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Abstract

Purpose Following a severe COVID-19 infection, a proportion of individuals develop prolonged symptoms. We investigated
the immunological dysfunction that underlies the persistence of symptoms months after the resolution of acute COVID-19.
Methods We analyzed cytokines, cell phenotypes, SARS-CoV-2 spike-specific and neutralizing antibodies, and whole
blood gene expression profiles in convalescent severe COVID-19 patients 1, 3, and 6 months following hospital discharge.
Results We observed persistent abnormalities until month 6 marked by (i) high serum levels of monocyte/macrophage and
endothelial activation markers, chemotaxis, and hematopoietic cytokines; (ii) a high frequency of central memory CD4" and
effector CD8" T cells; (iii) a decrease in anti-SARS-CoV-2 spike and neutralizing antibodies; and (iv) an upregulation of
genes related to platelet, neutrophil activation, erythrocytes, myeloid cell differentiation, and RUNXI1 signaling. We identi-
fied a “core gene signature” associated with a history of thrombotic events, with upregulation of a set of genes involved in
neutrophil activation, platelet, hematopoiesis, and blood coagulation.

Conclusion The lack of restoration of gene expression to a normal profile after up to 6 months of follow-up, even in asymp-
tomatic patients who experienced severe COVID-19, signals the need to carefully extend their clinical follow-up and propose
preventive measures.

Keywords COVID-19 disease - post-acute COVID-19 syndrome - thrombosis

Introduction

Following a severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) infection, a significant proportion of individ-
uals develop prolonged symptoms, including predominantly
fatigue, headache, and upper respiratory and multi-system
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complaints, including fever and gastroenterological symp-
toms [1]. Several studies have investigated immune and
inflammatory dysregulation in acute and severe COVID-19
with the aim of identifying biomarkers of severity or predic-
tive of clinical outcomes. However, the exact mechanisms
behind the persistence of symptoms are yet to be identified
but they probably result in the COVID-19 sequelae of organ
damage, persistence of chronic inflammation, and dysregu-
lation of the immune system [1]. Dysregulation of immune
responses, including T-cell lymphopenia and exhaustion [2],
and elevated serum levels of pro-inflammatory cytokines
or alarmins are associated with a severe prognosis [3, 4].
In addition, we and others have reported a crucial role for
neutrophil activation in the pathology of severe COVID-
19 through the upregulation of multiple genes involved in
their activation and migration [3, 5, 6]. A role for neutro-
phil extracellular traps (NETosis), both in COVID-19 acute
respiratory distress syndrome (ARDS) and thrombotic
events, has also been observed [7-9]. Concomitantly, severe
COVID-19 has also been shown to be associated with altered
hematopoiesis, as shown by lymphopenia and an increase in
myelopoiesis [10, 11]. Single-cell analysis of bone marrow
mononuclear cells from severe COVID-19 patients showed
an accumulation of immature myeloid and a reduction of
lymphoid progenitors, along with the upregulation of tran-
scription factors (TF) regulating the differentiation of hemat-
opoietic stem cells into downstream progenitors [12].

Concerning the adaptive immune response to SARS-
CoV-2, most COVID-19 patients develop antibodies and
T-cell to SARS-CoV-2 antigens [13—15]. In the post-acute
phase, high titers of specific immunoglobulin G and neutral-
izing antibodies are detected [16, 17], as well as specific and
polyfunctional T cells with an early differentiated memory
phenotype associated with stem-like properties [14, 18, 19].
These observations underscore the complexity of the patho-
physiological process underlying acute and severe COVID-
19. The duration of such dysregulation following the acute
phase of the infection is yet to be investigated. In this con-
text, we investigated immune cell phenotypes, SARS-CoV-2
spike specific and neutralizing antibodies, serum biomark-
ers, and whole blood gene expression profiles in a cohort of
hospitalized COVID-19 patients followed from acute phase
infection through convalescence 1, 3, and 6 months follow-
ing discharge from the hospital.

