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Abstract Backgrounds: SARS-CoV-2 infection results in a broad spectrum of clinical out-
comes, ranging from asymptomatic to severe symptoms and death. Most COVID-19 pathogen-
esis is associated with hyperinflammatory conditions driven primarily by myeloid cell lineages.
The long-term effects of SARS-CoV-2 infection post recovery include various symptoms.
Methods: We performed a longitudinal study of the innate immune profiles 1 and 3 months af-
ter recovery in the Thai cohort by comparing patients with mild, moderate, and severe clinical
symptoms using peripheral blood mononuclear cells (n Z 62).
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Results: Significant increases in the frequencies of monocytes compared to controls and NK
cells compared to mild and moderate patients were observed in severe patients 1e3 months
post recovery. Increased polymorphonuclear myeloid-derived suppressor cells (PMN-MDSCs)
were observed in all recovered patients, even after 3 months. Increased IL-6 and TNFa levels
in monocytes were observed 1 month after recovery in response to lipopolysaccharide (LPS)
stimulation, while decreased CD86 and HLA-DR levels were observed regardless of stimulation.
A multiplex analysis of serum cytokines performed at 1 month revealed that most innate cyto-
kines, except for TNFa, IL4/IL-13 (Th2) and IFNg (Th1), were elevated in recovered patients in
a severity-dependent manner. Finally, the myelopoiesis cytokines G-CSF and GM-CSF were
higher in all patient groups. Increased monocytes and IL-6- and TNFa-producing cells were
significantly associated with long COVID-19 symptoms.
Conclusions: These results reveal that COVID-19 infection influences the frequencies and func-
tions of innate immune cells for up to 3 months after recovery, which may potentially lead to
some of the long COVID symptoms.
Copyright ª 2022, Taiwan Society of Microbiology. Published by Elsevier Taiwan LLC. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
Introduction

The COVID-19 pandemic has affected the human population
worldwide, with more than four hundred million confirmed
cases and more than six million deaths (as of April 2022,
Johns Hopkins University Coronavirus Resource Center). The
clinical symptoms of COVID-19 present over a wide spec-
trum, ranging from asymptomatic or mild to severe and
death, primarily depending on the host factors.1 COVID-19
pathogenesis is associated with hyperimmune activation,
which leads to cytokine storm-like symptoms, acute respi-
ratory distress syndrome (ARDS) and multiple organ failure.2

Both innate and adaptive immune responses are essen-
tial for controlling SARS-CoV-2 infection during the acute
phase of infection. Many studies have investigated the im-
mune profiles during acute infection and have identified
various key molecular and cellular drivers of the disease.3e5

Immune profiling has revealed an increase in inflammatory
innate immune cell infiltration of the affected lungs with a
reduction in lymphocytes resulting in increased proin-
flammatory cytokines and chemokines.3 Furthermore,
myeloid linage cells have been identified in many studies to
play a critical role in exaggerated immune responses and
hyperinflammation.4,5 Monocytes have been identified as
culprits in causing atypical cytokine storms with the
involvement of neutrophils in severe COVID-19 patients.6

Counterintuitively, in severe COVID-19 patients, a few
studies have shown expansion of immune suppressor cells,
such as myeloid-derived suppressor cells (MDSCs).7 In a
Japanese cohort, expansion of PMN-MDSCs was associated
with better disease outcomes.8 MAIT cells are the main
subpopulation of airway T cells that comprises up to 10%
and involved in immune response to viral infection,
including SARS-CoV-2 infection.9 Reduction in MAIT cells but
increase activated markers in MAIT cells in severe COVID-19
patients were reported.10,11 Decreased CCR6þCCR7þ MAIT
cells11 implied the migration into the inflammatory site of
infection during SARS-CoV-2. The frequency of MAIT cells in
convalescent COVID-19 patients still persistently decreased
compared healthy controls.10
2

After recovery from the disease, there are reports that
some patients experience persistent symptoms that can
last for months, a condition known as long COVID.12 This
condition affects many organs after recovery from acute
COVID-19, but the underlying causes of this persistence are
currently unknown. Because symptomatic COVID-19 pa-
tients experience an exaggerated inflammatory response
during the acute phase, this can potentially impact immune
cell profiles and functions, even after recovery from the
disease. However, the longitudinal immune cell profiles and
functions after recovery are not well documented or
characterized.

