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Abstract The pandemic of COVID-19 caused by SARS-CoV-2 has made serious threats to the
public health. Antibodies have been considered as promising therapeutics for the prevention
and treatment of pathogens. So far, effectors that can influence the sustainability of SARS-
CoV-2 specific antibodies in COVID-19 patients are still unclear. In this paper, we attempted
to find potential key factors correlated with SARS-CoV-2 specific antibodies. Transcriptional
analysis with the peripheral blood mononuclear cells (PBMCs) revealed proportional changes
of immune cell subsets in COVID-19 convalescent patients, including a substantial decrease
of monocytes and evident increase of dendritic cells (DCs). Moreover, we found that the gene
expressions of chemokines associated with monocyte/macrophage were significantly up-
regulated during the COVID-19 recovery phase. Most importantly, we found a set of 27 immune
genes corresponding to a comparatively lower amount of SARS-CoV-2 specific antibodies, and
identified two hub genes, IL1b and IL6, the protein expressions of which exhibited negative
correlation with the immunoglobulin G (IgG) levels in COVID-19 convalescent sera. In addition,
we found that high expressions of these 2 hub genes during the convalescent stage were
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negatively associated with the plasma cell marker CD138. Our study presented two key inflam-
matory factors correlated to the low level of SARS-CoV-2 specific antibodies, which indicated
the potential regulatory process of plasmatic antibodies levels in some COVID-19 convalescent
patients.
Copyright ª 2020, Chongqing Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
Introduction

Pandemic outbreak of COVID-19, caused by severe acute
respiratory syndrome-coronavirus-2 (SARS-CoV-2), has
become a global threat to the society with its intense
infectivity.1e3 Antibody responses will provide protection
from SARS-CoV-2 infection,4 which have aroused extensive
attention of researchers. Recently, the validity duration of
SARS-CoV-2 specific antibodies in COVID-19 patients have
sparked widespread controversy. Several studies showed
that the levels of IgG and neutralizing antibodies in a high
proportion of individuals who recovered from SARS-CoV-2
infection started to decrease within 2e3 months after
infection.5e8 Moreover, cases of reinfection with SARS-CoV-
2 also raised the concerns of how long the antibodies could
provide effective protection.9 However, some other studies
indicated that the levels of antibodies against SARS-CoV-2
sustained for at least 4 months post-infection.10,11 More
information is needed to understand the validity duration
of effective protection of neutralizing antibodies against
SARS-CoV-2. Therefore, it is important to search for the key
factors correlated with the levels of SARS-CoV-2 specific
neutralizing antibodies in COVID-19 patients. Some studies
focused on the duration of antibodies responses to influ-
enza A virus or hepatitis E virus, however, no definite reg-
ulatory mechanism of antibodies was proposed.12,13

Recently, interleukin 6 (IL6) was showed to have impact
on antibodies-secreting B cells in Salmonella infected mice,
which shed some light on potential correlation between
cytokines and antibody production.14

In this study, we compared the proportions of various
immune cell subsets, the expressions of immune genes and
the amount of SARS-CoV-2 specific antibodies in the PBMCs
of COVID-19 patients. With WGCNA (Weighted correlation
network analysis) and Gene Ontology (GO) enrichment an-
alyses, we identified 2 hub genes associated with the low
level of SARS-CoV-2 specific antibodies. The findings of this
study provided updated knowledge for understanding the
regulation process of functional antibodies (Abs) against
SARS-CoV-2 in patients, and for potential optimizations of
the vaccine development for COVID-19.
Materials and methods

Study design and ethics statement

This study was designed to explore potential factors asso-
ciated with the amount of functional antibodies against
SARS-CoV-2 in COVID-19 convalescent patients. A total of 15
peripheral blood samples from COVID-19 patients of various
ages and disease severity, from Chongqing Medical Univer-
sity affiliated Yongchuan Hospital, were enclosed for the
bulk ribonucleic acid sequencing (RNA-Seq). The detailed
patients’ information was described in Table S1. For com-
parison, blood samples from 3 healthy donors were
collected in Chongqing Medical University. The informed
consent was obtained from all patients and healthy donors
in this study.

