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ORIGINAL ARTICLE
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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 RUNX1 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 Charité 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-1β, RANTES/
CCL5, CCL11/Eotaxin, CCL19/MIP-3β, CCL20/MIP-3α, 
CD40Ligand, Fractalkine/CX3CL1, CXCL10/IP-10, EGF, 
Flt-3 Ligand, Granzyme B, IL-1ra, IL-6, IL-7, IL-8/CXCL8, 
IL-10, IL-15, PD-L1/B7-H1, TNF-α, 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:// metas cape. 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 

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- proje ct. 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 

https://metascape.org
http://string-db.org
https://www.R-project.org/
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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-3β, IL-7, VEGF, 
EGF, and CCL5) 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 (iFABP), 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 

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 naïve 
 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  (CD38+HLA-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) 

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, 

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 covid19 patients at 
M1 (left, dark-grey), M3 (middle, middle-grey), and M6 (right, light-
grey) time points
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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 GATA1). Others are involved in 
erythrocyte and platelet differentiation and activation, such as 
ALAS2, GP1BB, 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 M1 
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, GATA1, GATA2, and KLF1), as well as 
genes belonging to GP1b-IX-V activation (GP1BB, GP9, and 
GP1BA). Of note, the GP1b-IX-V complex is a platelet receptor 
that mediates the initial interaction with subendothelial vWF 
which levels were elevated in COVID-19 patients [31]. The 

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 

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 

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 (S100A9, DEFA1B, A1BG, MMP9, 
PPBP, SIGLEC5, and SIGLEC9). 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 RUNX1 signaling in the regulation 
of megakaryocyte and erythroid differentiation, and plate-
let function (GATA1, SPI1, ZFPM1, and TAL1) [32–35] 
(Fig. 3A). Importantly, this network included the upregu-
lation of GP1BA, 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 vWF-dependent platelet adhesion to blood vessels [36, 
37]. Concomitantly, network 3 (Fig. 3C) was enriched for the 

expression of genes of the hemoglobin complex and glyco-
phorin (HBB, KLF1, SLC4A1, AHSP, RHAG, and SPTA1). 
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 S6F). 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 
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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 (GP1BB, GP1BA). 
A second cluster consisted of upregulated genes regulated 
by RUNX1 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. 5A). 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 (S100A9, 
ARG1, ELANE, C5AR1, and FCGR3B), and in the hemo-
globin and erythrocyte development (ALAS2, GATA2, HBB, 
HBD, HBG1, HBA1HBQ1, and AHSP). The second cluster 
(Fig. 5D) corresponded to neutrophil degranulation, with an 
upregulation of S100A8, S100A12, SPI1, TYROBP, FGR, 
FCGR1A, 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, DEFA1B, DEFA3, 
DEFA1, MPO, LTF, MMP8, and MMP9) and to coagulation 
(GP6, GP9, GP1BA, PF4, CLEC1B, and THBD). Overall, 

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 

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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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, 

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 

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 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
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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 vWF-dependent 
platelet adhesion to blood vessels. Consistent with these 
observations, a potential role of vWF 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.

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.

The French COVID cohort study group

Laurent  ABEL11, Amal  ABROUS12, Claire  ANDREJAK13, 
François  ANGOULVANT14, Delphine  BACHELET15, 
Marie  BARTOLI16, Sylvie  BEHILILL17, Marine 
 BELUZE18, Krishna  BHAVSAR15, Anissa  CHAIR15, 
Charlotte  CHARPENTIER15, Léo  CHENARD15, Cathe-
rine  CHIROUZE19, Sandrine COUFFIN-CADIERGUES12, 
Camille  COUFFIGNAL15, Nathalie DE  CASTRO20, Marie-
Pierre DEBRAY 15, Dominique  DEPLANQUE21, Diane 
 DESCAMPS15, Alpha  DIALLO16, Fernanda DIAS DA 
 SILVA12, Céline  DORIVAL22, Xavier  DUVAL15, Philip-
pine  ELOY15, Vincent  ENOUF17, Hélène  ESPEROU12, 
Marina ESPOSITO-FARESE15, Manuel  ETIENNE23, 
Aline-Marie  FLORENCE15, Alexandre  GAYMARD24, 
Tristan  GIGANTE25, Morgane  GILG25, François 
 GOEHRINGER26, Jérémie  GUEDJ27, Ikram  HOUAS12, 
Isabelle  HOFFMANN15, Jean-Sébastien  HULOT28, 
Salma JAAFOURA 12, Simon  JAMARD29, Ouifiya 
 KAFIF15, Antoine  KHALIL15, Nadhem  LAFHEJ15, Samira 
 LARIBI15, Minh  LE15, Quentin LE HINGRAT 15, Soizic 
LE  MESTRE16, Sophie  LETROU15, Bruno  LINA24, Guil-
laume  LINGAS30, Denis  MALVY31, France MENTRÉ15, 
Hugo  MOUQUET17, Nadège  NEANT17, Christelle  PAUL16, 
Aurélie  PAPADOPOULOS12, Ventzislava PETROV-
SANCHEZ16, Gilles  PEYTAVIN15, Valentine  PIQUARD15, 
Olivier  PICONE32, Manuel ROSA-CALATRAVA24, Béné-
dicte  ROSSIGNOL25, Patrick  ROSSIGNOL26, Carine 
 ROY15, Marion  SCHNEIDER15, Coralie  TARDIVON15, 
Jean-François  TIMSIT15, Sarah  TUBIANA15, Sylvie VAN 
DER  WERF17, Benoit VISSEAUX.15