Methods
Participants
We enrolled a subgroup of COVID-19 patients of the pro-

spective French COVID cohort (registered at clinicaltri-
als.gov NCT04262921). Eligible patients were those who

were hospitalized with virologically confirmed COVID-19
by PCR performed on the day of inclusion. The definition
criteria of the severity of the disease were stated accord-
ing to WHO and French National Health Agency guidelines
applied to the inclusion of the French National COVID-19
cohort “French cohort” [20]. Viral loads were quantified by
real-time semi-quantitative reverse transcriptase polymerase
chain reactions (RT-PCR) using either the Charit¢ WHO
protocol (testing the E gene and RdRp) or the Pasteur insti-
tute assay (testing the E gene and two other RdRp targets,
IP2 and IP4). Convalescent follow-up visits were performed
at 2 to 4 weeks after discharge (month 1), and/or month 3,
and/or month 6. Among convalescent patients included in
the transcriptomic study, 43% and 41% were symptomatic
at M3 and M6, respectively. The study was conducted with
the understanding and consent of each participant or their
surrogate covering the sampling, storage, and use of bio-
logical samples. The healthy donors (HD) were sampled
before COVID-19 outbreak, their characteristics are shown
in Table S3.

Quantification of Serum Biomarkers,
Anti-SARS-CoV-2 Spike Antibody,
and Pseudo-Neutralization Assay.

We quantified 29 biomarkers in serum samples. A Human
XL Cyt Disc Premixed Mag Luminex® Perf Assay Kit
(R&D Systems) was used to measure the following 22
biomarkers: CCL2/MCP-1, CCL4/MIP-18, RANTES/
CCL5, CCL11/Eotaxin, CCL19/MIP-3p, CCL20/MIP-3a,
CD40Ligand, Fractalkine/CX3CL1, CXCL10/IP-10, EGF,
Flt-3 Ligand, Granzyme B, IL-1ra, IL-6, IL-7, IL-8/CXCLS,
IL-10, IL-15, PD-L1/B7-H1, TNF-a, TRAIL/TNFSF10,
and VEGF. CD163, ST2, CD14, and LBP were measured
with a Human Magnetic Luminex® Assay (R&D Sys-
tems). Luminex assays were performed according to the
manufacturer’s recommendations and read on a Bio-Plex
200 system™ (Bio-Rad). Amphiregulin, FABP2/IFABP,
and haptoglobin were measured using Human Quantikine
ELISA Kits (R&D Systems) according to the manufacturer’s
instructions. Anti-SARS-CoV-2 spike immunoglobulin G
(IgG) and neutralization levels were determined as already
reported [21, 22] and detailed in the supplementary data.

RNA Extraction, Library Preparation,
and Sequencing.

Gene expression profiling was carried out on the whole
blood of 10 HD and of 22, 25, and 18 samples of convales-
cent patients. Eight, 12, and 9 convalescent patients were
sampled only at M1, M3, and M6, respectively. In contrast,
8 patients were sampled both at M1 and M3, 4 patients at
M1 and M6, 3 patients at M3 and M6, and only 2 patients at
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M1, M3, and M6. Total RNA was purified using the Tem-
pus™ Spin RNA Isolation Kit (ThermoFisher Scientific).
RNA was quantified using the Quant-iT RiboGreen RNA
Assay Kit (Thermo Fisher Scientific) and quality control
performed on a Bioanalyzer (Agilent). Globin mRNA
was depleted using the Globinclear Kit (Invitrogen) prior
to mRNA library preparation with the TruSeq® Stranded
mRNA kit, according to the Illumina protocol. Libraries
were sequenced using an Illumina HiSeq 2500 V4 system.

Differential Gene Expression Analysis

Sequencing quality control was performed using Sequence
Analysis Viewer and FastQ files were generated on the Illu-
mina BaseSpace Hub. After trimming (QPhred score > 25)
with Bowtie 2-2.2.5 software, reads were aligned with the
hg19 human reference genome using STAR-2.5.3ar and
quantified relative to annotation model hg19—GENCODE
Genes—release 19 using Partek E/M (Partek® Flow®
software, v10.0). Differential gene expression analysis was
performed using the DearSeq package [23]. Differentially
expressed genes (DEGs) with adjusted p values <0.05 and
a fold-change in expression>Log2 0.58 were subjected to
functional enrichment analysis using Metascape software
with the default parameters (https://metascape.org) [24].
Geom_line and geom smooth functions from ggplot2 [25]
were used to generate line plots for the gene trend visu-
alization using the LOESS smoothing method, which fits a
polynomial surface determined by one or more numerical
predictors using local fitting.

Construction of the Protein—Protein Interaction
(PPI) Network and Molecular Complex Detection
(MCODE)

The interaction network among proteins encoded by the
DEGs was established by importing the selected genes into
the STRING database v11.5 [26], (http://string-db.org). To
remove PPI that were inconsistent from the dataset, we used
the standard cut-off of a confident interaction score > 0.4.
Cytoscape software version 3.9.0 [27] was applied for the
genes network visualization. The MCODE [28] plug-in of
the Cytoscape tool was used to visualize the significant
gene modules in each network, by default, with a cut-off
k-core =3 based on the MCODE analysis.