PBMCs preparation and RNA extraction

The PBMCs were separated by Ficoll density gradient
centrifugation method. Each peripheral blood sample
(approximately 5 ml) was diluted with Phosphate-Buffered
Saline (PBS) at 1:1 ratio, and then transferred to a Ficoll
tube which contained 15 ml Ficoll buffer (PBS with 2% Fetal
Bovine Serum). Samples were centrifuged at 1200�g for
10 min at room temperature (RT), and the supernatants
were quickly transferred to a new 15 ml centrifuge tube,
with fresh PBS added up to 15 ml. Then, samples were
centrifuged at 300�g for 10 min at RT, and the pellets were
washed twice with 10 ml PBS and again centrifuged at
300�g for 10 min to collect PBMCs. Total RNAs of PBMCs
were extracted using TRIzol reagent (Life Technologies)
according to the manufacturer’s instruction.

RNA-seq NEB library

The first strand of cDNA was synthesized using the M-MULV
reverse transcriptase system. Endogenous RNAs were
degraded by RNaseH, and the second strand was synthe-
sized by DNA polymerase I with dNTPs. After purification,
double-stranded cDNA was repaired at the end, followed by
the addition of a tail and the connection of sequencing
adapters. AMPure XP beads were used to screen cDNAs. PCR
amplification was performed and the PCR products of
AMPure XP beads were again used to purify each cDNA. The
shot-gun libraries were sequenced on an Illumina Novaseq
6000 and paired-end reads with 150 bp were generated.

Enzyme-linked immunosorbent assay (ELISA)

Recombinant spike protein 1 (S1) of SARS-CoV-2 (2 mg/ml,
Sino Biological, Beijing, China) were coated on 384-well
plates (Corning Costar), and incubated at 4 �C ovnernight.
Then the plates were blocked with the blocking buffer (PBS
with 5% BSA) at 37 �C for 1 h, and subsequently added with
serially diluted monoclonal antibodies (10-fold dilutions,
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from 10 mg/ml to 10 pg/ml). After 30 min incubation at
37 �C, the plates were washed 5 times and incubated with
goat anti-human IgG (H þ L) antibody conjugated with ALP
(Thermo Fisher, a18808, 1:5000) for 30 min at 37 �C. For the
quantification of bound IgG, 1 mg/ml PNPP (Thermo Fisher)
was added and the absorbance at 405 nm was measured by
the MultiSkan GO fluoro-microplate reader (Thermo Fisher).

Data analysis

Trimmomatic was used for the pre-processing of the raw
RNA-Seq reads. Clean reads were mapped to human refer-
ence genome sequences (GRCh38) using HISAT2 with the
GRCh38/V34 annotation file on gencode (https://www.
gencodegenes.org/human/). Reads count matrix was
obtained by using featureCount, then differentially
expression gene analysis was completed with R packages
DEseq2 in R v3.6.3, following the standard analysis
process (|log (FC)| >2 and false discovery rate P
value < 0.05). WGCNA was finished with R package
WGCNA, which was used to describe the gene association
modes among different samples. Gene Ontology (GO)
enrichment analysis was implemented by the
clusterProfiler R package, in which gene length bias was
corrected. GO terms with corrected P value less than 0.05
were considered significantly enriched by differential
expressed genes. Correlation analysis was implemented
with R package psych and corplot. CIBERSORTx (https://
cibersortx.stanford.edu) is used to impute gene
expression profiles and provide an estimation of the
abundances of various cell types in a mixed cell
population, using gene expression data.

Data access

Raw RNA-Seq data of the PBMCs from 3 COVID-19 patients,
15 COVID19 convalescent patients and 3 healthy donors
were already deposited in the Genome Sequence Archive in
BIG Data Center (https://bigd.big.ac.cn/) under the
accession number: CRA002390 and HRA000520. Raw data
of the PBMCs from 6 influenza A convalescent patients
and those from 6 HCV convalescent patients were
download from the NCBI GEO datasets under the
accession number: GSE114588 and GSE119117.

Result

Changes of immune cell subsets in COVID-19
patients

PBMCs samples from 15 COVID-19 convalescent patients
(C1eC15) and 3 healthy donors (H1eH3) were separately
applied for RNA-Seq. The detailed patients’ information
was described in Table S1. For comparison, RNA-Seq data
from the PBMCs samples of 3 COVID-19 acute patients
(P1eP3) were downloaded from the BIG Data Center.15