11 Inserm UMR 1163, Paris, France.
12 Inserm sponsor, Paris, France.
13 Service de pneumologie et réanimation respiratoire, 
CHU Amiens, France.
14 Hôpital Necker, Paris, France.
15 Hôpital Bichat, Paris, France.

16 ANRS-MIE, Paris, France.
17 Pasteur Institute, Paris, France.
18 F-CRIN Partners Platform, Paris, France.
19 CHRU Jean Minjoz, Besançon, France.
20 Hôpital Saint Louis, Paris, France.
21 Hôpital Calmette, Lille, France.
22 Inserm UMR 1136, Paris, France.
23 CHU Rouen, France.
24 Inserm UMR 1111, Lyon, France.
25 F-CRIN INI-CRCT, Nancy, France.
26 CHU Nancy, France.
27 Inserm UMR 1137, Paris, France.
28 Hôpital Européen Georges Pompidou, Paris, France.
29 Hôpital Bretonneau, Tours, France.
30 Inserm UMR 1137, Paris, France.
31 CHU Bordeaux, France.
32 Hôpital Louis Mourier, Colombes, France.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10875- 023- 01459-x.

Acknowledgements We thank the patients who donated their blood. 
We also thank F. Mentre, S. Tubiana, the French COVID cohort, and 
REACTing (REsearch & ACtion emergING infectious diseases) for 
cohort management. We thank the scientific advisory board of the 
French COVID-19 cohort, composed of Dominique Costagliola, Astrid 
Vabret, Hervé Raoul, and Laurence Weiss. Members of the French 
COVID study group and their affiliations.

Author Contribution YL, HH, and AW designed the study. AW, MCG, 
CLa, LB, and JG participated in sample and clinical data collection. 
CL, PT, EF, MS, SC, LG, and CK performed the experiments. HH, 
YL, AW, MP, CF, and FB analyzed and interpreted the data. GP and 
RT provided critical input for the revision of the manuscript. HH, YL, 
and AW drafted the first version and wrote the final version of the 
manuscript. All authors approved the final version.

Funding This work was supported by INSERM and the Investisse-
ments d’Avenir program, the Vaccine Research Institute (VRI), man-
aged by the ANR under reference ANR-10-LABX-77–01, and the 
CARE project, funded from the Innovative Medicines Initiative 2 
Joint Undertaking (JU) under grant agreement No 101005077. The JU 
receives support from the European Union’s Horizon 2020 research 
and innovation program, the EFPIA, and the Bill & Melinda Gates 
Foundation, Global Health Drug Discovery Institute, University of 
Dundee. The French COVID Cohort is funded through the Ministry of 
Health and Social Affairs and the Ministry of Higher Education and 
Research dedicated to COVID-19 funding and PHRC n°20–0424 and 
the REACTing consortium. Funding sources were not involved in the 
study design, data acquisition, data analysis, data interpretation, or 
writing of the manuscript.

Data Availability RNA-sequencing data that support the findings of 
this study have been deposited in the Gene Expression Omnibus (GEO) 
repository with the accession codes GSE227116. The hg19 human 
reference genome can be found in the NCBI database.

Declarations 

Ethical Approval The study protocol was approved by the French Ethics 
Committee CPP-Ile-de-France VI (ID RCB: 2020-A00256-33) on February 

https://doi.org/10.1007/s10875-023-01459-x


892 Journal of Clinical Immunology (2023) 43:882–893

1 3

5, 2020. Prospective French COVID cohort is registered at clinicaltrials.
gov NCT04262921.

