Med-X (2023) 1:8
https://doi.org/10.1007/544258-023-00009-9 Med-X

RESEARCH ARTICLE

Hyperactivity of platelets and increased megakaryopoiesis
in COVID-19 patients with acute respiratory distress syndrome

LingnaWang' - Huicong Liu’ - Jiaging Liu' - Haitao Yuan' - Chen Wu? - Xiyang Li? - Kaikai Xu? - Jiang Hong? -
Guoyan Wu? - Fangfang Zhu'?3

Received: 25 May 2023 / Revised: 22 June 2023 / Accepted: 2 July 2023
© The Author(s) 2023

Abstract

The Severe Acute Respiratory Syndrome (SARS)-CoV-2-induced Coronavirus Disease 2019 (COVID-19) pandemic has
caused an overwhelming influence on public health because of its high morbidity and mortality. Critical-illness cases often
manifest as acute respiratory distress syndrome (ARDS). Previous evidence has suggested platelets and thrombotic events as
key mediators of SARS-CoV-2-associated ARDS. However, how the balance of platelet regeneration from the hematopoietic
system is changed in ARDS remains elusive. Here, we reported a more severe inflammation condition and hyperactivity
of platelets in COVID-19 ARDS patients compared with those infected but without ARDS. Analysis of peripheral blood
revealed an increased proportion of hematopoietic stem cells (HSCs), common myeloid progenitors (CMPs), megakaryocyte-
erythrocyte progenitors (MEPs), and megakaryocyte progenitors (MkPs) in ARDS patients, suggesting a megakaryocytic-dif-
ferentiation tendency. Finally, we found altered gene expression pattern in HSCs in COVID-19 ARDS patients. Surprisingly,
genes representing platelet-primed HSCs were downregulated, indicating these cells are being stimulated to differentiate.
Taken together, our findings shed light on the response of the hematopoietic system to replenish platelets that were exces-
sively consumed in COVID-19 ARDS, providing a mechanism for disease progression and further therapeutic development.
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Highlights

e Hyperactivity of platelets and mild decrease in plaletlet number are observed in COVID-19 patients with ARDS.
e A more active state of the hematopoietic system is established to replenish platelet pool in COVID-19 ARDS patients.
e The influence of SARS-CoV-2 on the hematopoietic system is also manifested in altered gene expression pattern in HSC.
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Introduction

The Coronavirus Disease 2019 (COVID-19) pandemic,
caused by the Severe Acute Respiratory Syndrome-CoV-2
(SARS-CoV-2) virus, has spread globally and resulted in
over 670 million infections and 6.8 million deaths to date.
Despite widespread vaccination efforts, localized outbreaks
continue to occur due to the virus’ evolution and variation.
These outbreaks often lead to severe multi-organ dysfunc-
tion, particularly in the lung, with elderly individuals being
at a higher risk [1, 2]. A significant number of hospital-
ized COVID-19 patients (15-30%) develop Acute Respira-
tory Distress Syndrome (ARDS), characterized by bilateral
chest opacities on X-ray and hypoxemia [3, 4]. COVID-
19-induced ARDS is related to a high mortality rate which
increases with severity [5, 6]. Abundant research has sug-
gested a high relevance of thrombosis in pulmonary capil-
laries [3] and a conversion of the immune system toward an
inflammatory state [7] in these COVID-19 patients diag-
nosed with ARDS. However, how the hematopoietic system
is changed during the development of COVID-19-related
ARDS remains poorly understood.