In this study, we investigated the innate immune cell
profiles, as well as some functions of innate immune cells,
in recovered COVID-19 patients at 1 and 3 months after
hospital discharge in the Thai cohort. Furthermore, the
biological functions of immune cells and serum cytokine
profiles were measured. More understanding on such these
immune responses may provide a basis for understanding
long COVID. Furthermore, these results may identify pre-
dictive markers for future health problems and immuno-
modulatory strategies to prevent long-term health impacts
in COVID-19 patients.
Materials and methods

Subjects

Recovered COVID-19 patients (n Z 62) in April 2020 with
mild (n Z 28), moderate (n Z 20), and severe (n Z 14)
clinical symptoms, who were diagnosed and treated at the
King Chulalongkorn Memorial Hospital at 1 month (April
2020) and 3 months (June 2020) sequentially after recovery,
were recruited for blood collection. COVID-19 patients
were confirmed by RTePCR positivity for SARS-CoV-2 from
nasopharyngeal swabs. The classification of COVID-19
severity are shown in Supplementary Table 1, according
to the COVID-19 management guideline of the Thai Ministry
of Public Health.13 Some of these patients post recovery
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were also recruited for a post-COVID-19 symptoms review.
All methods were carried out in accordance with guide-
lines/regulations issued and approved by Institutional Re-
view Board of the Faculty of Medicine (IRB number 114/64).

For 40 healthy controls (18e60 years of age) with
negative for SARS-CoV-2 as determined by an IgG test kit,
blood was collected from the Thai Red Cross Society (IRB
approval #426/63). All patients and the healthy controls in
this study have not received any SARS-CoV-2 vaccination at
the time of disease onset and/or blood collection.

PBMC stimulation to study innate cell profiles

One million isolated PBMCs were plated on 24-well plates
and cultured with or without 100 ng/ml E. coli LPS (Sigma
Aldrich) for 6 h. To perform intracellular cytokine staining,
after 2 h of LPS treatment, monensin (Biolegend) was
added to the culture and further incubated for 4 h.

Cell surface and intracellular cytokine staining (ICS)
for flow cytometry

To determined innate immune cell profiles, treated PBMCs
as indicated were stained with surface markers before fix-
ation and permeabilization using BD Cytofix/Cytoperm�
(BD Biosciences) following staining with antibodies to cy-
tokines. List of antibodies used for flow cytometry was
shown in Supplementary Table 2. Foxp3/Transcription
Factor Staining Buffer Set (eBioscience) was used for Treg
panel. Flow cytometry was performed using a CytoFLEX
flow cytometer (Beckman Coulter Life Sciences). All data
were analyzed using FlowJo X software (Tree Star)..

Cytokine measurement using Luminex assay

Bio-Plex Pro Human Cytokine 27-plex Assay (BioRad) was
performed to investigate cytokine and chemokine levels in
the serum of healthy individuals and recovered COVID-19
patients. Fifty microliters of diluted sera were used for the
assay following the manufacturer’s instructions. Samples
were measured by Bio-Plex 200 Systems (BioRad).

Post COVID-19 infection questionnaires

A post-COVID-19 symptoms questionnaire was conducted by
phone. Lists of 55 symptoms based on WHO Post-COVID-19
Case Report Form (Supplementary Table 3) were asked as
absent or present after 4 weeks of post-infection.