Clustering of Convalescent Severe COVID-19
Patients and Healthy Donors

Hierarchical clustering was used to observe gene expression
patterns between subjects and for cluster identification. Fea-
ture selection was based on the most highly variable genes
(IQR>0.7). The R package clValid [29] was used to identify

@ Springer

and validate the cluster algorithm (Figure S7). The “average
silhouette width” index from the factoextra R package [30]
was used to determine the optimal number of clusters. The
fviz dend function from the factoextra package was then
used to draw the dendrogram.

Statistics

Graphpad Prism software version 8 was used for nonpara-
metric statistics and plots as described in the figure legends.
Heatmaps were generated using the function aheatmap from
the NMF package in R software, version 4.0.0. R: A lan-
guage and environment for statistical computing. R Foun-
dation for Statistical Computing, Vienna, Austria. URL:
https://www.R-project.org/. Differences in the expression of
standardized biomarkers were analyzed using nonparametric
Wilcoxon tests, adjusting for multiple testing using the Ben-
jamini & Hochberg correction. A leave-one-out procedure
was performed to assess the robustness of the result regard-
ing outlier patients. We performed the same analyses in turn
in all but one of the subjects of the dataset and assessed
if it impacted which analytes are found to be differently
expressed between COVID-19 patients and health donors
at each time points.

Results
Participants

We recruited 100 hospitalized COVID-19 patients from the
French COVID cohort [20]. The median (IQR) age was 59
(47-67) years, 66% were male, and 81% were hospitalized in
intensive care units (ICUs) during the acute phase of infec-
tion. At month (M) 3 and M6 post-hospitalization, 28% and
45% of the patients had three or more persistent symptoms,
respectively. Fatigue, abnormal pulmonary auscultation, and
dyspnea were the most frequent symptoms. Whole blood
samples were obtained longitudinally (2-3 time points) from
33 patients or at a single time point from 69 patients. The
demographic and clinical characteristics of patients and the
details of the blood samples used in each assay are summa-
rized in Tables S1 and S2.

Overview of Serum Biomarkers and Cellular
and Humoral Characteristics of Convalescent
COVID-19 Patients

The levels of 21 biomarkers differed significantly in con-
valescent COVID-19 patients compared to healthy donors
(HD, n=30) (Wilcoxon test adjusted for multiple com-
parisons) (Fig. 1 and Figure S1) at various time points, of
which most persisted until M6 following the acute phase of
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Convalescent COVID-19 patients

HD M1

Fig. 1 Heatmap of standardized biomarker expression in the serum of
convalescent COVID-19 patients at M1, M3, and M6 post-infection.
The colors represent standardized expression values centered on the
mean, with variance equal to 1. Biomarker hierarchical clustering
was computed using the Euclidean distance and Ward’s method. HD,

infection. Among the biomarkers showing differences, the
levels of pro-inflammatory factors (CCL2, IP-10, and IL-6)
and anti-inflammatory cytokines (IL-1-RA and IL-10) were
elevated at M1 and M3. The levels of these factors, but not
those of CCL2 or IL-10, were still high at M6. Macrophage
and endothelial activation marker (MIP-3f, IL-7, VEGF,
EGF, and CCLS5) levels were also elevated up through M6.
Accordingly, elevated levels of soluble CD163 (sCD163),
a specific marker of monocyte/macrophage activation, and
chemotaxis and hematopoietic cytokines (CCL11, frac-
talkine, and Flt-3L) also persisted up to 6 months. The levels
of lipopolysaccharide-binding protein (LBP) and intestinal
fatty acid-binding protein (iIFABP), a marker of gut epithe-
lial damage, were also significantly elevated in convalescent
COVID-19 patients at M3. Consistent with this finding, the
levels of markers of intestinal epithelial regeneration (EGF,
amphiregulin AREG, and haptoglobin), soluble ST2, and
sCD14, a marker of intestinal translocation, were elevated at
various time points up to M6 (Fig. 1 and Figure S1E). Using
a leave-one-out validation, we demonstrated that these find-
ings are robust to outliers patients.