Thombopoiesis is the production of platelets through
a multistep process involving Hematopoietic Stem Cells
(HSCs), multipotent progenitors (MPPs), Common Mye-
loid Progenitors (CMPs), Megakaryocyte-Erythrocyte Pro-
genitors (MEPs), Megakaryocyte Progenitors (MkPs) and
megakaryocytes (MKs) [8]. Platelets play a crucial role in
thrombosis and hemostasis by being recruited to the vascu-
lar injury sites, activated, and coagulation [9, 10]. Besides,
their interaction with various leukocytes and the release
of pro-inflammatory cytokines upon activation indicated a
high correlation between platelets and inflammation [11,
12]. Recent studies identified Vwf* platelet-primed HSCs
in mice with higher expression levels of platelet-related
genes such as Vwf, Clu, Fhll, Gpr64, and Sdpr [13]. Under
an acute inflammation state, HSC-like megakaryocyte-
committed progenitors are stimulated to mature, express
more MK-related proteins and differentiate, contributing
to platelet recovery [14]. Abundant evidence demonstrated
the hyperactivity of platelets after SARS-CoV-2 infec-
tion [15-18]. Especially, elevated D-dimer and abnormal
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fibrinogen concentrations of platelets in COVID-19-in-
duced ARDS patients are related to high mortality rates
[19, 20]. In addition, platelets from COVID-19 ARDS
patients are primed for aggregation [21], interacting with
leukocytes to form immunothrombosis [22]. These data
indicate a key role of platelets in the development of
ARDS. Therefore, we aimed to explore how the hemat-
opoietic system responds to SARS-CoV-2-induced ARDS
and its impacts on platelet production from HSCs during
acute inflammation.

Considering the rapid transmission, high infectious
capacity, and high fatality rate of SARS-CoV-2, China acti-
vated the first-level public health emergency response to
contain the outbreak shortly after its occurance, and was
able to achieve remarkable epidemic prevention and control.
And because of this, most of the research teams in China
didn’t have access to acquire enough COVID-19 samples.
Therefore, studies of the mechanism and progress of SARS-
CoV-2-related ARDS at a cellular and molecular level were
limited and left behind in China. As the virulence of the
strain diminished, the gradual liberalization of prevention
and control was realized last December. Meanwhile, the
policy temporarily resulted in a peak of SARS-CoV-2 infec-
tion, with a prevalence of ARDS. Therefore, we were able
to obtain samples for this research, which we think is funda-
mental to a deeper understanding and novel therapeutics for
the disease, especially when it develops with ARDS.

In this study, we examined peripheral blood samples from
critically ill COVID-19-related ARDS patients. Platelet acti-
vation and coagulation function tests revealed hyperactiv-
ity of platelets in these ARDS patients, suggesting a higher
thrombus burden despite a lower platelet count. Then, we
focused on the response of the hematopoietic system to
severe thrombopenia in the inflammatory process of ARDS
development. Multiparameter flow cytometry analysis
revealed a differentiation tendency towards myeloid line-
age and platelets. RNA-seq analysis indicated the elevated
ability of the hematopoietic system to restore the platelet
pool. Taken together, these findings elucidated an emer-
gency mechanism of the hematopoietic system to relieve
life-threatening thrombopenia when ARDS occurred in
COVID-19 patients.
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Table 1 Blood routines of COVID-19 ARDS patients and the corresponding reference range

COVID-19 patients

Blood Routine Reference range ~ Non-ICU, n=48 ICU-ARDS, n=22 P
Mean (+SD) Proportion of abnor- Mean (+SD) Proportion of abnor-
mal samples, % mal samples, %

HCT, % 40-50 38.59 (£4.36)  64.58 36.49 (+5.76) 72.73 ns
MCV, fL 82-100 94.18 (£ 5.46) 14.58 93.01 (+7.07) 13.64 ns
MCH, pg 27-34 31.87 (+2.31) 14.58 30.955 (£2.94) 18.18 ns
Platelets count, x 10°/L 125-350 237.92 (£91.04) 22.92 196.27 (£99.74) 36.36 ns
Platelet count< 125x 10%L - 106.50 (11.93) 8.33 87.67 (£28.56) 27.27 ns
Platelet count>350x 10%L - 406.00 (£48.95) 14.58 421.5 (£33.5) 9.09 ns
NEUT, % 40-75 7433 (£12.42) 60.42 89.13 (+7.25) 95.45 <0.0001
LYMPH, % 20-50 17.90 (£9.86)  64.58 6.51 (+5.41) 100 <0.0001
MONO, % 3-10 6.92 (£3.38) 25 3.77 (£2.59) 54.55 0.0002
EO, % 0.4-8 0.47 (0.74) 72.92 0.54 (+1.22) 77.27 ns