After the differential gene expression analysis, we adapt-
ed a digital cytometry method16,17 (CIBRSORTx) to delin-
eate the transcriptome matrix and translated it into the
abundances of immune cell subsets in the PBMCs of
different groups. As shown in Fig. 1A, the proportion of
monocytes in the PBMCs from COVID-19 convalescent pa-
tients was lower than that from COVID-19 acute patients or
from health donors, whereas the proportions of dendritic
cells (DCs) increased drastically in the COVID-19 convales-
cent group, compared with the other two groups. In order
to determine whether it was a unique immune response to
SARS-CoV-2 infection, we enclosed additional RNA-Seq data
from the PBMCs of influenza A convalescent patients (I1eI6)
and hepatitis C Virus (HCV) convalescent patients (V1eV6),
from the NCBI GEO datasets.18,19 The RNA-Seq data of 3
additional health donors (H4eH6) from the BIG Data Cen-
ter15 was included. Comparative analysis revealed that the
increase of the DC proportions, including both activated
DCs and resting DCs, and the sharp decrease of the mono-
cyte proportion were specific in COVID-19 convalescent
patients (Fig. 1B). Meanwhile, we found that the proportion
of regulatory T cells (Tregs) was elevated in the convales-
cent PBMCs of the SARS-CoV-2 and the HCV sets, indicating
an induction of suppressive responses to these infections
during the convalescent stages.
The specific clusters of up-regulated immune genes
in COVID-19 convalescent patients

Following the standardized process of differential gene
expressions analysis with R package DESeq2, we performed
paired comparison of the immune gene profiles between
the health donor (HD) group and the groups of COVID-19,
influenza or HCV convalescent patients. Specially, we
selected immune genes, as listed in the Immport database
immune gene set,20 from differentially expressed genes
(DEGs) of individual disease group. Compared to the HD
group, the numbers of immune DEGs were 97, 121 and 236
in the influenza, COVID-19 and HCV group, respectively
(Fig. 2A). We found that only 11 immune DEGs were shared
by all three groups, and the majority of differentially
expressed immune genes were rather specific to the type of
infection (Fig. 2A). Next, we screened the 64 immune DEGs
with significantly altered expressions in the PBMCs of
COVID-19 convalescents (|log (FC)| > 4 and P
value < 0.01), and ranked them according to the log (FC)
values. Consistently, the heatmap results showed that a
few down-regulated immune DEGs were common in all 3
groups, while most of the up-regulated genes were not
overlapped between different groups (Fig. 2B).

Interestingly, among the above 64 immune DEGs in the
PBMCs of COVID-19 convalescents, 10 out of the top 15 up-
regulated DEGs were chemokines (Fig. 2B). Furthermore,
we found that 4 of these chemokines (CCL7, CCL2, CCL13
and CCL8) were monocyte chemotactic proteins (MCPs)
that could recruit monocytes or macrophages to infected
tissues (Fig. 2B). Six immune genes exhibited high expres-
sions, including MMP9, CXCL5, CCL7, CYP27A, BHLHE41 and
ACP5, which were found to be specifically associated with
the early stage of macrophages (M0), according to the
database of cell type-specific genes.16 Importantly, the
high expressions of all these 6 genes were only found in the
convalescent patients with SARS-CoV-2 infection, but not in
those infected with influenza virus or HCV (Fig. 2C). These
findings reflected the possibility that exceptionally large
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Figure 1 Comparison of different immune cell subsets responding to COVID-19. (A) Proportions of different immune cell pop-
ulations in the PBMCs of COVID-19 patients and health donors. (B) Four immune cell subsets with distinct proportional alterations in
COVID-19 convalescent patients. P: COVID-19 acute patients; C: COVID-19 convalescent patients; H: health donors; I: influenza A
convalescent patients; V: HCV convalescent patients.
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amount of monocytes were recruited to infected tissues
and differentiated to macrophages during the COVID-19
convalescent stage.
A negative correlation between the expressions of
specific cytokines and the amount of SARS-COV-2
specific antibodies

To detect the relative expression levels of the SARS-CoV-2
specific antibodies, the 15 COVID-19 convalescent patients’
plasma samples were subjected for the ELISA experiment
against the SARS-CoV-2 recombinant Spike 1 protein (S1),
with sequential dilutions (Fig. S1). And based on the levels
of the SARS-CoV-2 specific antibodies in each plasma sam-
ple, we divided the 15 convalescent patients into 3 groups,
termed as Low, Middle and High Abs, for the correlation
assessment (Fig. S1). The weighted correlation network
analysis (WGCNA) was performed with the RNA-Seq data, in
order to find potential molecular candidates correlated
with the amount of SARS-CoV-2 specific antibodies (Fig. S2).
Specifically, we focused on gene sets associated with the
group of Low Abs, and found that a specific cluster of 27
immune genes exhibited a significantly higher correlation
coefficient with low antibody levels, compared to the other
gene sets (Fig. 3A). The detailed information of these 27
immune genes was described in Table S3.