We also performed phenotypic analysis of the blood immune
cells from the convalescent COVID-19 patients. There was a
significant reduction in the frequency of total CD3" T cells up

M3 M6

CCL2
IP-10
IL1-RA
IL-10
IL-6
MIP-3b
IL-7
VEGF
EGF
CCLS
CcCL11
Fractalkin
| Fra

I sCD14
sCD163
sST2

I Amphiregulin

Pro- and anti-inflammatory cytokines

Macrophage and endothelial activation

Chemotaxis and hematopoietic cytokines

Impairement of the intestinal barrier
| Haptoglobin

| IFABP
LBP
ccL2o
TNF-a
PDL-1
IL-15
| IL-8
ccL4
TRAIL

[l 18 different analytes M1 vs HD
[ 17 different analytes M3 vs HD
17 different analytes M6 vs HD

healthy donors (n=30); M1 (n=42), M3 (n=47), M6 (n=16). The
vertical lines on the left side of the heatmap represent which analytes
levels are different between healthy donors and covidl9 patients at
M1 (left, dark-grey), M3 (middle, middle-grey), and M6 (right, light-
grey) time points

to 3 months after the acute phase relative to HD (P=0.099 and
P=0.0375 at M1 and M3, respectively), whereas the number
of central memory CD4" T cells was elevated at M1 and M3
(P=0.0073 and P=0.0143, respectively). The frequency of naive
CD8* T cells was reduced at M1, whereas the frequency of effec-
tor memory CD8™ T cells was elevated at M1 and M3 and they
expressed an activated cell phenotype (CD38YHLA-DR™) until
M1 (P <0.0001 relative to HD) (Figure S2A).

The mean fluorescence intensity (MFI) of anti-SARS-
CoV-2 spike antibody for convalescent COVID-19
patients was 368.8 (252.2-610.8) fold higher at M1 than
that for a pool of HD, which then decreased by M3 (201.7
(142.7-342.1)) and M6 (176.5 (135-258)) (P <0.0001, for
all time points) (Figure S2B). Similarly, the percentage of
inhibition of these antibodies was 68.6 (58—84) at M1, which
decreased to 37.6 (29-57) and 41.9 (33-50) by M3 and M6,
respectively (Figure S2B).

Changes in Whole Blood Gene Expression
in Convalescent COVID-19 Patients Relative to HD

To characterize the transcriptomic changes that occur in con-
valescent COVID-19 patients, we investigated DEGs between
samples collected at M1 (n=22), M3 (n=25), and M6 (n=18)
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and HD (n=10). We identified 1754, 864, and 871 DEGs at
M1, M3, and M6, respectively (Fig, 2A). The DEGs at M1
involved pathways of myeloid cell differentiation, neutrophil
degranulation, transcriptional regulation of granulocytes, and
platelet activation (Fig. 2B). Among the top upregulated genes,
some are involved in myeloid lineage and required for granu-
locyte formation (CEBPA and GATAI). Others are involved in
erythrocyte and platelet differentiation and activation, such as
ALAS2, GPIBB, GP6, GP9, VWF, GP1BA, and HBQ1, which
is normally found in human fetal erythroid tissue. Interestingly,
the top downregulated gene, HBB, is one of the subunits of
adult hemoglobin (Fig. 2C). Aside from these genes, at M 1
after hospital discharge, we also observed dysregulation of
genes related to the myeloid lineage (Figure S3A), which per-
sisted until M6 (Figure S3B). PPI analysis (Figure S3C) identi-
fied the main network, which involved the upregulation of TF
genes associated with myeloid and erythrocyte cell differentia-
tion (CEBPA, CEBPE, GATAI, GATA2, and KLF1), as well as
genes belonging to GP1b-IX-V activation (GP1BB, GP9, and
GPI1BA). Of note, the GP1b-IX-V complex is a platelet receptor
that mediates the initial interaction with subendothelial vVWF
which levels were elevated in COVID-19 patients [31]. The

M6 VS HD

involvement of platelet activation was confirmed, as shown by
the dysregulation of multiple genes related to platelets (Fig-
ure S4A). Among these genes, we observed two main clusters.
The first cluster (C1) consisted of the genes downregulated at
M1 relative to HD (PRKACB, ENPP4, HBB, and FZD6) (Fig-
ure S4A), which are involved in blood coagulation. The second
cluster (C2) included genes upregulated at M1 that are mainly
involved in F9 and GP1b-IX-V activation, platelet adhesion and
aggregation, and plug formation. All these genes were dysregu-
lated at M1 relative to HD and did not return to HD level at
M6 (Figure S4B). The PPI results confirm the key role of the
blood coagulation and platelet activation in the dysregulated
mechanisms observed at day 1 (Figure S4C).