HCT hematokrit, MCV mean corpuscular volume, MCH mean corpuscular hemoglobin, NEUT neutrophil, LYMPH lymphocyte, MONO mono-

cyte, EO eosinophil, ns not significant

Results

COVID-19 ICU-ARDS patients possessed more severe
infection and inflammation conditions than non-ICU
patients

To assess the essential blood function under COVID-19,
blood routines were collected from 70 patients, 22 of
whom were in the Intensive Care Unit (ICU) and diag-
nosed with ARDS (Table 1). Notably, the ratio of lym-
phocytes and monocytes was out of the normal range in
COVID-19 patients whether diagnosed with ARDS or not,
indicating that COVID-19 infection led to unusual blood
cell composition. Further analysis showed the lymphocyte
and monocyte levels in ICU-ARDS patients were signifi-
cantly lower than those in non-ICU patients. Interestingly,
ICU-ARDS patients also exhibited an abnormal increase
in neutrophils, indicating that more severe infection and
inflammation occurred in ICU-ARDS patients, and consist-
ent with this, Giemsa staining showed a large amount of
neutrophils in ICU-ARDS patient samples (Supplementary
Fig. 1). Besides, more ICU-ARDS patients (27.27%) were
identified with a low level of platelets compared with non-
ICU patients (8.33%), suggesting that severe COVID-19
infection which resulted in ARDS reduced the number of
platelets in peripheral blood.

As severe inflammation is usually accompanied by sys-
tematic cytokine storm, we also collected inflammation-
related cytokine data to evaluate the inflammatory level in
ICU-ARDS patients (Fig. 1A). Although most ICU-ARDS
patients possess a normal level of Interleukin (IL)-1, IL-8,
IL-10 and TNF-a in peripheral blood, the IL-6 level was

significantly increased in ICU-ARDS patients, confirming
a systemic inflammation in the blood system. In summary,
certain values of blood routines and cytokines in COVID-19
patients were significantly abnormal. ICU-ARDS patients
had a more serious COVID-19 infection and inflammation
accompanied by mild platelet reduction compared with non-
ICU patients.

Elevated platelet activation ability and thrombus
burden in ICU-ARDS patients

In order to evaluate the function of the platelets, we treated
the whole blood samples with ADP to activate the platelets
and analyzed the level of CD62P* in CD41*% cells (Fig. 1B).
It is noteworthy that ICU-ARDS samples were already more
active before ADP treatment and could be activated to a
higher level than non-COVID-19 samples, demonstrating
that platelets affected by severe COVID-19 infection exhib-
ited a ready-to-activate state. Given that IL-6 level was sig-
nificantly increased in ICU-ARDS patients, the systemic
inflammation may contribute to the hyperactivity of platelets
in peripheral blood. Besides, we also tested the coagulation
function in part of ICU-ARDS patients (n=21) (Table 2).
D-dimer, an index that is highly related to the prognosis and
severity of COVID-19 [23, 24], was significantly increased
in ICU-ARDS patients, revealing an increased burden of
thrombus and more severe infection of COVID-19. Besides,
the level of fibrinogen and prothrombin time in ICU-ARDS
patients also increased, which further clarified ICU-ARDS
patients had an abnormal function of blood coagulation.
Taken together, ICU-ARDS patients exhibited hyperactiv-
ity of platelets and an elevated thrombus burden caused by
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Fig. 1 The altered levels of cytokines and hyperactivity of platelets in the peripheral blood under the acute inflammation condition induced by
COVID-19 ARDS. A Numbers of individuals whose pro-inflammatory cytokines were within (Normal) or elevated beyond (Hyper) the refer-
ence ranges in 20 COVID-19 ARDS patients. B The expression of CD62P on the surface of platelets in whole blood was measured both before
and after activation by 10 pM ADP. H, non-infected group (n=6); V, COVID-19 ARDS group (n=27). C-E Levels of Brain-Derived Neuro-
trophic Factor (BDNF) (C) Epidermal Growth Factor (EGF) (D) and MMP3 (E) in Platelet-Rich Plasma (PRP) prepared from the blood of
COVID-19 ARDS patients (n="7) and uninfected participants (control, n=6) were measured by ELISA. *P <.05; ****P <.0001; ns, not signifi-