Statistical analysis

All statistical analyses were performed using GraphPad
Prism 7 software. The results represented the mean � SEM
of the sample group. Group comparisons between recov-
ered COVID-19 patients (mild, moderate, severe) and
healthy controls were analyzed using KruskaleWallis mul-
tiple comparisons analysis. p-values less than 0.05 indi-
cated statistical significance; p < 0.05 (*), p < 0.01 ())),
p < 0.001 ()))).
3

Results

Demographics and clinical characteristics

Demographic information of 62 COVID-19 patients was
shown in the Supplementary Table 4. The overall median
age was 36 years, and age exhibited a positive correlation
with disease severity. Severe patients showed a higher
median age compared to other groups (Supplementary
Table 4). The most frequent comorbidities were coronary
artery disease/cardiac allograft vasculopathy, diabetes,
hypertension and dyslipidemia. For hospital admission lab-
oratory parameters, the severe group displayed higher WBC
count, ALT, AST and CRP, which are markers of cell damage
and inflammation, when compared to the mild and mod-
erate groups.

Natural killer (NK) cell profiles in recovered COVID-
19 patients

NK cell profiles of recovered patients were first examined
because they play a crucial role in controlling viral infection
primarily by cell-mediated cytotoxicity and secretion of
IFN-g.14 The gating strategy for flow cytometry used to
identify NK population is shown in Supplementary Figs.
1e2. Severe group exhibited significantly increased fre-
quencies of total NK cells in PBMCs compared to mild and
moderate groups (Fig. 1a). Severe group showed an in-
crease of CD56dim subset and a decrease of CD56hi subset
compared to other groups (Fig. 1bee). The increased levels
of pro-inflammatory cytokines, especially IL-6, impair the
expansion and functions of NK cells15 which may be one
possible mechanism of decreasing CD56hi NK subset in se-
vere patients. To compare between 1 month and 3 months
after recovery in each severity group, mild group exhibited
significantly decreased total NK and CD56dim NK at 3 months
(Supplementary Fig. 4). The results suggested that NK cells
were transiently decreased in the mild and moderate
groups and increased in the severe group at least 3 months
after recovery.

Monocytes and MDSC profiles of recovered COVID-
19 patients

We next investigated the monocyte profiles, as they were
identified previously to play a key role in cytokine storms in
COVID-19.6 Severe patients at 1 month exhibited signifi-
cantly increased frequencies of total monocytes compared
to healthy controls in both unstimulated and LPS-
stimulated condition (Fig. 2a). The mild group exhibited
significantly increased frequencies of the classical mono-
cyte (CD14þþCD16-) and decreased the intermediate
(CD14þþCD16þ) and the non-classical subsets
(CD14þCD16þ) at 1 month compared to healthy controls.
LPS stimulation did not show any changes in the frequencies
of monocyte subsets in any of the samples (Fig. 2cee). In
comparing profiles at 1 and 3 months within the groups, the
mild group exhibited significantly decreased total mono-
cytes at 3 months compared to 1 month (Supplementary
Fig. 4).



Fig. 1. NK cell profiles in COVID-19 patients after recovery. a. The percentage of total NK cells in lymphocyte population. b. Bar
chart showing the percentage of NK cell subsets within the total NK cells population. c. The percentage of CD16þCD56dim among NK
cells. d. The percentage of CD56hi NK among NK cells. e. The percentage of CD16þCD56- among NK cells.

Fig. 2. Monocyte profiles in COVID-19 patients after recovery. a. The percentage of total monocytes in the monocyte population.
b. Bar chart showing the percentage of monocyte subsets within the total monocyte population. c. The percentage of classical
monocytes among total monocytes. d. The percentage of intermediate monocytes among total monocytes. e. The percentage of
nonclassical monocytes among total monocytes.
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There is no difference in the frequencies of MDSCs
(Fig. 3a). However, the percentage of PMN-MDSCs was
significantly increased in all COVID-19 groups compared to
healthy controls up to 3 months (Fig. 3b). Severe group
exhibited significantly decreased of PMN-MDSCs at 3
months compared to 1 month (Supplementary Fig. 4).
4

Previous study reported the correlation between the in-
crease of PMN-MDSCs and the elevation of IL-1b, IL-6, IL-8
and TNF-a levels in serum, especially in severe COVID-19.
The increase in the frequencies of PMN-MDSCs leads to the
inhibition of IFN-g production in T cells.16 For M-MDSCs, all
COVID-19 groups displayed significantly increased



