacological Sciences, University of
Padova, Padova, Italy; “Center “Chiara Gemmo and Elio Zago” for the Research on Thalassemin,
Department of Life Sciences and Biotechnology, University of Ferrava, Ferrara, Italy

During the recent coronavirus disease 2019 (COVID-19) pandemic several patients with g-thalassemia have
been infected by severe acute respiratory syndrome coronavirus (SARS-CoV-2), and most patients were
vaccinated against SARS-CoV-2. Recent studies demonstrate an impact of SARS-CoV-2 infection on the
hematopoietic system. The main objective of this study was to verify the effects of exposure of erythroid pre-
cursor cells (ErPCs) from patients with g-thalassemia to SARS-CoV-2 spike protein (S-protein) and the
BNT162b2 vaccine. Erythropoietin (EPO)-cultured ErPCs have been either untreated or treated with S-pro-
tein or BNT162b2 vaccine. The employed ErPCs were from a g-thalassemia cellular Biobank developed
before the COVID-19 pandemic. The genotypes were 8*-IVSI-110/8*-IVSI-110 (one patient), A°39/87-IVSI-
110 (3 patients), and °39/ g°39 (2 patients). After treatment with S-protein or BNT162b2 for 5 days, lysates
were analyzed by high performance liquid chromatography (HPLC), for hemoglobin production, and isolated
RNA was assayed by RT-qPCR, for detection of globin gene expression. The main conclusions of the results
obtained are that SARS-CoV-2 S-protein and BNT162b2 vaccine (a) inhibit fetal hemoglobin (HbF) produc-
tion by g-thalassemic ErPCs and (b) inhibit y-globin mRNA accumulation. In addition, we have performed in
silico studies suggesting a high affinity of S-protein to HbF. Remarkably, the binding interaction energy of
fetal hemoglobin to S-protein was comparable with that of angiotensin-converting enzyme 2 (ACE2). Our
results are consistent with the hypothesis of a relevant impact of SARS-CoV-2 infection and COVID-19 vac-
cination on the hematopoietic system. © 2023 ISEH — Society for Hematology and Stem Cells. Published by
Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/)

HIGHLIGHTS

® The severe acute respiratory syndrome coronavirus (SARS-CoV-
2) is responsible for the ongoing coronavirus disease 2019 pan-
demic.

e The SARS-CoV-2 S-protein is responsible for the side effects of
RNA-based vaccines.

e The S-protein inhibits fetal hemoglobin (HbF) in g-thalassemia
erythroid precursors.

e S-protein and BNT162b2 vaccine inhibit y-globin mRNA accumu-
lation.

¢ |n silico studies demonstrate that the S-protein exhibits high affin-
ity to HbF.

Since its spread at the beginning of 2020, the coronavirus disease
2019 (COVID-19) pandemic represents one of the major health
problems, causing radical changes in the behavior of the society and
forcing research efforts to develop novel therapeutic options [1—31.
Several studies have been focused on possible effects of severe acute
respiratory syndrome coronavirus (SARS-CoV-2) infection on hema-
tologic parameters [4—71. Following the approval of the anti—SARS-
CoV-2 vaccines by the Regulatory Agencies (European Medicine
Agency [EMAI in Europe and Food and Drug Administration (FDA)
in United States) COVID-19 vaccines have been extensively tested
and distributed worldwide [8—10]. Because the COVID-19 pan-
demic is not over, we expect that the vaccination campaign will con-
tinue [ 111. Accordingly, it is time for evaluation of the short- and long-
term effects of the vaccines to have more information about possible
effects (including toxicity) on human tissue systems [111.
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Concerning this issue, several studies sustain the concept that the
SARS-CoV-2 spike protein (S-protein) is a major factor accounting for
side effects of the COVID-19 mRNA vaccines [11—16], such as the
BNT162b2 from Pfizer-BioNTech [17,18] and the mRNA-1273 from
Moderna [19]. This was recently discussed by Trougakos et al. [12],
who suggested that COVID-19 mRINA vaccine-induced S-protein was
responsible of the majority of adverse effects following vaccination [13].

In this respect, there is a general agreement that the S-protein
affects cellular metabolism and gene expression in several tissue sys-
tems [20—27]. For instance, several articles demonstrated a “toxic”
effect of the S-protein on different cellular systems, such as cardio-
myocytes [20], cardiac pericytes [211, endothelial cells [22,23]1, and
hematopoietic cells [24,25]. In this context, Ropa et al. [24] per-
formed ex vivo experiments demonstrating that hematopoietic stem
cells (HSCs) and hematopoietic progenitor cells (HPCs) display low-
efficient expansion and less-functional colony-forming capacity when
exposed ex vivo to the SARS-CoV-2 S-protein. Because these effects
occur when HSCs and HPC:s are exposed to the recombinant S-pro-
tein alone, being the infection by SARS-CoV-2 virus not necessary, it
was suggested that SARS-CoV-2 may impact HSCs/HPCs via S-pro-
tein interactions with the cells, even in the absence of a true viral
infection [24]. In addition, Kucia et al. [25] reported that the S-pro-
tein damages hematopoietic stem/progenitor cells activating the
mechanism of pyroptosis.

The impact of S-protein on cellular functions is of key interest
because the 2 mRNA vaccines BNT162b2 from Pfizer-BioNTech and
mRNA-1273 from Moderna, generate high levels of spike
[11,13,18,26,271. Therefore, searching for circulating spike in plasma
of patient with COVID-19 might help in understanding unexpected
adverse effects following COVID-19 mRNA vaccination. For
instance, Yonker et al. [14] were able to identify circulating S-protein
in post-COVID-19 mRNA vaccine myocarditis. Persistent circulating
SARS-CoV-2 spike was recently proposed to be causative of the
COVID-19-associated syndrome termed postacute sequelae of
COVID-19 (PASO) [28-311.

Considering that the anti-SARS vaccination campaigns are
expected to be ongoing for the next coming years [9], extensive anal-
ysis of the effects of spike in ex vivo cellular systems is required for
understanding possible impacts on vaccination [11—131.