cant

Table2 Coagulation function test of COVID-19 ARDS patients
admitted to ICU

COVID-19 patients

Parameters (n=21), Mean (< SD) Reference range
D-dimer, mg/LL 6.81 (x9.56) <0.55
Prothrombin Time, s 13.99 (£1.87) 9-13

Thrombin Time, s 16.50 (£ 1.53) 14-21
Fibrinogen, g/L 4.83 (£1.95) 2-4

INR, s 1.18 (=0.17) 0.8-1.5

APTT, s 32.30 (+5.44) 20-40

INR International normalized ratio, APTT activated partial thrombo-
plastin time

severe infection of COVID-19, which also indicated that the
reduction of platelets in ICU-ARDS patients was at least
partially due to the consumption mediated by platelet activa-
tion and thrombus formation.
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BDNF and EGF level decreased in PRP
from peripheral blood of ICU-ARDS patients

To evaluate the cytokine level in platelets, we prepared
platelet-rich plasma (PRP) from the peripheral blood of
ICU-ARDS and non-COVID-19 samples and measured the
level of several cytokines (Fig. 1C-E). Serum BDNF usually
decreased after being infected by COVID-19 [25], similarly,
the BDNF level in ICU-ARDS PRP significantly decreased.
Besides, the EGF level in ICU-ARDS PRP was also lower
than that in non-COVID-19 samples. However, the MMP3
level, a serum endopeptidase elevated in acute lung injury
and severe COVID-19 infection, was not significantly dif-
ferent between PRP from ICU-ARDS and non-COVID-19
peripheral blood. These indicated that severe COVID-19
infection affected the level of certain growth factors released
by platelets, possibly due to reduced platelet cell number in
these patients.
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ICU-ARDS patients exhibited abnormal components
of the hematopoietic compartment and increased
megakaryocytic lineage differentiation

HSC is capable of differentiating into common lymphoid
progenitor (CLP) and CMP cells which further produced
several essential blood cells including platelets and play an
indispensable role in maintaining hematopoiesis homeosta-
sis. To evaluate the level of various hematopoietic lineage
cells in ICU-ARDS patients, we combined multiple cell sur-
face markers to distinguish HSC/MPP, CLP, CMP, granulo-
cyte-monocyte progenitor (GMP), MEP, MkP and erythroid
progenitor (EP) cells in peripheral blood samples. FACS
analysis showed an increased level of lineage-negative cells
in ICU-ARDS patients which indicated the population of
immature cells were increased under ARDS (Fig. 2A-B).
An elevated level of lineage-negative cells in ICU-ARDS
patients also intimated that certain stem/progenitor cells
were activated to a proliferating state. Indeed, the level
of HSC/MPP cells significantly increased in ICU-ARDS
patients’ samples compared with non-COVID-19 sam-
ples, indicating the HSC compartment rapidly turned into
activating state triggered by severe COVID-19 infection
(Fig. 2C). Severe COVID-19 was usually marked by emer-
gency myelopoiesis and our FACS analysis revealed that
CMP cells in ICU-ARDS samples significantly increased
while there was no obvious difference in the number of
CLP cells (Fig. 2C).