Fig. 3. MDSC profiles in COVID-19 patients after recovery. a. The percentage of total MDSCs in the monocyte population. b. The
percentage of PMN-MDSCs among total MDSCs. c. The percentage of M-MDSCs among total MDSCs.
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frequencies at both 1 and 3 months upon LPS stimulation
(Fig. 3c). Taken together, while no major changes were
observed in the monocyte subsets among recovered pa-
tients, increased PMN-MDSCs at least up to 3 months after
recovery were observed in patients with clinical
symptoms.

Profiles of IL-6, TNF-a producing and antigen
presenting molecule expressing cells

We assessed the production of two major proinflammatory
cytokines, IL-6 and TNF-a and the levels of costimulatory
molecules HLA-DR and CD86 expression in LPS-stimulated
monocytes. As shown in Fig. 4, monocytes from the mild
and severe groups at 1 month showed a significant increase
in the percentages of IL-6- and TNF-a-producing monocytes
and the level of TNF-a as shown by the MFI (Fig. 4aed). Mild
group exhibited significantly decreased MFI of IL-6 at 3
months compared to 1 month (Supplementary Fig. 4).

Moreover, in unstimulated condition, significantly
decreased percentages and MFI of HLA-DR-expressing
monocytes in the severe groups up to 3 months
compared to healthy controls were observed (Fig. 5a, c),
and significantly decreased MFI of CD86 in all severity
groups at 3 months compared to the healthy controls
(Fig. 5d). These data demonstrated that SARS-CoV-2
infection resulting in clinical symptoms has a lasting
impact on the responses of monocytes to stimulus by
enhancing proinflammatory cytokine production and
decreasing costimulatory molecule expression at least up
to 3 months after recovery.
5

Profiles of T lymphocytes in recovered COVID-19
patients

Innate immune cells crosstalk with adaptive immune cells
to mount optimal immune responses for viral clearance.
We determined the profiles of conventional T cells and
MAIT cells at 1 and 3 months after recovery. A severe group
at 1 month presented with significantly decreased fre-
quencies of CD3þ T cells compared to the other groups,
and this reduction in severe group, but not in mild and
moderate group, persisted until 3 months after recovery
(Fig. 6a).

Next, we examined the frequencies of Tregs and found a
significant decrease in moderate group at 1 month but a
significant decrease in mild group at 3 months compared to
healthy controls (Fig. 6b). In addition, MFI of Foxp3þ in mild
and moderate groups showed a significantly decreased
compared to healthy controls, while a significant increase
was displayed in severe group compared to mild group at 1
month. At 3 months, only mild group sustained a significant
decrease of MFI of Foxp3þ.

Because the roles of mucosal immune response medi-
ated by MAIT cells were reported during SARS-CoV-2 infec-
tion, the frequencies of this subset of T cells as defined by
CD161þTCRVa7.2þ T cells (Supplementary Fig. 3b) were
investigated. The results showed no significant difference
in their frequencies among the recovered patients. We
found that the CCR6þ MAIT cells and MFI of CCR6 among all
MAIT cells in all recovered groups tended to decrease but
not reach statistical significance (Supplementary Fig. 5).
Furthermore, it showed significant decrease of MAIT cells



Fig. 4. IL-6 and TNF-a production in monocytes of COVID-19 patients after recovery. a. The percentage of IL-6þ monocytes. b.
The percentage of TNF-aþ monocytes. c. MFI of IL-6þ monocytes. d. MFI of TNF-aþ monocytes.

Fig. 5. HLA-DR and CD86 in monocytes of COVID-19 patients after recovery. a. The percentage of HLA-DR þ monocytes. b. The
percentage of CD86þ monocytes. c. MFI of HLA-DR þ monocytes. d. MFI of CD86þ monocytes.
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Fig. 6. T cell profiles in COVID-19 patients after recovery. a. The percentage of CD3þ, CD4þ and CD8þ T cells. b. The percentage
of Tregs and MFI of Foxp3þ Tregs among CD3þ T cells in PBMCs.
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and increase of CCR6þ MAIT cells in mild and moderate
group, respectively at 3 month (Supplementary Fig. 6).