In some cases, the effects of SARS-CoV-2 infection and/or vacci-
nation should be carefully considered, especially with respect to the
hematopoietic system. In this respect, Estep et al. [32] found that
SARS-CoV-2 infection and COVID-19 vaccination dramatically
impair the functionalities and survivability of hematopoietic stem pro-
genitor cells (HSPCs) in the umbilical cord blood.

The objective of this study was to determine the impact (if any) of
SARS-CoV-2 S-protein and an RNA vaccine (the BNT162b2) on ery-
throid precursor cells (ErPCs) [33] isolated from patients with S-thal-
assemia. In particular, we focused on possible alterations of gene
expression studied by RT-qPCR and hemoglobin production studied
by high performance liquid chromatography (HPLC) [34,35].

METHODS

In Vitro Culture of CD34*-ErPCs from Patients with
B-Thalassemia

We have employed samples from the THALAMOSS (THALAssae-
mia MOdular Stratification System for personalized therapy of beta-
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Table 1 Genotype of recruited patients and treatment of
CD34*-ErPCs with the SARS-CoV-2 S-protein

Treatment of Treatment of

ErPCs with ErPCs with
SARS-CoV-2 BNT162b2

Patient # Genotype spike vaccine

#1 B7IVS1-110/87-IVS1-110 X X

#2 B-IVS1-110/8°-39 X

#3 B-IVS1-110/8°-39 X

#4 B°-39/p°-39 X

#5 B-IVS1-110/8°-39 X

#6 B°-39/p°-39 X

Abbreviations: ErPC=Erythroid precursor cells; SARS-CoV-2 S-
protein=severe acute respiratory syndrome coronavirus 2 spike
protein.

thalassemia) cellular Biobank, developed, validated, and described by
Cosenza et al. [36]. Biobanked CD34*-ErPCs were selected from 6
patients exhibiting different genotypes (Table 1). In our experiments,
the purity of these CD34"-ErPCs is higher than 95% [361.

Patients have been recruited at the Thalassemia Centre of Azienda
Ospedaliera-Universitaria S. Anna (Ferrara, Italy). Informed written
consent from all participants was obtained before recruiting them
into the study. Biobanked CD34"-ErPCs were thawed in 5 mL of
IMDM (Life Technologies) 10 x medium, 5% fetal bovine serum
(FBS), and incubated at 37°C with controlled humidity with 5%
CO, in expansion medium, according to the protocol described by
Cosenza et al. [36]. ErPCs differentiation was assessed by benzidine
staining [35].

Treatment with S-Protein and the BNT162b2 Vaccine

After recovering from the thawing, the CD34*-ErPCs have been
treated with SARS-CoV-2 S-protein (139 kDa; stock concentra-
tion =72 uM in 9% urea, 0.32% Tris—HCI pH 7.2, 50% glycerol) to
achieve the final concentrations of 1—25 nM accordingly with else-
where reported studies [37—39]. To maximize S-protein interaction
with the receptor and the S-protein cellular uptake, the cells were
incubated with the S-protein for a first period of 30 min at 4°C, then
an incubation for 30 min at 37°C was performed. Internalization of
the SARS-CoV-2 S-protein by ErPCs is expected, because the pres-
ence of cell surface angiotensin-converting enzyme-2 (ACE2) has
been reported in erythroid progenitors [7,24,40,411. In addition, it
has been reported that, apart ACE2, other proteins can facilitate spike
binding and entry, such as DPP4, TMPRSS2, Kim-1, NRP-1, CD 147,
furin, CD209L, and CD26 [42—45]. In any case, the ErPC popula-
tions here studied express ACE2, as depicted in Supplementary
Figure E1. Importantly, we underline that the level of expression of
ACE2 in ErPC approaches that found in the bronchial epithelial
Calu-3 cells (Supplementary Figure El), that can be efficiently
infected by SARS-CoV-2, as recently reported by our research group
[46,471. After the second incubation with S-protein, LHC-8 medium
supplemented with 5% (final concentration) FBS was added to a final
500 uL volume, and the cultures were further incubated at 37°C and
for 24 hours. Then, the S-protein-treated ErPCs were cultured at 37°
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C with controlled humidity with 5% CO, in the presence of 1 U/mL
erythropoietin (EPO), and after 5 days the cells were analyzed.

For treatment with the BNT162b2 vaccine, ErPCs were cultured
(10° cells/mL, 5 mL) for 24 hours in the presence of EPO. Then
ErPCs were either untreated or treated with BNT162b2 (I pug/mL
final concentration) for 5 days. Control experiments were performed
to demonstrate the BNT162b2 vaccine-mediated entry of spike-
mRNA and the S-protein production by BNT162b2-treated cells.
This is shown in Supplementary Figure E2. The presence of relatively
high levels of spike-mRNA was clearly detectable after 48 hours treat-
ment (Supplementary Figure E2A). As expected from published stud-
ies, the content of spike mRNAs decreases during the culture period.
The presence of S-protein was detected by Western blotting assay
(Supplementary Figure E2B) and by enzyme-linked immunosorbent
assay (ELISA) (Supplementary Figure E2C). Importantly, all the
untreated ErPC cultures were negative (S-protein levels undetect-
able) in the performed ELISA assay; conversely, all the BNT162b2-
treated cells displayed release of S-protein.

The BNT162b2 vaccine (COMIRNATY™, Lot. FP8191) was
obtained from the Hospital Pharmacy of University of Padova.

At the end of the cell culture period, cell lysates were prepared
according to Zuccato et al. [34] for analysis of the hemoglobin pat-
tern by HPLC, and RNA was isolated for RT-g-PCR and Droplet Dig-
ital PCR (ddPCR) studies.

RNA Extraction from ErPCs and RT-gPCR Analysis

The total cellular RNA was extracted from ErPCs by using TRIzolTM
LS (Invitrogen) and TRI Reagent (Sigma—Aldrich) following the man-
ufacturers’ instructions. The protocol used for extraction of RNA
from ErPCs was strictly followed with these steps: (a) dry pellet of 4
—6 x 10° ErPCs were diluted in 800 uL of TRI Reagent (added
without reverse pipetting to avoid any clumping); and (b) the isolated
RNA was washed once with cold 75% ethanol, dried, and dissolved
in 10—20 uL nuclease-free water before use.