Consent for Publication The authors consent to publish the content of 
this original report.

Conflict of Interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Raveendran AV, Jayadevan R, Sashidharan S. Long COVID: an 
overview. Diabetes Metab Syndr. 2021;15(3):869–75.

 2. Wilk AJ, Rustagi A, Zhao NQ, Roque J, Martínez-Colón GJ, 
McKechnie JL, et  al. A single-cell atlas of the peripheral 
immune response in patients with severe COVID-19. Nat Med. 
2020;26(7):1070–6.

 3. Silvin A, Chapuis N, Dunsmore G, Goubet AG, Dubuisson A, 
Derosa L, et al. Elevated calprotectin and abnormal myeloid 
cell subsets discriminate severe from mild COVID-19. Cell. 
2020;182(6):1401-18.e18.

 4. Lucas C, Wong P, Klein J, Castro TBR, Silva J, Sundaram M, 
et al. Longitudinal analyses reveal immunological misfiring in 
severe COVID-19. Nature. 2020;584(7821):463–9.

 5. Lévy Y, Wiedemann A, Hejblum BP, Durand M, Lefebvre C, 
Surénaud M, et al. CD177, a specific marker of neutrophil acti-
vation, is associated with coronavirus disease 2019 severity and 
death. iScience. 2021;24(7):102711.

 6. Veras FP, Pontelli MC, Silva CM, Toller-Kawahisa JE, de 
Lima M, Nascimento DC, et al. SARS-CoV-2-triggered neu-
trophil extracellular traps mediate COVID-19 pathology. J Exp 
Med. 2020;217(12):e20201129.

 7. Panda R, Castanheira FV, Schlechte JM, Surewaard BG, Shim 
HB, Zucoloto AZ, et al. A functionally distinct neutrophil land-
scape in severe COVID-19 reveals opportunities for adjunctive 
therapies. JCI insight. 2022;7(2):e152291.

 8. Skendros P, Mitsios A, Chrysanthopoulou A, Mastellos 
DC, Metallidis S, Rafailidis P, et  al. Complement and tis-
sue factor-enriched neutrophil extracellular traps are key 
drivers in COVID-19 immunothrombosis. J Clin Investig. 
2020;130(11):6151–7.

 9. Uzun G, Pelzl L, Singh A, Bakchoul T. Immune-mediated 
platelet activation in COVID-19 and vaccine-induced 
immune thrombotic thrombocytopenia. Front Immunol. 
2022;13:837629.

 10. Giamarellos-Bourboulis EJ, Netea MG, Rovina N, Akinosoglou 
K, Antoniadou A, Antonakos N, et al. Complex immune dysregu-
lation in COVID-19 patients with severe respiratory failure. Cell 
Host Microbe. 2020;27(6):992-1000.e3.

 11. Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, et al. Clinical fea-
tures of patients infected with 2019 novel coronavirus in Wuhan, 
China. Lancet. 2020;395(10223):497–506.

 12. Wang X, Wen Y, Xie X, Liu Y, Tan X, Cai Q, et al. Dysregulated 
hematopoiesis in bone marrow marks severe COVID-19. Cell 
Discov. 2021;7(1):60.

 13. Braun J, Loyal L, Frentsch M, Wendisch D, Georg P, Kurth 
F, et al. SARS-CoV-2-reactive T cells in healthy donors and 
patients with COVID-19. Nature. 2020;587(7833):270–4.

 14. Sekine T, Perez-Potti A, Rivera-Ballesteros O, Strålin K, Gorin 
JB, Olsson A, et al. Robust T cell immunity in convalescent 
individuals with asymptomatic or mild COVID-19. Cell. 
2020;183(1):158-68.e14.

 15. Swadling L, Maini MK. T cells in COVID-19 - united in diver-
sity. Nat Immunol. 2020;21(11):1307–8.

 16. Ni L, Ye F, Cheng ML, Feng Y, Deng YQ, Zhao H, et al. Detection 
of SARS-CoV-2-specific humoral and cellular immunity in COVID-
19 convalescent individuals. Immun. 2020;52(6):971-7.e3.

 17. Cervia C, Zurbuchen Y, Taeschler P, Ballouz T, Menges D, 
Hasler S, et al. Immunoglobulin signature predicts risk of post-
acute COVID-19 syndrome. Nat Commun. 2022;13(1):446.