Furthermore, another correlation analysis was per-
formed between these 27 immune genes and the S1-specific
antibody expression, with 100-fold dilution. We found pan
positive correlations among the gene expressions of these
27 cytokines with each other (Fig. 3B). And we confirmed
that majority of them were negatively correlated with the
SARS-CoV-2 S1 antibody levels (Fig. 3B). With the GO
enrichment analysis, we found that these 27 genes partic-
ipated in a variety of immune functions, such as cytokine



Figure 2 Assessment of immune gene expressions in COVID-19 convalescent patients. (A) Venn diagram showing overlaps and
differences between immune DEGs in influenza, HCV and COVID-19 convalescent PBMCs. (B) Heatmap showing the fold change
value of 64 immune genes in 3 disease groups. Immune DEGs shared in 3 groups were marked in blue, 4 MCP genes were labeled in
red. (C) Comparison of 6 M0 stage macrophage-associated genes among different disease groups.
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productions, cytokine activities, the responses to external
stimulus process, etc. Essentially, IL1b and IL6 were
involved in almost all of these functional processes, thus
defined as hub genes associated with the expression of
SARS-CoV-2 specific antibodies, as listed in Figure 3C.

The expressions and correlations of the two hub
genes with the plasma cell marker and MCPs

To confirm the association of the high expressions of hub
genes with the low antibody levels, we collected additional
publicly available data from COVID-19 convalescent
patients (Table S4).5 Consistently, evidences from another
cohort of 31 patients showed higher concentrations of both
IL1b and IL6 in low Abs group than in high Abs group, which
indicated a similar negative correlation between IL1b or IL6
gene expressions and the virus-specific IgG levels from the
COVID-19 convalescent serum (Fig. 4A). These results sug-
gested that high levels of IL1b and IL6 might imply a low
level of SARS-CoV-2 specific antibodies in convalescent
patients (Fig. S3). Furthermore, the relationships between
these 2 hub genes and the antibody-secreting plasma cells
were addressed by correlation analysis. Given the difficulty
of detecting plasma cells in PBMCs samples, the plasma cell



Figure 3 Identification of hub immune genes associated with the low level of SARS-CoV-2 specific antibodies in COVID-19
convalescent patients. (A) WGCNA of gene expressions and the levels of SARS-CoV-2 specific antibodies (each color in left bar
represent a gene set, * means P < 0.05). (B) Correlation analysis between the expressions of 27 immune genes and the concen-
trations of SARS-CoV2 S1 specific antibodies. (C) GO enrichment analysis of 27 immune genes from the gene set with the most
significant correlation to Low_Abs group. (Low_Ab/Middle_Ab/High_Ab: low/middle/high level group of IgG in convalescent PBMCs;
HD: health donor group; Patient: COVID-19 patient group).
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marker CD138 was used instead. We found that the gene
expressions of both IL1b and IL6 were also negatively
correlated with that of CD138 (Fig. 4B). Collectively, these
results confirmed a close relationship between the two hub
genes and SARS-CoV-2 specific antibodies.

Given the importance of IL1b and IL6, group comparison
analysis was applied with their gene expression levels in the
PBMCs of COVID-19 acute patients, convalescent patients
and health donors. Surprisingly, we found that IL1b was
expressed at a higher level during the convalescent stage of
COVID-19 than the acute phase, in contrast to other types
of viral infections (Fig. 4C). Meanwhile, IL6 was found to be
intensively expressed in the acute group, which was sus-
tained during the convalescent phase, probably subsequent
to the elevated level of IL1b.21 As IL1b mainly be produced
by macrophages post stimulation,22 we examined the gene
expressions of chemotactic proteins of macrophages. We
found positive correlations between the gene expression of
IL1b and CCL7, CCL13, CCL2 or CCL8, all of which are MCP
family members (Fig. 4D). These results suggested that the



Figure 4 Correlations of IL1B or IL6 to different functional elements of COVID-19 convalescent stage. (A) IL1b or IL6 protein
expressions and the SARS-CoV-2-S-specific IgG levels from the convalescent serum. (Low_Ab: low level group of IgG; High_Ab: high
level group of IgG) (B) Correlation analysis between the gene expressions of IL1b or IL6 and CD138. (C) The expressions of IL1b and
IL6, in COVID-19 acute patients, convalescent patients and health donors. P values among 3 groups were calculated by ANOVA test.
(D) Correlation analysis between the gene expressions of IL1b and all 4 MCP family members (* means P < 0.05).
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previously speculated induction and activation of macro-
phages were highly likely to be the source of the elevated
expression of IL1b during the COVID-19 convalescent stage.
Discussion

Our study revealed the proportional changes of immune
cells in the PBMCs of COVID-19 convalescent patients, and
the immune gene expressions correlated to different stages
of this disease. Specifically, we found the gene set corre-
sponding to a comparatively lower amount of SARS-CoV-2
specific antibodies, and identified two candidate hub
genes, IL1b and IL6, which might be linked to the low level
of antibodies in COVID-19 convalescent patients. Addition-
ally, we found that IL1b and IL6 were highly expressed
during the COVID-19 convalescent stage, with negative
correlation to the plasma cell marker CD138.