We have previously reported that changes in neutrophil
activation genes are predictive of severe disease in COVID-
19 [5]. Thus, we took the opportunity of the longitudinal
follow-up of cohort of convalescent COVID-19 patients to
follow neutrophil gene pathways. We observed modified
expression of many genes associated with neutrophil activa-
tion (Figure S5A). Two main clusters of DEGs were identi-
fied that exhibited different dynamics. One cluster decreased
expression at M1 and remained downregulated, despite a

Platelet activation (G0:0030168) [
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Fig. 2 Differentially expressed genes between convalescent patients
at M1, M3, and M6 relative to healthy donors (HD). A Venn dia-
gram of the number of DEGs between convalescent patients at M1,
M3, and M6 relative to HD. B Pathways associated with DEGs
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between convalescent at M1 and HD. C Volcano plot of DEGs with
an FDR <0.05 between convalescent COVID-19 patients at M1 rela-
tive to HD. Up- and downregulated genes are represented by red and
green dots, respectively
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tendency to increase by M6. By contrast, the expression of
genes in the second cluster was increased at M1 and remained
higher up to M6 (Figure S5B). This cluster included genes of
neutrophil degranulation (S/00A9, DEFAIB, A1BG, MMP?9,
PPBP, SIGLECS, and SIGLECY9). Network analysis of the
neutrophil genes identified major pathways concerning neu-
trophil activation/degranulation and complement C3b/C4b
receptor 1 and C5a receptor 1 (C5AR1) (Figure S5C).

We next performed MCODE analysis using all DEGs
observed between COVID-19 patients at M1 and the HD to
determine the major mechanisms behind the dysregulation
observed in convalescent COVID-19 patients. This approach
allowed the identification of three highly connected networks
(Fig. 3). Network 1 is distinguished by the upregulation of
genes involved in the RUNXI signaling in the regulation
of megakaryocyte and erythroid differentiation, and plate-
let function (GATAI, SPII, ZFPM1, and TALI) [32-35]
(Fig. 3A). Importantly, this network included the upregu-
lation of GPIBA, a receptor for vWF that leads to platelet
adhesion and activation. In parallel, in network 2 (Fig. 3B),
we observed the upregulation of several genes involved in
platelet pro-coagulation activity and subsequent thrombin and
fibrin formation, such as GP1BB, VWF, PF4, ITGB3, GP6,
and GP9, which functions as the vWF receptor and medi-
ates vVWF-dependent platelet adhesion to blood vessels [36,
37]. Concomitantly, network 3 (Fig. 3C) was enriched for the

Transcriptional regulation by RUNX1

RUNX1 regulates genes involved in
megacaryocytes differentiation and
Platelet function

Transcriptional of
granulopoiesis
RUNX1 regulates genes involved in

differentiation of HSC

regulation

Platelet activation, signaling and
aggregation

Integrin aiib-beta3 complex
Glycoprotein ib-ix-v complex

Blood coagulation

Hemoglobin and

glycophorin a
Hemopoiesis

Log2 FC

complex

4 0 1 2

Fig.3 The main molecular complexes associated with the DEGs
between convalescent patients at M1 relative to HD and their evolu-
tion over the time. A-C MCODE 1, 2, and 3, respectively, and the
main associated pathways. The spheres are colored depending on the
gene fold change (Log2FC), as depicted in the figure. Pathways asso-

expression of genes of the hemoglobin complex and glyco-
phorin (HBB, KLF1, SLC4A1, AHSP, RHAG, and SPTAI).
Despite the heterogeneity of patients, as illustrated in the
heatmaps of individual gene expression (Figs. 3 D-F), these
results show an interaction between platelets and neutrophil
activation pathways that persists to M3 and M6. Moreover, the
dynamics of these changes did not show a return to HD levels
at the later follow-up after discharge (Figs. 3 G-I).

In other hand, DEGs (314 genes) shared at M1 and M3 rela-
tive to HD (Figure S6A) are mainly involved in protein metabo-
lism (Figure S6B). DEGs specific to convalescent patients at
M6 (157 genes) and M3 (50 genes) involved pathways of ami-
nophospholipid translation, heme signaling, cell morphogen-
esis, and inflammatory response (Figure S6C) and glycerolipid
metabolic processes (Figure S6D). We noted significant enrich-
ment of genes involved in erythrocyte differentiation and gran-
ulopoiesis (Figure S6E) at M1 and M6 (Figure SO6F). These
DEGs showed the same kinetics at M1 and M6 (Figure S6G).