Cytokine profiles in the serum of COVID-19 patients
at 1 month after recovery

The profiles of 27 cytokines and chemokines belonging to 5
groups of different functions, including innate cytokines,
adaptive cytokines, chemokines, hematopoietic cytokines
and growth factors were investigated in the serum of pa-
tients 1 month after recovery. Heatmaps revealed twenty-
one statistically significant differences in the levels of cy-
tokines and chemokines among healthy controls, mild,
moderate and severe COVID-19 patients (Fig. 7). All innate
cytokines, except for TNF-a, were higher in the severe
group, and the patterns displayed a correlation between
disease severity and cytokine levels. For adaptive cyto-
kines, an increase in the cytokines of mixed Th1/Th2 pro-
files (IL-4, IL-13 and IFNg) was observed in patients in the
moderate and severe groups, while IL-17 was lower in all
patient groups. The chemokine IP-10, G-CSF and GM-CSF
was higher in all patient groups regardless of severity,
indicating active myelopoiesis in convalescent patients.
The levels of growth factors (FGF basic and PDGF-bb) and
chemokines (IL-8, MCP-1a and RANTES) were lower in
recovered patients. The bar graphs in Supplementary Fig. 8
showed the comparison of cytokine/chemokine levels in
each group. This result strongly indicates the lasting impact
7

of SARS-CoV-2 infection at the systemic level of immune
functions regardless of disease severity.

Association between immune profiles with long
COVID symptoms

To investigate the association of the immune profiles at 1
and 3 months post recovery and long COVID symptoms in
the patients, we acquired questionnaire data from the
phone interview post-COVID. We obtained the data from 25
out of 62 recovered patients in our cohort. The top-ten
most recognized long-term effects of COVID-1917 are fa-
tigue, headache, attention disorder, hair loss, dyspnea,
ageusia, anosmia, post-activity polypnea, joint pain and
cough. We analyzed the association of the immune pa-
rameters and the 3 groups of patients, i.e. those with no
long COVID symptoms, (N Z 3); patients with 1e3 symp-
toms (N Z 12); patients with >3 symptoms (N Z 10).
Despite a limited sample size, increased monocytes and IL-
6- and TNF-a-producing cells at 1 month post recovery were
significantly associated with patients with long COVID
symptoms (Fig. 8). Furthermore, decreased MFI of CD86
and HLA-DR at 3 months post recovery were evidently
observed in patients with long COVID symptoms. PMN-
MDSCs and M-MDSCs were increased in patients with long
COVID even 3 months post recovery. For NK cells, total NK
cells were significantly decreased in LPS-stimulated PBMCs
in patients with long COVID of >3 symptoms at 3 months



Fig. 7. Serum cytokine profiles in COVID-19 patients 1 month after recovery. The serum after 1 month of recovery in COVID-19
patients were measured cytokine and chemokine profiles using a Bio-Plex multiplex immunoassay. The relative levels of 21 cy-
tokines with statistical difference by KruskaleWallis multiple comparisons analysis (p-value < 0.05) were shown in the heatmap.
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post recovery. Moreover, there is a trend of decreased Treg
cells at 1 month post recovery in patients with long COVID
symptoms, although it is not statistically significance.
Discussion

The exaggerated inflammatory response in COVID-19 pa-
tients potentially influences innate immune cells after re-
covery. Long COVID is described as a condition experienced
by recovered patients that includes persistent symptoms
with delayed or long-term complications beyond 4 weeks
from the onset of symptoms.12,18 Therefore, in this study,
we focused on the profiles of innate immune cells, i.e., NK,
monocytes, MDSC and MAIT cells after recovery from
COVID-19 up to 3 months.