For gene expression analysis, 500 ng of total RNA was reverse
transcribed in complementary DNA (cDNA) by using the TagMan
Reverse Transcription Reagents and random hexamers (Applied Bio-
systems, Life Technologies).

Quantitative real-time PCR assay, to quantify the gene expression
was carried out using 2 different reaction mixtures, the first one con-
taining probe and primers for the gene under study, and the second
one containing probes and primers for the housekeeping glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH), RPLI3A, and B-actin
sequences, used as internal controls. The primers and probes used
are listed in Table 2.

Each reaction mixture contained | x TaKaRa Ex Taq DNA Poly-
merase (Takara Bio Inc.), 300 nM forward and reverse primers, and
200 nM probes (Integrated DNA Technologies). The assays were car-
ried out using the CFX96 Touch Real-Time PCR System (Bio-Rad).
After an initial denaturation at 95°C for 1 min, the reactions were
performed for 50 cycles (95°C for 15 sec and 60°C for 60 sec). Data
were analyzed by employing the CEX manager software (Bio-Rad).
To compare gene expression of each template amplified, the AACt
method was used [34,35].

ddPCR

The evaluation of the ACE2 mRNA in untreated ErPCs was carried
out by ddPCR. In these experiments Tag-Man probe, marked with
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FAM fluorophore, was designed using IDT tools. The predetermined
quantity of cDNA was added to ddPCR reaction mix containing
2 x ddPCR Supermix for Probes (no deoxyuridine triphosphate
(dUTP)) (Bio-Rad). The ddPCR reaction was mixed with Automated
Droplet Generation Oil for Probes (Bio-Rad), and droplets emulsion
(water in oil) was automatically generated using Automated Droplet
Generator (AutoDG) (Bio-Rad). The emulsion was amplified using
GeneAmp PCR System 9700 (Thermo Fisher Scientific) using the fol-
lowing thermal cycler condition at 95°C for 10 min, 94°C for 30 sec
and 61°C for | min repeated for 40 cycles, then a final phase of inac-
tivation of the enzyme DNA polymerase at 98°C for 10 min was per-
formed. The plate was kept at 4°C for 1 hour before reading to
stabilize the analysis. The genereted droplets were read using the
QX200 Droplet Reader, and data analysis was performed using
QuantaSoft version 1.7.4 (Bio-Rad).

HPLC Analysis of Hemoglobin

To evaluate the effects of treatments on hemoglobin production,
HPLC analysis was carried out. The ErPCs were centrifuged at
8,000 rpm for 8 min and washed with phosphate-buffered saline
solution (PBS). The pellets were then resuspended in a predefined
volume of water for HPLC (Sigma—Aldrich), vortexed at high speed
and incubate for 20 min on ice to lyse the cells and obtain the protein
extracts. Hemoglobin analysis was performed by loading the protein
extracts into a PolyCAT-A cation exchange column and with Beck-
man Coulter instrument System Gold 126 Solvent Module-166
Detector to obtain a quantification of the hemoglobin present in the
sample. The reading was performed at a wavelength of 415 nm, and a
commercial solution of purified human HbF (Sigma—Aldrich)
extracts was used as standard. The optical density values read in the
sample were processed using “32 Karat software.”

Western Blotting Analysis

The accumulation of y-globin, transferrin receptor (CD 71), and
SARS-CoV-2 spike S1 proteins in ErPCs cultured in the absence or in
the presence of S-protein and BNT162b2 was assessed by Western
blotting.

For whole-cell extract preparation, the cells were lysed with RIPA
buffer (Thermo Fisher Scientific) following manufacturer’s instruction
and quantified by bicinchoninic acid (BCA) assay (Pierce™ BCA Pro-
tein Assay kit, Thermo Fisher Scientific). For each sample, 20 ug of
cell extracts were loaded on 6%—18% hand-casted sodium dodecyl
sulfate-polyacrylamide gel electrophores (SDS-PAGE) gradient gel
(40% acrylamide/bis-acrylamide solution, Bio-Rad). After separation
by electrophoretic run, the proteins were transferred onto 0.2-um
nitrocellulose paper (Protran, Cytiva), and incubated with the primary
antibodies listed in Table 3; the constitutive protein B-actin was
selected as housekeeping to normalize the quantification of the target
proteins.

Membranes were incubated with an appropriate Horseradish per-
oxidase (HRP)-conjugated secondary antibody (Cell Signalling Tech-
nology, cat. no. 7074) and LumiGLO ECL kit (Cell Signaling
Technology) was employed following manufacturer’s instruction
before exposure to x-ray film (Cytiva). As necessary, after stripping
procedure using the Restore Western Blot Stripping Buffer (Thermo
Fisher Scientific), membranes were re-probed with primary and sec-
ondary antibodies, as previously described [471.
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Table 2 Sequences of the primers and probes employed
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Primer/probes

Sequence

y-Globin forward (primer)
y-Globin reverse (primer)
y-Globin probe

B-Globin forward (primer)
B-Globin reverse (primer)
B-Globin probe

a-Globin forward (primer)
a-Globin reverse (primer)
a-Globin probe

NF-«B p50 forward (primer)
NF-«B p50 reverse (primer)
NF-«B p50 probe

IL-6 forward (primer)

IL-6 reverse (primer)

IL-6 probe

RPL13A forward (primer)
RPL13A reverse (primer)
RPL13A probe

B-Actin forward (primer)
B-Actin reverse (primer)
B-Actin probe

GAPDH forward (primer)
GAPDH reverse (primer)
GAPDH probe

ACE2 forward (primer)
ACE2 reverse (primer)
ACE2 probe

SPIKE forward (primer)

SPIKE reverse (primer)