Characterization of a “Core Signature” of Gene
Expression in Convalescent COVID-19 Patients

We analyzed pathways involved in the 477 DEGs shared
between M1, M3, and M6 relative to HD (Fig. 2A) to iden-
tify a “core signature” of convalescent COVID-19 patients
throughout the 6 months of follow-up. The main pathways

Z-score of normalized
expression

expression

aaaaaa

Z-score of normalized

N

S}

expression

nnnnn

Z-score of normalized

ciated with each MCODE are shown as donuts. D-F MCODE 1, 2,
and 3 gene expression level at M1, M3, M6 of convalescence and in
HD. G-I Trend of MCODE 1, 2, and 3 gene expression at M1, M3,
M6, and HD
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involved are myeloid cell differentiation, platelet adhesion
and activation, transcriptional regulation by RUNX1, and
granulopoiesis (Fig. 4A). Analysis of the most connected
network identified genes that play a critical role in collagen-
induced platelet aggregation and thrombus formation (GP6
and GP9) and in the GPIb-V-IX system (GPIBB, GP1BA).
A second cluster consisted of upregulated genes regulated
by RUNXI1 and involved in megakaryocyte differentia-
tion, platelet function, and the transcriptional regulation of
granulopoiesis (CEBPA and ZFPM1) (Figs. 4B and C). The
expression of all these genes was significantly elevated at
M1, M3, and M6 of convalescence (Figs. 4D and E) and did
not return HD levels by M6 (Figs. 4F and G).

Gene Expression Profile Associated with Thrombosis
in Convalescent Severe COVID-19 Patients

We further characterized the gene expression profile that
could be associated with thrombosis by performing a
clustering analysis of HD and samples from convalescent
patients at M1, M3, and M6. The samples were grouped
into two main clusters (Fig. 5SA). Cluster C1 included HD
and convalescent COVID-19 patients who did not experi-
ence thrombotic events, showing very similar transcriptome

profiles. Cluster C2 included a mixture of convalescent
patients who experienced thrombosis and those who did not.
This cluster likely corresponds to patients with a high risk
of thrombosis. Surprisingly, this cluster included 3 HD who
may be at risk of developing thrombosis. DEGs analyses of
the convalescent patients in cluster 1 and those who expe-
rienced thrombosis in cluster C2 showed 1333 DEGs that
were associated with pathways of the innate immune system,
neutrophil degranulation, hemopoiesis, platelet activation,
and blood coagulation (Fig. 5B). MCODE analysis resulted
in four main clusters. The first one (Fig. 5C) included genes
involved in neutrophil and complement activation (S700A9,
ARGI, ELANE, C5ARI, and FCGR3B), and in the hemo-
globin and erythrocyte development (ALAS2, GATA2, HBB,
HBD, HBGI, HBAIHBQI, and AHSP). The second cluster
(Fig. 5D) corresponded to neutrophil degranulation, with an
upregulation of ST00AS8, S100A12, SPI1, TYROBP, FGR,
FCGRIA, and FCGR2A. Cluster 3 (Fig. 5E) contained
mostly genes involved in reactive oxygen and nitrogen spe-
cies and thrombin signaling. The last cluster (Fig. 5F) con-
tained upregulated genes belonging to the stress response,
mainly mediated by neutrophils (DEFA4, DEFAIB, DEFA3,
DEFAI, MPO, LTF, MMPS8, and MMP9) and to coagulation
(GP6, GP9, GP1BA, PF4, CLECIB, and THBD). Overall,
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Fig.4 Differentially expressed genes shared between the compari-
sons of convalescent patients at M1, M3, and M6 to HD. A Pathways
associated with 477 DEGs shared between convalescent patients at
M1, M3, and M6 relative to HD. B, C MCODE 1 and 2 of the 477
DEGs and their main pathways. The spheres are colored depending
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on the gene fold change (Log2FC), as depicted in the figure. Path-
ways associated with each MCODE are shown as donuts. D, E Heat-
map of gene expression belonging to MCODE 1 and 2. F, G Trend of
MCODE 1 and 2 gene expression at M1, M3, M6, and HD
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Thrombosis
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[l Inflammatory response Innate Immune System
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involved in differentiation of HSCs