As the first line of defense against infections, the innate
immune cells, especially monocytes, are often rapidly
expanded.9,23 The proportion of monocytes increased
sharply in the PBMCs of COVID-19 patients,24e26 similar to
the immune responses to other viral infections (Fig. 1B).
However, different from the influenza or the HCV conva-
lescent stages, the monocytes’ expansion was completely
reversed during the COVID-19 convalescent stage, to a level
even lower than that from healthy donors. This was
accompanied by the increase of other immune cell pop-
ulations. Meanwhile, many cytokines and chemokines were
up-regulated with viral infections. Among them, all
members of the MCP family, CCL7, CCL2, CCL13 and CCL8,
were induced to relatively higher levels in the convalescent
PBMCs (Fig. 2B). These findings supported the speculation
that monocytes might undergo differentiations into mac-
rophages during the recovery stage of COVID-19
progression.

Our recent reports have shown that most of the SARS-CoV-
2 S1-specific antibodies exhibited neutralizing capability,
which indicated that the expression levels of S1-specific IgG
in the serum can represent the amount of neutralizing
Abs.27,28 To explore factors associated with SARS-CoV-2 spe-
cific antibodies in COVID-19 convalescent sera, we detected
the relative expression levels of Abs using recombinant Spike
1 protein. By WGCNA and GO enrichment analyses, we
identified IL1b and IL6 as hub factors which were closely
associated with the low level of SARS-CoV-2 specific anti-
bodies (Fig. 3D). And we found both IL1b and IL6 were highly
expressed during COVID-19 convalescent stage, with a
negative correlation to the plasma cell marker CD138
(Fig. 4B). Therefore, we speculated that the negative cor-
relations between the two hub genes and the low level of
SARS-CoV-2 specific antibodies might be a result of reduced
abundancy and/or inhibited functions of the plasma cells. As
IL6 signaling is known to be crucial in plasma cell differen-
tiation and long-term survival, excess IL6 may directly inhibit
the functions of antibody-secreting plasma cells.29 Also, it
has been reported that the combination of IL6 and IL1b can
provide the necessary commitment signals for naı̈ve B cells to
regulatory B cells (Bregs),21,30 thereby limiting the probable
number of plasma cells differentiated from the same naı̈ve B
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cell reservoir. In addition, Bregs function through suppressing
the immune responses by secreting inhibitory cytokines,21

such as IL35 and IL10. In turn, IL10 has been specifically
linked to inhibit antibody productions, by reducing the
expression of B cell activating factor (BAFF) and by impairing
B cell differentiation upon mitogenic stimuli.31 In parallel,
IL10 may induce the expansion of the Treg population, which
can aggravate the immune inhibitory reactions.32e34 As a
collective consequence, these factors and the chain of
events can probably lead to a decrease of antibody-secreting
plasma cells, which might be a possible explanation for the
reduced amount of SARS-CoV-2 specific antibodies in COVID-
19 convalescent patients.

Moreover, we demonstrated a potential expansion of the
macrophage population in COVID-19 convalescent patients.
We also identified a positive correlation between the gene
expression of IL1b and 4 MCPs, which suggested that the
induction or activation of macrophages were highly likely to
be the source of the elevated expression of IL1b during the
COVID-19 convalescent stage. Furthermore, the increasing
of IL1b might, in turn, contribute to the sustained high
levels of its downstream effector IL6 in the convales-
cents.21,35,36 Therefore, monocytes/macrophages might
also be involved in the down-regulation of SARS-CoV-2
specific antibodies in COVID-19 convalescents, probably
through the two hub genes.

Taken together, our study identified two hub genes
which indicated that a potential transition of monocytes to
macrophages during the COVID-19 convalescent stage,
which was accompanied by drastically shifted expressions
of correlated cytokines and chemokines. Such inter-
connectivity of the cellular and molecular components in
the innate immune system might contribute to the reduc-
tion of SARS-CoV-2 specific antibodies. Our findings might
shed some light on the potential mechanisms and the
development of corresponding interventions to amend the
validity duration of neutralizing antibodies in some COVID-
19 patients.
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