5-TGACAAGCTGCATGTGGATC-3’
5-TTCTTTGCCGAAATGGATTGC-3'
5-FAM-TCACCAGCACATTTCCCAGGAGC-BFQ-3'
5-GGTGAATTCTTTGCCAAAGTGAT-3
5-GGGCACCTTTGCCACAC-3'
5-Cy5-ACGTTGCCCAGGAGCCTGAAG-BFQ-3
5-GGTCTTGGTGGTGGGGAAG-3'
5-CGACAAGACCAACGTCAAGG-3'
5'-HEX/ACATCCTCTCCAGGGCCTCCG-BFQ-3
5-GGATCTGCACTGTAACTGCT-3’
5-CTCTGTCATTCGTGCTTCCA-3
5'-FAM-TGTCACATGAAGTATACCCAGGTTTGCG-BFQ-3’
5-TTCTGTGCCTGCAGCTTC-3
5-GCAGATGAGTACAAAAGTCCTGA-3
5-FAM-CAACCACAA ATGCCAGCCAGCCTGCT BFQ-3
5'-GGCAATTTCTACAGAAACAAGTTG-3
5'-GTTTTGTGGGGCAGCATCC-3
5'-HEX-CGCACGGTCCGCCAGAAGAT-BFQ-3’
5-ACAGAGCCTCGCCTTTG-3'
5'-ACGATGGAGGGGAAGACG-3
5'-Cy5-CCTTGCACATGCCGGAGCC-BFQ-3’
5-ACATCGCTCAGACACCATG-3'
5'-TGTAGTTGAGGTCAATGAAGGG-3
5-FAM-AAGGTCGGAGTCAACGGATTTGGTC-BFQ-3’
5'-GCCACTGCTCAACTACTTTG-3'
5-GCTTATCCTCACTTTGATGCTTTG-3'
5'-FAM-ACTCCAGTCGGTACTCCATCCCA-BFQ-3’
5-CGAGGTGGCCAAGAATCTGA-3
5-TAGGCTAAGCGTTTTGAGCTG-3'

Abbreviations: ACE2=Angiotensin-converting enzyme 2; NF-xB=nuclear factor kappa B; GAPDH=glyceraldehyde-3-phosphate dehydrogenase;
FAM = Fluorescein amidite; HEX = Hexachlorofluorescein; BFQ = Binary Fluorescence Quencher.

The quantification of obtained bands was carried out by Chemi-
Doc (Bio-Rad), and densitometric analysis was performed using
Image Lab Software (Bio-Rad).

Enzyme-Linked Immunosorbent Assays

The presence of S-protein in the culture medium of BNT162b2-
treated ErPCs was assessed by using the ELISA kit Human SARS-
CoV-2 (COVID-19) Spike Protein S1 Antigen Quantitative ELISA
(KRISHGEN BioSystem, cat # KBVHO15-10). At the end of the cul-
ture the supernatants of the cell cultures were collected and stored at
—80°C until analysis. Samples were diluted and analyzed using all
the materials provided in the kit following the manufacturer’s

instruction manual. The OD was measured at 450 nm using a micro-
plate reader (Tecan Sunrise plate reader) and analyzed using the
XFLUOR4 Version: V 4.51 software.

Computational Studies

All the computational methodologies were carried out on a 32 Core
AMD Ryzen 93,905 x, 3.5 GHz Linux Workstation (O.S. Ubuntu
20.04) equipped with Graphics Processing Unit (GPU) (Nvidia
Quadro RTX 4000, 8 GB).

The SARS-CoV-2 spike receptor-binding domain (RBD) and HbF
structures were retrieved from the Protein Data Bank (PDB-I1Ds:
7kn5 and 4mgqj, respectively). The interaction geometry between the
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Table 3 List of primary antibodies used to perform Western
blot analysis and their manufacturer names

Target Primary antibody Cat. no.
y-Globin Rabbit anti-y-globin PA5-29006
(Thermo Fisher
Scientific Inc.)
Transferrin receptor Rabbit anti-TfR A22161
(CD71) (ABclonal)
B-actin Rabbit anti-g-actin 4967
(Cell Signalling
Technology)
SARS-CoV-2 Rabbit anti-spike S1 GTX135360
Spike S1 (GeneTex)

Abbreviations: SARS-CoV-2=Severe acute respiratory syndrome
coronavirus 2.

proteins was predicted using the HDOCKIite version 1.0 software
[48] generating 100 different poses. To investigate the reliability of
the predicted binding geometry, the top-scored complex was submit-
ted to all-atom unbiased molecular dynamics (MDs) simulation using
the GROMACS software [49] patched with the open-source, com-
munity-developed Plumed ver 2.6.5 [50] under the Charmm36
force field [51]. The complex was included in a rectangular box of
9.2 x 8.8 x 12.7 nm length, solvated and neutralized using 0.15M
sodium chloride. The full system containing 100,530 atoms was
energy minimized with the steepest descent algorithm, then equili-
brated under first constant Number of molecules, Volume and Tem-
perature (NVT) and then constant Number of molecules, Pressure
and Temperature (NPT) conditions for 100 and 200 ps, respectively.
Long-range electrostatic interactions were modeled using the Particle
Mesh Ewald algorithm. LINCS, Nosé—Hoover, and Parrinello—Rah-
man algorithms were used in the simulations for restraints, and as
thermostat and barostat, respectively. MDs were conducted for 25 ns
with 2 fs time steps.

To compute the binding energy of the RBD/HbF complex, coarse
graining (CG) umbrella sampling (US) simulation was run under the
martini v2.2 force field [52]. CG parameters for heme groups were
derived from literature [53]. RBD, ACE2, and HbF were converted
to the corresponding CG models using the martinize2 script [54]. To
preserve the ternary structure of the proteins, the elastic network
approach with default parameters was used. Complexes (RBD/
ACE2 or RBD/HbF) were included in a box of 20 x 10 x 10 nm
length placing the center of geometry (CoG) of ACE2 or HbF at
x=6, y=5, z=5 nm, respectively. CG-MDs were conducted with 20
fs time steps. In both cases, the center of CoG of backbone (BB)
atoms of RBD was gradually pulled away from the CoG of BB atoms
of either ACE2 of HbF using a harmonic restraint with a force con-
stant of 150 kJ/mol-nm?. Twenty-three equally spaced US windows
were then selected for both complexes with CoG—CoG distances
ranging from 4.2 to 8.5 nm. Each US window was run for 40 ns
restraining the CoG of RBD in place using a force constant of 300
kJ/mol-nm?. The potential of mean forces (PMF) was then computed
according to the WHAM methodology using the wham.py script
(http://membrane.urmc.rochester.edu/?page_id=126). PMFs were
thus computed by simulating 920 ns for both complexes. One
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hundred cycles of Monte Carlo bootstrap analysis were run to deter-
mine the error associated with the computation of PMFs.