 18. Arunachalam PS, Wimmers F, Mok CKP, Perera R, Scott M, 
Hagan T, et al. Systems biological assessment of immunity 
to mild versus severe COVID-19 infection in humans. Sci. 
2020;369(6508):1210–20.

 19. Kared H, Redd AD, Bloch EM, Bonny TS, Sumatoh 
H, Kairi F, et  al. SARS-CoV-2-specific CD8+ T cell 
responses in convalescent COVID-19 individuals.  J Clin 
Investig. 2021;131(5):e145476.

 20. Yazdanpanah Y. Impact on disease mortality of clinical, biological, 
and virological characteristics at hospital admission and overtime in 
COVID-19 patients. J Med Virol. 2021;93(4):2149–59.

 21. Fenwick C, Turelli P, Perez L, Pellaton C, Esteves-Leuenberger 
L, Farina A, et al. A highly potent antibody effective against 
SARS-CoV-2 variants of concern. Cell Rep. 2021;37(2):109814.

 22. Ferretti AP, Kula T, Wang Y, Nguyen DMV, Weinheimer 
A, Dunlap GS, et al. Unbiased screens show CD8(+) T cells 
of COVID-19 patients recognize shared epitopes in SARS-
CoV-2 that largely reside outside the spike protein. Immun. 
2020;53(5):1095-107.e3.

 23 Gauthier M, Agniel D, Thiébaut R, Hejblum BP. dearseq: a vari-
ance component score test for RNA-seq differential analysis that 
effectively controls the false discovery rate. NAR Genomics Bio-
informa. 2020;2(4):1qaa093.

 24. Zhou Y, Zhou B, Pache L, Chang M, Khodabakhshi AH, Tan-
aseichuk O, et  al. Metascape provides a biologist-oriented 
resource for the analysis of systems-level datasets. Nat Commun. 
2019;10(1):1523.

 25. Wickham H. ggplot2: Elegant Graphics for Data Analysis. New 
York: Springer-Verlag; 2016.

 26. Szklarczyk D, Gable AL, Lyon D, Junge A, Wyder S, Huerta-
Cepas J, et al. STRING v11: protein-protein association net-
works with increased coverage, supporting functional discov-
ery in genome-wide experimental datasets. Nucleic Acids Res. 
2019;47(D1):D607–13.

 27. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, et al. 
Cytoscape: a software environment for integrated models of biomo-
lecular interaction networks. Genome Res. 2003;13(11):2498–504.

 28. Bader GD, Hogue CW. An automated method for finding molecu-
lar complexes in large protein interaction networks. BMC Bioin-
formatics. 2003;4:2.

 29. Brock G, Pihur V, Datta S, Datta S. clValid: an R package for 
cluster validation. J Stat Softw. 2008;25(4):1–22.

 30. Kassambara A, Mundt F. Extract and Visualize the Results of 
Multivariate Data Analyses. R Package Version 1.0.7. 2020: 
https:// CRAN.R- proje ct. org/ packa ge= facto extra.

http://creativecommons.org/licenses/by/4.0/
https://CRAN.R-project.org/package=factoextra


893Journal of Clinical Immunology (2023) 43:882–893 

1 3

 31. Ruberto F, Chistolini A, Curreli M, Frati G, Marullo AGM, 
Biondi-Zoccai G, et al. Von Willebrand factor with increased bind-
ing capacity is associated with reduced platelet aggregation but 
enhanced agglutination in COVID-19 patients: another COVID-19 
paradox? J Thromb Thrombolysis. 2021;52(1):105–10.

 32. Vagapova ER, Spirin PV, Lebedev TD, Prassolov VS. The role 
of TAL1 in hematopoiesis and leukemogenesis. Acta Naturae. 
2018;10(1):15–23.

 33. Kuvardina ON, Herglotz J, Kolodziej S, Kohrs N, Herkt S, 
Wojcik B, et al. RUNX1 represses the erythroid gene expres-
sion program during megakaryocytic differentiation. Blood. 
2015;125(23):3570–9.

 34. Elagib KE, Racke FK, Mogass M, Khetawat R, Delehanty LL, 
Goldfarb AN. RUNX1 and GATA-1 coexpression and cooperation 
in megakaryocytic differentiation. Blood. 2003;101(11):4333–41.

 35. Mancini E, Sanjuan-Pla A, Luciani L, Moore S, Grover A, 
Zay A, et al. FOG-1 and GATA-1 act sequentially to specify 
definitive megakaryocytic and erythroid progenitors. EMBO J. 
2012;31(2):351–65.