Since CMP cells could differentiate into GMP or MEP
cells, measurement of GMP and MEP cells could further
determine the specific direction of differentiation in the mye-
loid compartment. Notably, MEP cells in ICU-ARDS sam-
ples were significantly higher than that in non-COVID-19
samples, while there was no significant difference in the
number of GMP cells (Fig. 2D-E), demonstrating a specific
direction of differentiation towards megakaryocytic and
erythroid lineages. Although there was no significant change
in MKP cells between ICU-ARDS and non-COVID-19 sam-
ples, unusually high levels of MkP cells were identified in
part of ICU-ARDS samples and the mean level of MkP cells
was relatively higher than that of the non-COVID-19 sam-
ples (Fig. 2F). No significant differences in EP cells were
observed between ICU-ARDS and non-COVID-19 sam-
ples (Fig. 2G). These results further illustrated that cells in
the myeloid compartment, especially MEP and MKP cells,
exhibited elevated proliferative ability after being affected
by severe COVID-19 infection. Such emergent megakaryo-
cytic lineage differentiation was possibly a self-response to
elevated consumption of platelets in ICU-ARDS patients
due to hyperactivation-induced thrombus formation. Over-
all, we discovered anomalous myelopoiesis and an increased
tendency of megakaryopoiesis in the peripheral blood of
ICU-ARDS patients.

ICU-ARDS patients showed an increased level
of megakaryocytes and granulocytes in peripheral
blood

To further clarify the specific changes in the blood system,
we used FACS to measure different mature blood cells in
ICU-ARDS and non-COVID-19 peripheral blood samples
(Fig. 3). Severe COVID-19 was usually associated with
lymphopenia and T cell number reduction and indeed we
found that the number of T cells in ICU-ARDS samples
was significantly lower than that in non-COVID-19 sam-
ples (9.64% vs 14.87%). There was no significant difference
in the level of B cells (1.53% vs 2.13%) or natural killer
(NK) cells (6.02% vs 6.15%) (Fig. 3A-B). However, the
mean levels of myeloid cells (78.29% vs 74.40%) and mega-
karyocytes (7.77% vs 7.31%) were mildly elevated in ICU-
ARDS patients. These results further elucidate that systemic
myelopoiesis occurred in ICU-ARDS patients’ peripheral
blood. An elevated level of megakaryocytes was a signal of
improved platelet regeneration which contributes to replen-
ishing excessively depleted platelets due to ARDS-induced
thrombus formation.

RNA-seq revealed hyper-proliferation and myeloid
differentiation ability of HSC/MPP cells in ICU-ARDS
patients

To interpret the internal changes in HSC/MPP com-
partment under COVID-19-induced ARDS, we sorted
Lin~CD34*CD38 CD45RA" cells and employed RNA-
sequencing to evaluate the transcriptome response.
RNA-seq identified 395 differentially expressed genes
(DEGs), 18 of which are highly related to platelet function
(Fig. 4A). Notably, platelet adhesion-related gene MMPS8
and activation-related gene OLRI were significantly ele-
vated in ICU-ARDS samples which further proved the
existence of increased thrombus burden. Besides, LCN2,
a gene expressed in platelet and could promote the pro-
liferation of CD34* cells, was highly expressed in ICU-
ARDS samples, demonstrating that early in HSC/MPP
cells there is a tendency of active platelet regeneration.
However, genes representing platelet-biased or MK-biased
HSCs were downregulated in ICU-ARDs samples, includ-
ing CLU, SDPR, and CD9, suggesting a highly active state
of platelet regeneration from these HSC populations under
the COVID-19 ARDS inflammation state to replenish the
consumed platelets. Consistent with this, the proportion of
CD41" HSCs/MPPs was reduced in the systemic inflam-
mation state (Supplementary Fig. 2A), while the average
CD41 expression level on the surface of CD41-positive
HSCs/MPPs was significantly increased (Supplementary
Fig. 2B), indicating higher MK protein synthesis. Heat-
map analysis revealed that all ICU-ARDS groups were
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Fig.2 The hyperactive state of the hematopoietic compartment in COVID-19 ARDS patients. A A representative example of the FACS plot
of peripheral blood showed changes in the hematopoietic stem/progenitor cell (HSPC) population in the non-infected group (top panel) and
COVID-19 ARDS patients (bottom panel). B Statistical analysis of the percentage of Lineage-negative cells (Lin~) showed a profound increase
in COVID-19 ARDS patients (n=26) compared with non-infected participants (n=10). C-G Flow cytometry analysis of HSPCs at different
hierarchies in peripheral blood from ICU-ARDS patients (n=26) and non-infected participants (n=10), including HSCs/MPPs, CLPs, CMPs,
GMPs, MEPs, MkPs, and EPs. *P <.05; **P <.01; ns, not significant