Statistics

All the data were normally distributed and presented, unless other-
wise stated, as mean + SD. Statistical differences between groups
were compared using one-way analyses of variance (ANOVA)
between groups software. Statistical differences were considered sig-
nificant when p < 0.05 (*), and highly significant when p < 0.01 (**)
and p < 0.001 ().

RESULTS

Treatment of CD34"-ErPCs from Patients with g-Thalassemia
with SARS-CoV-2 S-Protein and COVID-19 BNT162b2 Vaccine:
Effects on Cell Growth

After treatment of CD34*-ErPCs with either S-protein or the
BNT162b2 vaccine (4—6 days in the presence of EPO), cell number/
mL values were determined, to verify possible effects on cell growth.
The results obtained demonstrated that all cultures exposed to S-pro-
tein did not exhibit any significant decrease of cell number/mL val-
ues, suggesting that the treatment with the S-protein does not cause
inhibition of the growth rate of treated CD34"-ErPCs (Supplemen-
tary Figure E3). On the contrary, when the experiment was carried
out with the BNT162b2 vaccing, a slight, but significant reduction of
the cell number/mL values was found, suggesting that the treatment
of CD34™-ErPCs with the BNT162b2 vaccine causes to some extent
inhibition of cell growth (Supplementary Figure E3). These data sup-
port the concept that the activity (for instance translation) of the
RNA carried by the BNT162b2 vaccine, and/or the delivery material,
might interfere with basic processes of treated CD34"-ErPCs.
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Figure 1 Effects of spike exposure on hemoglobin accumula-
tion. ErPCs from patients #1 (A), and #2 (B) were either
untreated (cultured with only EPO) (-), or exposed to 20 nM
SARS-CoV-2 S-protein (right side of the A and B panels) before
culturing with EPO. Lysates from the same number of cells were
analyzed. ErPC=Erythroid precursor cells; EPO=erythropoietin;
SARS-CoV-2 S-protein= severe acute respiratory syndrome
coronavirus 2 spike protein.
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Figure 2 Effects of spike exposure on hemoglobin production by treated ErPCs. ErPCs from patients #2 (A, B), were either untreated
(cultured with only EPO)(open boxes), or exposed to different concentrations of the SARS-CoV-2 S-protein before culturing with
EPO (black boxes). HbF content is presented as relative O.D.U. values (total area of the HbF peaks analyzed by HPLC) (A) or as % of
total hemoglobin (B). C. Summary of 9 independent experiments (using ErPCs isolated from 5 patients with g-thalassemia) showing
a significant decrease of HbF in ErPCs exposed to SARS-CoV-2 Spike protein. The data represent the average + SD. ErPC=Eryth-
roid precursor cells; EPO=erythropoietin; HbF=fetal hemoglobin; HPLC=high-performance liquid chromatography; SARS-CoV-2 S-
protein= severe acute respiratory syndrome coronavirus 2 spike protein; O.D.U. = optical density unit.

Exposure to SARS-CoV-2 Spike is Associated with a Decrease
of HbF Production by ErPCs from Patients with g-Thalassemia

Figure 1 shows representative HPLC results obtained using ErPCs
from 2 patients (#1 and #2, see Table | for genotypes). These 2
patients have been selected considering that their genotype (8*-IVS1-
110/87-1VS1-110 or B°39/8+-IVS1-110) is compatible with the pro-
duction of both fetal hemoglobin (HbF) and adult hemoglobin

the effects on HbA production. As shown in Figure 1, the ErPCs
employed exhibited different starting levels of fetal hemoglobin, in
agreement with previous observations suggesting that this bio-
chemical parameter (HbF production) is highly variable in patients
with B-thalassemia [34]. The results obtained indicate the produc-
tion of HbF, HbA, and HbA2 in the EPO-induced cultures. Expo-
sure to SARS-CoV-2 S-protein (20 nM; right side of the panels)
caused in all the experiments a decrease of total hemoglobin pro-

(HbA) (see the HPLC patterns shown in Figure 1), allowing to com-
pare S-protein-mediated inhibitory effects of HbF accumulation with

duction; the decrease was particularly evident when HbF was ana-
lyzed (54.04% and 53.3% decrease of HbF in S-protein-treated
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spike protein. (C) Summary of the independent experiments conducted using S-protein—exposed ErPCs. The data of panels A and C repre-
sent the average + S.D (n = 3 and 9, respectively). ErPC=Erythroid precursor cells; EPO=erythropoietin; RT-gPCR= real-time reverse-tran-
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BTN162b2 vaccine before culturing with EPO (B). The resulting HPLC patterns are shown. (C) Summary of the results obtained ana-
lyzing the accumulation of B-globin (white box) and y-globin (black box) mMRNAs in ErPCs from all the recruited patients treated with
the COVID-19 BTN162b2 vaccine. The data represent the average + SD. ErPC=Erythroid precursor cells; EPO=erythropoietin;

HPLC= high-performance liquid chromatography.

ErPCs from patient #1 and #2, respectively: panels A and B of
Figure 1).

The effect of spike is dose-dependent as suggested by the experi-
ment shown in Figure 2. The overall decrease (Figure 2A) in total
hemoglobin and the decrease in the % of HbF with respect to total
hemoglobin (Figure 2B) is evident with 20 nM spike concentration,
taking into consideration that the lysates from the same number of
ErPCs were always loaded on the HPLC column. After this prelimi-
nary experiment, to extend the analysis, 5 EPO-treated ErPC cultures
were exposed to S-protein for 6 days, and then HbF was quantified
and compared with control EPO-treated cultures not exposed to S-
protein. The results obtained demonstrate that the decrease in HbF
production in S-protein-treated ErPCs is reproducible (Fig. 2C). To
further verify these data, the expression of y-globin genes was deter-
mined, because it is known that the expression of y-globin genes is
strongly correlated with HbF («;y,) accumulation [34,35].