During acute COVID-19, adaptive-like NK cell (CD56dim)
expansion and dysfunction were reported to be associated
with severe symptoms.19,20 Furthermore, expansion of the
unconventional CD56dimCD16neg NK cell population was
8

observed in PBMCs from patients with COVID-19 with
decreased NK cell cytotoxicity.21 This abnormality was
prolonged in severe patients up to 30 days after recovery.22

In our study, an increase in the frequency of NK cells
without any changes in the subset compositions was
observed in the severe group up to 3 months post recovery.
The increase in the overall NK population only in the severe
group may indicate a compensatory mechanism that drives
the expansion of NK cells. Interestingly, the severe group
exhibited decreased frequency of the CD56hi NK cell subset,
compared with mild/moderate patients. Several studies
showed the dysregulation of NK cell subset at the cell
numbers and functions which is partially dependent on IL-
6.23,24 In serum at 1 month after the disease onset,
increased IL-6 was found to be correlated with disease
severity.

Various studies have indicated monocytes to be the
primary cell types that drive hyperinflammation, the
functions of which are associated with severe clinical
symptoms.4,6,8 Monocytes are also the part of trained



Fig. 8. Long-term effects in COVID-19 patients. The 25 from 62 recovered patients were followed up with their ten common long
COVID symptoms. The comparisons of the immune cell profiles among patients with 0, 1e3, and >3 long-term symptoms of COVID-
19 were shown. KruskaleWallis multiple comparisons analysis, p-values less than 0.05 indicated statistical significance; p < 0.05
(*), p < 0.01 (**), p < 0.001 (***).

Journal of Microbiology, Immunology and Infection xxx (xxxx) xxx

+ MODEL
immunity that is responsible for enhanced innate immune
response after repeated exposure to stimuli such as beta-
glucan and LPS.25 Increased total monocytes were
observed at 1 month, and subtle changes in all monocyte
9

subsets were observed at 1 and 3 months in the severe
group.

More importantly, increased IL-6- and TNF-a-producing
cells and increased expression levels were observed in mild
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and severe COVID-19 patients in response to LPS stimulation
at 1 month but not 3 months. These enhanced responses by
monocytes disappeared after 3 months, suggesting a short-
lived phenomenon. These data seem indicated an enhanced
response to LPS after experiencing SARS-CoV-2 infection.
Whether this enhanced response is the result of innate
immune memory needs further investigation. In the mild
and severe groups, the percentages of IL-6- and TNF-a-
producing cells were higher than those in the moderate
group.

In contrast to the enhanced proinflammatory cytokines,
the levels of HLA-DR, as indicated by the MFI of HLA-DR,
were also lower in the moderate and severe groups, indi-
cating reduced antigen presenting capacity. Our finding is
consistent with the recent in a single-cell RNA-sequencing
study showing downregulated HLA class II on monocytes of
severe/critical recovered patients.26 During acute SARS-
CoV-2 infection, reduced HLA-DR in myeloid cells was also
reported.5 Therefore, suppressed antigen-presenting func-
tions may be a feature in post-COVID-19 patients and may
influence adaptive immune responses.

We detected drastically increase in MDSCs in recovered
patients that persisted for at least 3 months. This increase
was independent of LPS stimulation for PMN-MDSCs, while
increased percentages of M-MDSCs required LPS stimula-
tion. Expansion of MDSCs has been reported during various
conditions, including cancer and inflammation, including
SARS-CoV-2 infection.7,27 Our results were consistent with
the results observed in the Japanese COVID-19 patients.8,28

MDSCs negatively regulate the immune response, through
various mechanisms, including direct cellecell contact and
mediator production, for example, ROS and nitrogen spe-
cies.27 Interestingly, in the serum of recovered severe pa-
tients, we detected significantly increased IL-13 and IL-4,
which are involved in the induction of MDSC activation27

and increased IL-1b which are involved in MDSC recruit-
ment and induction.29 PMN-MDSC functions to suppress
antigen-specific T cell response via the production of me-
diators such as reactive oxygen species, Arg1, and prosta-
glandin E2.30 In acute SARS-CoV-2 infection, increased PMN-
MDSC was pronounced in patients with ARDS and may play a
role in prolong viral clearance.31 Early expansion of PMN-
MDSCs suppressed IFN-g production in SARS-CoV-2-specific
T cells and strongly associated with fatal COVID-19 out-
comes.32 Whether the increase in MDSCs has any impact on
immune response in COVID-19 patients post recovery re-
mains unknown.