significantly clustered and distinguished from the non-  the gene ontology (GO) database and summarized the cor-
COVID-19 group (Fig. 4B). Besides, we sorted out the  responding gene sets to further look for potential associa-
pathways related to hematopoiesis and inflammation in  tions. There were 50 hematopoietic-cell-lineage-related
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significant

genes and 60 inflammatory-response-related genes over-
lapped with DEGs and 26 DEGs were highly related to
both hematopoiesis and inflammation, illustrating the con-
nection between systemic inflammation and hematopoi-
etic disorder under ARDS induced by severe COVID-19
infection (Fig. 4C). Furthermore, GO analysis illustrated
that several platelet- and myeloid-related pathways were
enriched in ICU-ARDS groups, demonstrating the trend
of myelopoiesis and platelet production in the HSC/MPP
compartment (Fig. 4D). Interestingly, HSC/MPP cells
affected by severe COVID-19 infection exhibited more
sensitivity to platelet-derived growth factors (GO:0036119
and GO0036120). Given that platelets in I[CU-ARDS
patients were in a ready-to-activate state and platelet
activation directly led to the release of platelet derived
growth factor (PDGF), PDGF produced by hyperactivated
platelet may contribute to the elevated proliferation abil-
ity of HSC/MPP cells in ARDS patients. Furthermore,
gene-set enrichment analysis (GSEA) based on GO gene
sets revealed stem-cell-development- and immune-related
pathways were significantly enriched, further indicat-
ing the abnormal activity of HSCs/MPPs in ICU-ARDS
patients (Fig. 4E-G). However, antigen processing and

presentation and type I interferon signaling pathway were
inhibited in ICU-ARDS samples, demonstrating the immu-
nosuppression under ARDS induced by COVID-19 which
was in accordance with the systemic T cell reduction
(Fig. 3B). In summary, RNA-seq analysis illustrated that
HSC/MPP cells in ICU-ARDS patients exhibited elevated
proliferation ability and incline of megakaryocytic/platelet
lineage differentiation as a response to ARDS caused by
severe COVID-19 infection.

Discussion

Since the COVID-19 pandemic swept across the world
in 2019, many efforts have been made to uncover hidden
mechanisms and therapies. Here, we explored the response
cascade of the hematopoietic system to the perturbation of
platelet count and activity during the process of COVID-
19-related ARDS development at the stem/progenitor-cell
hierarchy and transcriptome level. It is noteworthy that we
uncovered a myeloid/MK-differentiation tendency, evi-
denced by larger pools of HSCs/MPPs, CMPs, MEPs, and
MkPs (Fig. 1). In line with our findings, previous studies
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«Fig.4 COVID-19 ARDS patients showed altered gene expression pattern of HSCs/MPPs at the transcriptional level. RNA-seq was conducted
on RNA extracted from HSCs/MPPs isolated from the peripheral blood of uninfected participants (n=7) and COVID-19 ARDS patients (n=9).
A Volcano plot representing differentially expressed genes (DEGs) between non-infected and COVID-19 ARDS groups. Red dots, significantly
upregulated genes; Blue dots, significantly downregulated genes. B Unsupervised hierarchical clustering of the control and patient groups.
C Venn diagram representing DEGs involved in the hematopoietic cell lineage and inflammatory response. D GO analysis showed the pathways
associated with inflammation response, platelet activation, and myeloid-lineage differentiation enriched significantly in patients. E-G GSEA
of antigen processing and presentation (E) stem cell development (F) and type I interferon signaling pathway (G) in COVID-19 ARDS-HSCs/

MPPs and control-HSCs/MPPs

identified emergency myelopoiesis in severe COVID-19
[26-28]. The analysis of RNA-seq data for HSCs/MPPs in
the peripheral blood shows hundreds of DEGs in COVID-19
patients developing ARDS (Fig. 4). Further investigations
are necessary to validate the functions of these genes on
coronavirus-related ARDS development.