The SARS-CoV-2-Mediated Decrease of Hemoglobin
Production by ErPCs is Associated with Impairment of the
Erythropoietin-Mediated Expression of Globin Genes

Figure 3A shows that there was a significant (p < 0.05) decrease of
y-globin mRNA in the spike-treated ErPCs from the 5 patients with
B-thalassemia. Interestingly, and fully in agreement with the HPLC data,
the extent of the y-globin mRNA decrease is higher than the extent of
the B-globin mRNA decrease, supporting the observed decrease of the
percentage of HbF with respect to the total hemoglobin produc-
tion in SARS-CoV-2 S-protein-treated ErPCs (Figures | and 2).
The S-protein-mediated inhibition of y-globin gene expression is
dose-dependent (Figure 3B) and highly reproducible (Figure 3C).

Effects of the BNT162b2 Vaccine on EPO-Mediated Induction
of Globin Genes: Evidence for Preferential Effects on HbF
Production and Expression of y-Globin Genes

Panels A and B of Figure 4 show HPLC results obtained using ErPCs
from patient #1, either untreated (Figure 4A) or treated with 1 ug/
mL BNT162b2 (Figure 4B). As clearly evident, the HbF peak is

decreased both considering absolute HPLC values (from 43,383 to
27,570, considering the areas of the HbF peaks in panels A and B,
respectively) and values relative to the other hemoglobin peaks (%
with respect to total hemoglobin production: from 34.6% in
untreated cells to 27.5% in BNT 162b2-treated cells). This decrease in
HbF production (HPLC analysis) in BNT 162b2-treated cells was con-
firmed by the RT-qPCR data shown in Figure 4C, which indicates a
preferential decrease in the accumulation of j-globin mRNA in the
BNT162b2-treated ErPCs.

To verify whether the inhibitory effects of the S-protein affect
all the erythroid-associated proteins, including markers of ery-
throid maturation, the content of y-globin and the content of
transferrin receptor (TrfR) were comparatively analyzed by West-
ern blotting using an antibody recognizing S-actin as an internal
control. Representative data are presented in the Supplementary
Figure E4A and show that in the ErPC cultures from patient #1
the y-globin is decreased (fully in agreement with the HPLC data
shown in Figure 1A) following treatment of the cells with the S-
protein. Quantitative data are shown in Supplementary Figure
E4B. By sharp contrast, the content of TrfR does not decrease
(Supplementary Figure E4A, B), suggesting that the cell matura-
tion was not impaired by the treatment.

Exposure of ErPCs from Patients with g-Thalassemia to SARS-
CoV-2 Spike (S-protein) and BNT162b2 Vaccine is Associated
with Activation of Pro-inflammatory Genes

To verify possible effects of S-protein and COVID-19 BNT162b2 vac-
cine on pro-inflammatory genes, we first analyzed the effects on tran-
scription of nuclear factor kappa B (NF-«xB) and IL-6 genes, encoding
a key transcription factor (NF-«B) regulating the expression of pro-
inflammatory genes [55—571 and a cytokine (IL-6) involved in sev-
eral inflammatory responses [46] and “COVID-19” cytokine storm”
[58,59]. Moreover, IL-6 is also highly present in the plasma of
patients with B-thalassemia, as reported by Walter et al. [60] and Vin-
chi et al. [61]. Figure 5A shows representative RT-qPCR data demon-
strating that, in ErPCs from patient #3, the treatment with the SARS-
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CoV-2 S-protein induces an increase of NF-«B, p50, and IL-6 mRNA
accumulation, in agreement with several reports outlining spike-
induced alteration of the expression of pro-inflammatory genes
[38,39,46,471.

This was confirmed by analyzing the data obtained in ErPC cul-
tures from all the patients outlined in Table 1. These results are shown
in Figure 5B, which demonstrates a significant activation of NF-«xB
and IL-6 gene expression in spike-treated ErPCs. This part of the
study concludes that the SARS-CoV-2 S-protein can cause significant
changes in the expression of pro-inflammatory genes in treated
ErPCs.

Similarly, also the analysis of ErPCs cells treated with COVID-19
BNT162b2 vaccine shows a significant activation of NF-«B and IL-6
gene expression. The data reported in Figure 5C demonstrate, respec-
tively, a significant increase in activation of NF-«B and IL-6 gene
expression compared with the untreated sample.

The SARS-CoV-2 S-Protein Efficiently Interacts with HbF: A
Molecular Docking Analysis

We simulated the interaction between HbF and the S-protein RBD
using the well-known protein—protein docking software HDOCK
[48], obtaining the results shown in Figure 6A, left). The top-scored
complex was submitted to 25 ns of all-atom MDs simulation
(Figure GA, right). After the first 10 ns of simulation, during which a
slight adjustment of the interaction geometry was noted, the complex
resulted almost stable as shown by the Ca-RMSD (Figure 6B, top)
with the number of H-bonds between the RBD and HbF increasing
from ~6 to ~9 (Figure 6B, bottom). Figure 6C shows the residues
involved in the interaction between the S-protein RBD and HbF,
whereas Figure 6D shows a detailed list of such interactions. Of note,
both a-globin and y-globin HbF subunits were involved in the interac-
tion with SARS-CoV-2 spike RBD. To determine the strength of the
interaction, the system was further submitted to US studies. Accord-
ingly, to preliminary assess whether the Martini model was able to
correctly predict the binding energy, we first computed the (un)bind-
ing free energy between the ACE2 and the RBD through US simula-
tions under their CG representation. Remarkably, the computed
interaction energy (12.00 + 0.35 kcal/mol; not shown) was in line
with that computed by all-atom simulations (11.75 kcal/mol) [54],
demonstrating that the Martini CG force field can be efficiently used
to compute the RBD/HDbF interaction energy.