In serum samples 1 month post recovery, most innate
cytokines were higher in the moderate and severe groups
in a severity-dependent manner. This result strongly
agrees with previous studies that showed increased innate
cytokines in COVID-19 patients during and post recov-
ery.3,33 Increased Th1/Th2 signature cytokines were
observed, while IL-17 was lower in post recovery patients.
Among the detected chemokines, IP-10 (CXCL10) was
higher in convalescent serum in a severity-dependent
manner, highlighting the importance of this chemokine in
COVID-19.34 Various studies identified IP-10 as a good
biomarker for the prediction of COVID-19 progression and
is related to the risk of death in COVID-19 patients.35 This
chemokine is induced in response to IFN-g and acts as a
10
chemotactic factor for T cells, NK cells, monocytes/mac-
rophages and DC. Thus, it is possible that persistent serum
IP-10 during recovery at 1 month may delay the resolution
of inflammatory responses even after viral clearance.
Whether IP-10 plays any role in long COVID remains
unanswered. Myelopoiesis cytokines were also higher in all
recovered patients, indicating active recovery of the
myeloid compartment in these patients. This is consistent
with a report of the dysregulated myeloid compartment in
severe COVID-19 groups.36

Previous studies reported the association between age
and comorbidities with COVID-19 severe outcome by a
defective immunological response to SARS-CoV-2 infec-
tion.37,38 In addition, in the study of immune response after
ChAdOx1nCoV-19 vaccination, aging population showed
defective innate immune responses to vaccine that resulted
in weak and/or delayed innate immune activation,
compared with young people.39 In this study, we found that
age is one of the significant risk factors among patients.
Immune profiles and functions of COVID-19 patient with
combination of diabetes, hypertension and coronary artery
disease (n Z 5) were showed in Supplementary Fig. 9. In-
crease in the frequencies of M-MDSCs in unstimulated
PBMCs and decrease in the MFI of CD86-expressing mono-
cytes in LPS-stimulated PBMCs were showed in patients
with comorbidities at 1 month. These suggest that age and
comorbidities also affect the severity of patients and may
result in impaired immune function in severe COVID-19
patients.

Based on results from our long COVID questionnaire, we
observed an association between aberrant innate immune
response, particularly with overactivity of monocytes at 1
month after recovery with long-term complications. Inter-
estingly, we also observed a negative association between
adaptive immunity and long COVID symptoms which may
underscore the importance of adaptive immunity. Several
studies indicated the persistent activation of innate im-
mune cells after recovery from SARS-CoV-2 infections and
the potential roles of epigenetic memory of innate immune
cells and their progenitors in the post-acute COVID-19
sequelae.40e42 Our data are also consistent with this pro-
posed mechanism of long COVID where hyperactivation of
innate immune cells and decreasing suppressive or regula-
tory cells were found in patients with more than 3 long
COVID symptoms.

The strength of this study is that our data provides
strong evidence that immune response to acute SARS-CoV-2
infection has lasting impact on both innate and adaptive
immune cells even after 3 months post recovery. We further
demonstrated that this impact could influence the func-
tions of innate immune cells upon responding to unrelated
dangers. Some of these immune parameters were also
correlated with the presence of the long COVID symptoms.
How acute COVID-19 infection affects the immune response
post recovery remains unanswered. In addition, the small
sample size for following up on subjects with long COVID
limits our interpretation in relationship with long COVID,
which increasingly becomes public health concerns.

Taken together, we uncovered a lasting impact of
COVID-19 infection on innate immune cells up to 3 months
after recovery at both the cellular and cytokine levels.
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