Myeloid leukocyte activation

Neutrophil degranulation

Fig.5 Clustering of HD and convalescent COVID-19 patient samples
recovered at M1, M3, and M6 and gene expression profile associ-
ated with thrombosis in convalescent COVID-19 patients. A Cluster-
ing of HD and convalescent COVID-19 patient samples recovered at
M1, M3, and M6. B Pathways associated with DEGs between con-
valescent patients who experienced thrombosis in cluster C2 and
those who did not experience thrombosis and classified close to HD

convalescent individuals, even those who were asympto-
matic, showed persistent changes in the expression of genes
involved in inflammation and a status of being prone to
thrombosis that lasted for up to 6 months following acute
disease.

Discussion

Here, we report persistent severe abnormalities in the blood
of convalescent COVID-19 patients. An abnormal immune
cell phenotype, elevated serum markers of inflammation,
endothelial activation, and intestinal translocation coexist
with anti-inflammatory and epithelial repair markers. Whole
blood gene expression analyses showed marked changes
in the expression of genes involved in several pathogenic
pathways involving hematopoiesis, platelet, erythrocyte,
and neutrophil activation. The altered gene expression did
not return to the profile of HD after 6 months of follow-up.
Another original finding from our study is the identification
of a “core signature” of convalescent COVID-19 patients
that is conserved for up to 6 months after hospital discharge,
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(convalescent patients in cluster C1). C-F MCODE 1, 2, 3, and 4
and associated pathways of the DEGs between convalescent patients
who experienced thrombosis belonging to cluster C2 and those who
did not experience thrombosis classified close to HD (convalescent
patients in cluster C1). The spheres are colored depending on the
gene fold change (Log2FC), as depicted in the figure. The pathways
associated with each MCODE are shown as donuts

suggesting the persistence of pathophysiological processes,
not only in patients who are still symptomatic but also those
without any “overt” sequelae. Finally, we identified a gene
expression profile associated with thrombosis that occurred
in a subgroup of convalescent COVID-19 patients.

We first confirmed a decrease in the frequency of periph-
eral T lymphocytes and a relative increase in the frequency
of central memory CD4% and activated effector CD8% T
cells until M3 [38]. Concomitantly, serum cytokine profil-
ing showed a balance between pro-inflammatory factors and
anti-inflammatory cytokines at M1 and M3. Remarkably, the
levels of markers of monocyte/macrophage and endothelial
activation, chemotaxis and hematopoietic cytokines, were
still elevated several months after acute infection.

Longitudinal follow-up showed changes in blood gene
expression, with marked dysregulation of the activation,
signaling, and aggregation of platelet homeostasis, tran-
scriptional regulation of granulopoiesis, and neutrophil
degranulation. Overall, dysregulation of these pathways was
common throughout the convalescent COVID-19 patient
population, emphasizing a “core signature,” with upregula-
tion of the RUNX1 pathway, which regulates the expression
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of many dysregulated genes [33, 39]. Of note, up to 78% of
these genes exhibit binding sites for this factor, highlight-
ing the important role of RUNX1 in the physiopathology of
COVID-19 [40].

Clinically, the persistence of pathophysiological pro-
cesses is illustrated by “emergency hematopoiesis” well
beyond clinical recovery, as illustrated by the upregulation
of key genes involved in the hematopoietic cell differentia-
tion of granulopoiesis, erythroid and megakaryocytic cell,
coagulation, platelet activation, and aggregation. These
results extend previous observations of abnormal hemat-
opoiesis during the convalescent stage of severe and acute
COVID-19 patients [12, 41].

Coagulopathy is an important cause of morbidity and
mortality among patients with COVID-19 [42, 43] and
SARS-CoV-2 induces endothelial disruption and vascular
thrombosis in histopathologic sections of lungs from autop-
sies of both humans and rhesus macaques infected with
SARS-CoV-2 [44]. Histological analysis of pulmonary ves-
sels in acute COVID-19 has shown widespread thrombosis
with microangiopathy [45, 46]. Relative to healthy controls,
we show persistent upregulation of genes involved in platelet
pro-coagulation activity and subsequent thrombin and fibrin
formation, as well as genes that mediate vVWF-dependent
platelet adhesion to blood vessels. Consistent with these
observations, a potential role of vVWF and complement acti-
vation in COVID-19-associated coagulopathy has been pro-
posed [47]. Our results provide a pathophysiological expla-
nation for the higher incident risk of deep vein thrombosis,
pulmonary embolism, bleeding, and ischemic cardiovascular
events among convalescent COVID-19 patients [48]. Inter-
estingly, a high relative incidence of vascular events was
observed soon after COVID-19 diagnosis that declined rap-
idly but incidence remains elevated up to 7 months after
COVID-19 diagnosis [49]. Our study extended this observa-
tion by confirming a persistent risk of vascular events and by
providing a pathophysiological profile of the convalescent
patients. These observations raise the question of the main-
tenance of prevention measures to avoid thromboembolism
events [50].