Figure 6E (top) shows the first, one intermediate, and the last US
windows, along with the distribution of the sampled CoG—CoG dis-
tances after 40 ns of simulations per window (bottom). As can be
seen, the simulation time allowed a complete overlapping of the US
windows, which is fundamental for the WHAM algorithm to properly
compute the PME Figure 6F shows the computed energy profile for
the dissociation of the complex RBD/HbE. The estimated unbinding
energy was 11.96 kcal/mol, which was almost comparable to that
computed for the RBD/ACE2 interaction. As can be seen in
Figure 6G, the simulation was long enough to ensure the conver-
gence, as the energy profile did not substantially change between
805 (35 ns per US window) and 920 ns (40 ns per US window).

DISCUSSION

The main conclusions of the results reported in the present study are
that the SARS-CoV-2 S-protein and the BNT162b2 vaccine (a)
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inhibit HbF production by ErPCs from patients with S-thalassemia
(Figures 1, 2, and 4A) and (b) inhibit y-globin mRNA accumulation
(Figures 3 and 4C). In addition, we provide in silico studies suggesting
a high affinity of SARS-CoV-2 S-protein to fetal hemoglobin.
Remarkably, this affinity approaches the affinity of spike to ACE2
(Figure 06).

Our results are consistent with the hypothesis of a relevant impact
of SARS-CoV-2 infection and COVID-19 vaccination on the
hematopoietic system, as also suggested by several studies recently
published by other research groups [4,6,7,24,251.

Based on this conclusion, several considerations should be made.
The relevance of determining the effects of spike on mammalian cells
(including ErPCs here studied) is related to the fact that spike has
been detected by several studies in the bloodstream following SARS-
CoV-2 infection or vaccination. For instance, a study published in
May 2021 documented, for the first time, circulating vaccine-induced
S-protein in the blood as early as one day after injection [23,58].
Although in this study the concentrations reached were several orders
of magnitude lower than those needed to bind ACE2 receptors [58],
a further report has been published describing the case of a woman
suffering from Moderna-COVID-19-vaccine—induced thrombocyto-
penia and with 10 ng/mL vaccine-induced S-protein levels in plasma
10 days after vaccination (~100 times higher than those reported pre-
viously), suggesting excessive vaccine-induced production of S-pro-
tein as a determinant of vaccine toxicity [23,59]. The data available
suggest that, after vaccination with both Moderna or BioNTech
—Pfizer COVID-19 vaccines, endogenous production of S-protein
following vaccination may occur for much longer than previously

thought [111.
Interestingly, S-protein has been suggested as responsible for toxic-
ity of COVID-19 vaccines by several studies [11—14]. For example,

Yonker et al. [14] recently reported the detection of markedly ele-
vated levels of full-length S-protein, unbound by antibodies, in the
plasma of individuals with postvaccine myocarditis. Interestingly, no
free spike was detected in asymptomatic vaccinated control subjects
[14]. This and similar studies have stimulated research projects aimed
to determine the possible effects of SARS-CoV-2 infection and/or
COVID-19 vaccination on selected biological functions and tissue
systems. In this respect, Estep et al. [32] have evaluated the effects of
SARS-CoV-2 infection and/or COVID-19 vaccination of mothers on
the fate and functionalities of HSPCs in the umbilical cord blood
(UCB). The numbers and frequencies of HSPCs in the UCB
decreased significantly in donors with previous SARS-CoV-2 infec-
tion and, importantly, with COVID-19 vaccination via the induction
of apoptosis, likely mediated by IFN-y-dependent pathways. These
results indicate that SARS-CoV-2 infection and COVID-19 vaccina-
tion impair the functionalities and survivability of HSPCs in the UCB,
which would make unprecedented concerns on the future of cellular
therapies based on hematopoietic cells exhibiting an altered pheno-
type following SARS-CoV-2 infection and/or COVID-19 vaccination
[27]. The possible impact of SARS-CoV-2 infection and COVID-19
vaccination on the hematopoietic system has been confirmed by
other studies [6,7,24,25]. For instance, Ropa et al. [24] found that
SARS-CoV-2 S-protein inhibits the expansion of hematopoietic
stem/progenitor cells and deeply alters colony-forming capacity.
These effects were obtained by a simple exposure to S-protein, even
in the absence of a true SARS-CoV-2 infection.

Concerning the molecular basis of S-protein—mediated effects on
the accumulation of y-globin mRNA, a possible explanation is spike-
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mediated alterations of transcription factors, such as NF-«B, which are
known to be induced by S-protein [22,48,62]. Interestingly, NF-«B is
known to suppress the expression of erythroid genes, including globin
genes [63]. Accordingly, induction of NF-«B (for instance by IFN-y) is
associated with inhibition of expression of y-globin genes. For
instance, Lee et al. [64] found that I[FN-y modulates NF-«B/c-Jun to
antagonize activin A-mediated NF-E2 transcriptional activity on glo-
bin gene expression. Accordingly, NF-«B inhibitors (such as trimethyl
angelicin) [65] are also powerful inducers of y-globin gene expression
and HbF production [66].

Our study supports the conclusion of several other reports suggest-
ing clinical hematologic relevance of SARS-CoV-2 infection and vac-
cination. In this respect, a very important issue is the possible
occurrence of alteration of hematologic parameters during PASC.
Accordingly, our study supports the concept that during PASC (but
also after vaccination) hematologic parameters should be monitored,
especially in the case circulating S-protein is maintained at high levels.
This might be relevant, in our opinion, in the case of subjects affected
by hemoglobinopathies (such as B-thalassemia and sickle-cell disease)
who can have important beneficial effects in the case HbF is highly
produced. A strong consensus does exist on the fact that in S-thalas-
semia and SCD the HbF levels are intimately associated with the
severity of the disease [33]. Our data suggest that the effects of
COVID-19 vaccination should be carefully monitored in patients
with B-thalassemia. In this respect, the comparison of clinical trials
executed on patients with B-thalassemia before and after the
COVID-19 pandemic might be of great interest. For instance, the Sir-
thalaclin (NCT03877809) and Thala-Rap (NCT04247750) clinical
trials (using low dosages of rapamycin/sirolimus for HbF induction)
were conducted before the COVID-19 pandemic (the
NCT03877809 trial) or during the COVID-19 pandemic (the
NCT04247750 trial). In this latter case, the clinical trial has been con-
ducted on patients who have been vaccinated at the beginning of the
treatment. The comparison of the data regarding globin mRNA
expression and hemoglobin production in the NCT04247750 trial
might be of top interest when compared with the already reported
data from the NCT03 877809 trial [34].