HSCs, as a type of adult stem cells, are essential for
constructing the blood and immune system. In addition to
the widely accepted lymphoid and myeloid-biased HSCs,
evidence shows that there are other types of lineage-biased
HSCs. Vwf*or CD9*" HSCs have been identified to have
higher MK lineage-generation potential [13, 29]. We found
that genes representing MK or platelet biased-HSCs includ-
ing CLU, SDPR, and CD9 were downregulated in the ARDS
group. Interestingly, the proportion of CD41* HSCs/MPPs
was reduced in the systemic inflammation state, but the aver-
age CD41 expression level on the surface of CD41-positive
HSCs/MPPs was significantly increased. Considering all
evidence, we postulated that platelet or MK-primed HSCs
were driven to differentiate towards the megakaryocytic line-
age to replenish circulating platelets under this pathological
condition to cope with thrombocytopenia.

COVID-related cytokine storm is linked with illness
severity and poor prognosis, characterized by the burst of
pro-inflammatory cytokines or chemokines, such as IL-1,
IL-6, IL-8, IL-12, and tumor necrosis factor (TNF)a [30].
Circulating IL-1f, IL-6, and IL-8 are associated with platelet
hyperactivity and hypercoagulability, a hallmark of systemic
inflammation [31]. These three cytokines have correspond-
ing receptors on the platelets, promoting thrombosis [31].
IL-6-receptor blockers have been tested in critically ill
COVID-19 patients, contributing to improved clinical out-
comes through interdicting IL-6/JAK/STAT?3 signaling [30,
32]. Besides, a study on thrombocytopenia pointed out a
negative correlation of platelet count with serum IL-1f and
IL-8 [33]. Our findings are consistent with these previous
studies, referring to the hyperactivity of platelets (Fig. 1B),
while platelet number were reduced (Table 1). Excessively
high levels of pro-inflammatory cytokines in the serum
(Fig. 1A) were also detected in ARDS patients induced by
SARS-CoV-2, as we expected. Meanwhile, we evaluated the
levels of some cytokines in PRP. BDNF and EGF, rich in
platelets, were found to be declined in PRP from ARDS
patients, possibly due to the reduced platelet count.

In summary, we highlight an active state of platelet regen-
eration under the inflammation condition related to SARS-
CoV-2-induced ARDS and a myeloid/MK-differentiation
bias. Previously, strict policies against the COVID-19 epi-
demic have curbed the sustained transmission of SARS-
CoV-2 in China, but on the other hand, chances to dissect
pathological mechanisms were limited to a certain extent.
With the realization of heard immunity recently, the number
of SARS-CoV-2-induced ARDS patients has significantly
decreased, which further limited our access to obtain a suf-
ficient number of clinical samples for validation of our results
and more investigations beyond our findings presented here.
Future studies could benefit from collaborations with multi-
ple research centers. Despite these limitations, our findings
provide new insight into the response of the hematopoietic
system to SARS-CoV-2, which is fundamental for deepen-
ing our understanding and developing new therapeutics for
coronavirus infection.

Methods
Patients in this study

In this cohort study, we enrolled 70 COVID-19 patients,
including 48 patients with mild lung infections (<30% area)
and 22 severe ARDS patients and we investigated blood rou-
tines and levels of cytokines from these patients.

The whole blood, from 18 non-COVID-19 samples and
40 severe ARDS patients with COVID-19 hospitalized at
Shanghai General Hospital, is collected into anticoagulant
citrate dextrose-anticoagulated (ACD-A) treated tube. A
total of 58 whole blood samples were used for FACS analy-
sis, evaluation of platelet activation, ELISA, RNA-seq, and
Giemsa staining. All in vitro experiments were conducted
in the laboratory of HemaCell Biotechnology Inc. We used
N-95 respirators to prevent the transmission of COVID-19.
Shanghai General Hospital Health Regulatory Agency and
the ethics committee approved the study.