 36. Denorme F, Vanhoorelbeke K, De Meyer SF. von Willebrand fac-
tor and platelet glycoprotein Ib: a thromboinflammatory axis in 
stroke. Front Immunol. 2019;10:2884.

 37. Levi M. COVID-19 coagulopathy vs disseminated intravascular 
coagulation. Blood Adv. 2020;4(12):2850.

 38. Fathi N, Rezaei N. Lymphopenia in COVID-19: therapeutic 
opportunities. Cell Biol Int. 2020;44(9):1792–7.

 39. Kellaway SG, Coleman DJL, Cockerill PN, Raghavan M, Bonifer 
C. Molecular basis of hematological disease caused by inherited 
or acquired RUNX1 mutations. Exp Hematol. 2022;111:1–12.

 40. O’Hare M, Amarnani D, Whitmore HAB, An M, Marino C, 
Ramos L, et al. Targeting runt-related transcription factor 1 pre-
vents pulmonary fibrosis and reduces expression of severe acute 
respiratory syndrome Coronavirus 2 host mediators. Am J Pathol. 
2021;191(7):1193–208.

 41. Lippi G, Plebani M, Henry BM. Thrombocytopenia is associated 
with severe coronavirus disease 2019 (COVID-19) infections: a 
meta-analysis. Clin Chim Acta; Int J Clin Chem. 2020;506:145–8.

 42. Al-Samkari H, Karp Leaf RS, Dzik WH, Carlson JCT, Fogerty 
AE, Waheed A, et al. COVID-19 and coagulation: bleeding and 
thrombotic manifestations of SARS-CoV-2 infection. Blood. 
2020;136(4):489–500.

 43. Bongiovanni D, Klug M, Lazareva O, Weidlich S, Biasi M, Ursu 
S, et al. SARS-CoV-2 infection is associated with a pro-throm-
botic platelet phenotype. Cell Death Dis. 2021;12(1):50.

 44. Aid M, Busman-Sahay K, Vidal SJ, Maliga Z, Bondoc S, Starke 
C, et al. Vascular disease and thrombosis in SARS-CoV-2-infected 
rhesus macaques. Cell. 2020;183(5):1354-66.e13.

 45. Ackermann M, Verleden SE, Kuehnel M, Haverich A, Welte T, 
Laenger F, et al. Pulmonary vascular endothelialitis, thrombosis, 
and angiogenesis in Covid-19. N Engl J Med. 2020;383(2):120–8.

 46. Nicolai L, Leunig A, Brambs S, Kaiser R, Weinberger T, Weigand 
M, et al. Immunothrombotic dysregulation in COVID-19 pneumo-
nia is associated with respiratory failure and coagulopathy. Circ. 
2020;142(12):1176–89.

 47. Goshua G, Pine AB, Meizlish ML, Chang CH, Zhang H, Bahel 
P, et al. Endotheliopathy in COVID-19-associated coagulopathy: 
evidence from a single-centre, cross-sectional study. Lancet Hae-
matol. 2020;7(8):e575–82.

 48. Katsoularis I, Fonseca-Rodríguez O, Farrington P, Jerndal H, 
Lundevaller EH, Sund M, et al. Risks of deep vein thrombosis, 
pulmonary embolism, and bleeding after covid-19: nationwide 
self-controlled cases series and matched cohort study. BMJ. 
2022;377:e069590.

 49. Knight R, Walker V, Ip S, Cooper JA, Bolton T, Keene S, et al. 
Association of COVID-19 with major arterial and venous 

thrombotic diseases: a population-wide cohort study of 48 mil-
lion adults in England and Wales. Circ. 2022;146(12):892–906.

 50. Connors JM, Levy JH. COVID-19 and its implications for throm-
bosis and anticoagulation. Blood. 2020;135(23):2033–40.

 51. Zuo Y, Yalavarthi S, Shi H, Gockman K, Zuo M, Madison 
JA, et  al. Neutrophil extracellular traps in COVID-19.  JCI 
insight. 2020;5(11):e138999.

 52. Mócsai A, Abram CL, Jakus Z, Hu Y, Lanier LL, Lowell CA. 
Integrin signaling in neutrophils and macrophages uses adaptors 
containing immunoreceptor tyrosine-based activation motifs. Nat 
Immunol. 2006;7(12):1326–33.

 53. Shi Y, Gauer JS, Baker SR, Philippou H, Connell SD, Ariëns 
RAS. Neutrophils can promote clotting via FXI and impact clot 
structure via neutrophil extracellular traps in a distinctive manner 
in vitro. Sci Rep. 2021;11(1):1718.