Elevated NET markers have been reported in the serum
of acute severe COVID-19 patients, associated with inflam-
matory cytokine release, coagulopathy, and respiratory
failure [51]. Here, we demonstrate that 6 months after
hospital discharge, convalescent patients still exhibit a
significant increase in the expression of genes of neutro-
phil degranulation, NET and alarmins [52], illustrating the
role of neutrophils in blood coagulation and thrombosis,
probably via interaction with both the injured endothelium
and fibrinogen [53-55]. Overall, our data underscore the
central role of the trio of platelets, neutrophils, and eryth-
rocytes in the disturbances observed in convalescent severe
COVID-19 patients.

@ Springer

We sought to characterize the gene expression profile
associated with thrombotic events by clustering analysis.
Despite a degree of heterogeneity, all convalescent patients
who experienced thrombosis were grouped within the same
cluster. This cluster was highly dominated by dysregulation
of the RUNX1 TF, neutrophil degranulation, and throm-
bin signaling pathways. Convalescent COVID-19 patients
who experienced thrombosis also showed upregulation of
hemoglobin complex and erythrocyte development genes,
as well as genes of platelet activation and blood coagula-
tion. It is now admitted that infections increase the risk of
thrombosis independently of the risk factors for thrombo-
embolic diseases [56]. Beside SARS-CoV-2, influenza and
cytomegalovirus can also enhance the risk of thrombosis.
The key factor that probably underlies the risk of thrombosis
is the level of inflammation induced by the infection, which
can activate platelets through different receptors, trigger-
ing aggregation and thrombi formation. Interestingly, the
hospitalized COVID-19 patients have significant higher
thrombosis incidence relative to hospitalized patients with
influenza [57]. This difference is probably due to a higher
pro-coagulant status induced in COVID-19 subsequent to the
activation of both platelets, neutrophils and erythrocytes as
confirmed in our study.

The reasons for the persistence of dysregulation after
clinical recovery are not obvious but suggest a continuous
pathophysiological process both in patients who are still
symptomatic and those without any “overt” clinical seque-
lae [58—62]. The mechanism behind this phenomenon is still
unknown, although several hypotheses have been suggested,
such as viral reactivation and/or persistent viral reservoirs
or antigens [63, 64]. In addition, we show high expression
of markers that suggest a lack of integrity in the intestinal
barrier and ongoing tissue repair in convalescent COVID-19
patients, suggesting the persistence of a pathological phe-
nomenon at the mucosal level [65].

Our study had several limitations. Because of the limi-
tations in sampling, all assays were not performed in the
global cohort and a limited number of patients were sampled
at M1, M3, and M6. Furthermore, the convalescent patients
were not perfectly matched in age and gender with healthy
donors. Indeed, convalescent patients and healthy donors
were of 66% and 100% males with mean age of 59 and
35 years, respectively. Another limitation of this study is the
possible heterogeneity with regard to the time from initial
infection by SARS-Cov-2, the duration of hospitalization,
and the severity of the disease. In this study, we followed
mostly hospital patients who experienced severe COVID-19.
It will be informative to investigate whether certain immune
and transcriptomic signatures are reproducibly identified in
moderate COVID-19 patients.

In conclusion, we describe a complex pathophysiological
process in which both severe mediators of tissue injury and
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thrombotic complications and mechanisms for the control of
a hyperinflammatory state coexist in patients who are still
symptomatic (50% of our cohort) and those without overt
symptoms. Our results suggest the persistence of activation
of neutrophils and disturbance of the coagulation pathway
in many convalescent COVID-19 patients. Hence, conva-
lescent sever COVID-19 patients who experienced throm-
botic events during the acute phase of the disease show an
upregulation of genes involved in neutrophil activation,
platelet, and blood coagulation. The lack of restoration of
gene expression to a normal profile after up to 6 months of
follow-up indicates the need to carefully extend their clinical
follow-up and propose preventive measures.
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