According to previous studies that suggested a binding between
spike and hemoglobin [67], HbF was supposed to directly interact
with the RBD. Here we have combined docking and molecular
dynamics simulation to further reinforce the hypothesis that HbF can
bind the RBD. The computed free energy of (un)binding (11.96 kcal/
mol) is comparable to that of RBD/ACE2 (12.00 kcal/mol), suggest-
ing that the S-protein interacts with HbF with the same efficiency
exhibited in the interactions with ACE2.

Our results encourage analysis of the effects on erythroid precur-
sors/progenitors in patients with S-thalassemia after vaccination with
both Moderna and BioNTech—Pfizer COVID-19 vaccines, as well as
a careful analysis of HbF production in patients with SARS-CoV-2
—infected COVID-19 B-thalassemia. Our study suggests that pharma-
cologic strategies should be considered to solve hematopoiesis-associ-
ated alterations due to SARS-CoV-2 infection and/or COVID-19
vaccination. Focusing on HbF production, the reversion of S-protein-
mediated HbF inhibition can be achieved, at least in theory, by using
HbF inducers, such as hydroxyurea [68] and sirolimus [34].

A limitation of our study is the employment of only one type of
SARS-CoV-2 (the original S-protein) and only one RNA-based vac-
cine (the BNT162b2 vaccine from Pfizer/Biontech). As far as the first
issue, it is well known that various mutants of SARS-CoV-2 arrived,
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mainly concerned with the S-protein. Although this has a clear impact
on the design of novel updated and effective vaccines, further studies
should be designed to determine the impact of these mutations with
respect to the bioactivity of the S-protein, including the inhibitory
effects on globin gene expression described in the present study. In
this respect, the impact of S-protein mutations on structure and func-
tions has been recognized [69—731.

As far as the second issue, a more extensive study is needed com-
paring the BNT162b2 vaccine with all other available COVID-19
RNA-based vaccines (both those approved and those under clinical
trials), such as mRNA-1273, mRNA-1273.351, and mRNA-1273.211
(Moderna TX, Inc.), CVnCoV (Cure Vac), ARCoV (AMS, Walvax
Biotechnology and Suzhou Abogen Bio-Sciences), and ARCT-154
(Arcturus Therapeutic) [74].

A further limitation of our study is that the expression of a few
genes has been analyzed. In this respect, “omics” analyses are
expected to be important for understating the real impact of treat-
ments with S-protein and RNA-based COVID-19 vaccines on the
overall gene expression of CD34"-ErPCs. As far as the analysis of
markers of erythroid maturation, in addition to transferrin receptor,
other proteins should be studied, including glycophorin A, spectrin,
proteins involved in the heme biosynthesis, and others.

In conclusion, our ex vivo study suggests that the SARS-CoV-2 S-
protein and COVID-19 vaccine retain inhibitory effects on hemo-
globin production by ErPCs isolated from patients with S-thalasse-
mia. Further in vivo studies are warranted using primary cells from
healthy people as well as cells from subjects affected by other hemo-
globinopathies (such as sickle-cell disease) or patients with g-thalas-
semia carrying genotypes different from those considered in the
present study.
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Figure S1 ACE2 expression in erythroid precursor cells (CD34" ErPCs). ACE2 expression was assessed by RT-ddPCR using
mRNAs extracted from CD34" ErPCs isolated from g-thalassemia patients and compared with mRNA levels detected in Calu3 cells
(used as ACE-2 expressing positive controls). Successful amplification of ACE2 is reported for each sample as blue spots (A); the
concentration expressed in copies/uL is reported in (B).
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Figure S2 Spike expression in BNT162b2 treated ErPCs. (A) Representative data of Spike mRNA, upper part of the panel, and
RPL13A mRNA (internal house-keeping control) analyzed by RT-gPCR in ErPCs #6 treated with COVID-19 BNT162b2 vaccine. The
analyzed mRNAs were isolated after 48h (red curve) and 5 days (blue curve). (B) Representative example of evaluation of SARS-
CoV-2 S-protein by Western blotting analysis. Protein analysis was performed on untreated and BNT162b2 vaccine-treated ErPCs
#1 samples. Production of S-protein can be normalized after comparison with the amount of g-actin housekeeping protein. (C) The
presence of SARS-CoV-2 Spike protein was assessed in the supernatant of untreated and BNT162b2 treated ErPCs (n=3) and ana-
lyzed by ELISA. In control untreated ErPCs S-protein was not detectable in all the experiments performed.



14.e2 L.C. Cosenza et al Experimental Hematology
HHE 2023

1.8

*
14T fﬁ( )
1.2 1

0.8
0.6 1

Cell ?rowth (relative to
untreated cultures)
>
1
|

04T
0.2 1

S-protein
BNT162b2

Figure S3 Effects on cell growth of the treatment of ErPCswith S-protein and BNT162b2. Data represent the mean + S.D. values
of cell number/ml, relative to control untreated (-) cells (n=5 and n=3 for S-protein and BNT162b2 treated ErPCs, respectively).

A B
ErPCs #4 15 (+)
- == Y-globin E
[
&2 £33 Transferrin receptor g 1
Q
- e (-actin 8
(1}
c < 05
() o2 L
.ag 0
ne .
5 O of O %
=9 x5
»e by
» »

l ] L J

y-globin Transferrin
receptor

Figure S4 Treatment of ErPCs with SARS-CoV-2 S-protein: effect on Transferrin receptor (TrfR). (A) Representative Western
blotting analysis of y-globin and transferrin receptor CD 71 (TrfR and soluble TrfR) performed on lysates of ErPCs #4, either untretad
(-) or treated with 20 nM S-protein. (B) Quantitative densitometric analyses of three independent experiments performed using ErPCs
from B-thalassemia patients #1, #2 and #4. Results represent the mean + S.D. of y-globin/g-actin and TrfR/g-actin values relative to
untreated (-) controls.
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