 54. Kapoor S, Opneja A, Nayak L. The role of neutrophils in throm-
bosis. Thromb Res. 2018;170:87–96.

 55. Iliadi V, Konstantinidou I, Aftzoglou K, Iliadis S, Konstan-
tinidis TG, Tsigalou C. The emerging role of neutrophils 
in the pathogenesis of thrombosis in COVID-19.  Int J Mol 
Sci. 2021;22(10):5368.

 56. Beristain-Covarrubias N, Perez-Toledo M, Thomas MR, Hender-
son IR, Watson SP, Cunningham AF. Understanding infection-
induced thrombosis: lessons learned from animal models. Front 
Immunol. 2019;10:2569.

 57. Stals MAM, Grootenboers M, van Guldener C, Kaptein FHJ, 
Braken SJE, Chen Q, et al. Risk of thrombotic complications 
in influenza versus COVID-19 hospitalized patients. Res Pract 
Thromb Haemost. 2021;5(3):412–20.

 58. Liu WD, Chang SY, Wang JT, Tsai MJ, Hung CC, Hsu CL, et al. 
Prolonged virus shedding even after seroconversion in a patient 
with COVID-19. J Infect. 2020;81(2):318–56.

 59. van Kampen JJA, van de Vijver D, Fraaij PLA, Haagmans 
BL, Lamers MM, Okba N, et al. Duration and key determi-
nants of infectious virus shedding in hospitalized patients 
with coronavirus disease-2019 (COVID-19). Nat Commun. 
2021;12(1):267.

 60. Folgueira MD, Luczkowiak J, Lasala F, Pérez-Rivilla A, Del-
gado R. Prolonged SARS-CoV-2 cell culture replication in 
respiratory samples from patients with severe COVID-19. Clin 
Microbiol Infect : Off Publ Eur Soc Clin Microbiol Infect Dis. 
2021;27(6):886–91.

 61. Havervall S, Rosell A, Phillipson M, Mangsbo SM, Nilsson P, 
Hober S, et al. Symptoms and functional impairment assessed 8 
months after mild COVID-19 among health care workers. JAMA. 
2021;325(19):2015–6.

 62. Phetsouphanh C, Darley DR, Wilson DB, Howe A, Munier CML, 
Patel SK, et al. Immunological dysfunction persists for 8 months 
following initial mild-to-moderate SARS-CoV-2 infection. Nat 
Immunol. 2022;23(2):210–6.

 63. Alhusseini LB, Yassen LT, Kouhsari E, Al Marjani MF. Persis-
tence of SARS-CoV-2: a new paradigm of COVID-19 manage-
ment. Ann Ig. 2021;33(5):426–32.

 64. Patterson BK, Francisco EB, Yogendra R, Long E, Pise A, Rod-
rigues H, et al. Persistence of SARS CoV-2 S1 protein in CD16+ 
monocytes in post-acute sequelae of COVID-19 (PASC) up to 15 
months post-infection. Front Immunol. 2021;12:746021.

 65. Vanella G, Capurso G, Burti C, Fanti L, Ricciardiello L, Souza 
Lino A, et al. Gastrointestinal mucosal damage in patients with 
COVID-19 undergoing endoscopy: an international multicentre 
study. BMJ Open Gastroenterol. 2021;8(1):e000578.

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Neutrophil Activation and Immune Thrombosis Profiles Persist in Convalescent COVID-19
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Participants
	Quantification of Serum Biomarkers, Anti-SARS-CoV-2 Spike Antibody, and Pseudo-Neutralization Assay.
	RNA Extraction, Library Preparation, and Sequencing.
	Differential Gene Expression Analysis
	Construction of the Protein–Protein Interaction (PPI) Network and Molecular Complex Detection (MCODE)
	Clustering of Convalescent Severe COVID-19 Patients and Healthy Donors
	Statistics

	Results
	Participants
	Overview of Serum Biomarkers and Cellular and Humoral Characteristics of Convalescent COVID-19 Patients
	Changes in Whole Blood Gene Expression in Convalescent COVID-19 Patients Relative to HD
	Characterization of a “Core Signature” of Gene Expression in Convalescent COVID-19 Patients
	Gene Expression Profile Associated with Thrombosis in Convalescent Severe COVID-19 Patients

	Discussion
	The French COVID cohort study group
	Anchor 24
	Acknowledgements 
	References