Flow cytometry analysis and sorting

The human hematopoietic stem and progenitor popu-
lations include HSC/MPP, CLP, CMP, GMP, MEP,
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MKkP, and EP, and the cell surface marker cocktail for
each population was defined as follows: HSC/MPP,
Lin'CD347CD38"; HSC, Lin'CD34*CD38'CD90"CD45RA;
MPP, Lin"CD34*CD38 CD90'CD45RA"; CMP,
LinCD34"CD38"CD123"CD45RA’; CLP, LinCD34+CD38+CD127;
GMP, Lin'CD34*CD38*CDI123*CD45RA"™;
MEP, Lin'CD34*CD38*CD123°CD45RA"; MKkP,
Lin"CD34*CD38*CD123°"CD45RACD41"; EP,
Lin"CD34*CD38*CD123'CD45RACD71*CD105%.

The cell surface markers used to define the mature blood
populations are: T cell, CD3*; B cell, CD19*; NK cell,
CD56%; Myeloid cell, CD36"; MK cell, CD41".

The antibodies used in this study are: Lin FITC, CD45RA
BV510, CD34 PE/Cy7, CD38 PE/Cy5, CD90 APC, CD123
AF700, CD127 PE, CD41 PerCP/Cy5.5, CD71 APC/Cy7,
CD105 Bv421, CD3 PE, CD11b AF780, CD19 FITC, CD56
APC, live/dead dyes: PI and DAPI (BioLegend).

Flow cytometry analysis was performed on LSR-
Fortessa X-20 (BD Biosciences). Flow cytometry sort-
ing for HSCs/MPPs (refer to Supplementary Fig. 3 for
gating strategy) was performed on FACS Aria (BD Bio-
sciences). All flow cytometry data were analyzed with
FlowJo (Tree Star).

RNA-sequencing

The cells were isolated from whole blood samples after red
blood cell (RBC) lysis buffer (Invitrogen) treatment. HSCs/
MPPs sorted from non-COVID-19 individuals and COVID-
19 ICU-ARDS patients were used to generate Smart-Seq2
libraries at Suzhou Geekgene Technology Co., Ltd, and sub-
ject to RNA-sequencing analysis. Differentially expressed
genes (DEGs) are marked in red (p value <0.05 and fold
change of gene expression > 1.2) and in blue (p value <0.05
and fold change of gene expression <-1.2) in Volcano plot.
The DEG set, together with the hematopoietic cell lineage
gene set and inflammatory response gene set, constituted
the Venn diagram. The Gene Ontology (GO) analysis,
KEGG pathway analysis, and Gene Set Enrichment Analysis
(GSEA) were performed with the Geekgene Bioinformatics
Service Portal/Platform (http://bioinfo.geekgene.com.cn/).

Platelet activation assay

Platelet activation was analyzed by incubating 10 pM ADP
(Sigma-Aldrich) for 30 min. The expression of CD62P
and CD41 was analyzed with flow cytometry. The anti-
bodies used in this study are CD41 PE and CD62P APC
(BioLegend).

@ Springer

Enzyme-Linked Immunosorbent Assay (ELISA)

We collected the supernatant by centrifuging the whole
blood. Platelet-rich plasma (PRP) was obtained by superna-
tant frozen in liquid nitrogen and thawed at 37 °C, which was
repeated three times. PRP concentrations of BDNF, EGF,
and MMP3 were evaluated using ELISA kits (ExCell Bio,
Taicang) following the manufacturer’s instructions. PRP was
diluted with phosphate-buffered saline (PBS). The dilution
ratios are 1:25 (BDNF, MMP3) and 1:2 (EGF).

Giemsa staining

The Giemsa Staining Kit (Abcam, Shanghai) was used for
cell morphology analysis.

Statistical analysis

Data are presented as the mean plus or minus standard devia-
tion. The significance of differences between groups was
determined by a two-tailed unpaired t-test. P-values <0.05
were considered statistically significant. Statistical analysis
was performed with GraphPad Prism 8.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s44258-023-00009-9.
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