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Background. Postdischarge immunity and its correlation with clinical features among patients recovered from coronavirus dis-
ease 2019(COVID-19) are poorly described. This prospective cross-sectional study explored the inflammatory profiles and clinical
recovery of patients with COVID-19 at 3 months after hospital discharge.

Methods. Patients with COVID-19 discharged from 4 hospitals in Wuhan, recovered asymptomatic patients (APs) from an
isolation hotel, and uninfected healthy controls (HCs) were recruited. Viral nucleic acid and antibody detection, laboratory exam-
ination, computed tomography, pulmonary function assessment, multiplex cytokine assay, and flow cytometry were performed.

Results. The72 age-, sex- and body mass index-matched participants included 19 patients with severe/critical COVID-19 (SPs),
20 patients with mild/moderate COVID-19 (MPs), 16 APs, and 17 HCs. At 3 months after discharge, levels of proinflammatory
cytokines and factors related to vascular injury/repair in patients recovered from COVID-19 had not returned to those of the HCs,
especially among recovered SPs compared with recovered MPs and APs. These cytokines were significantly correlated with im-
paired pulmonary function and chest computed tomographic abnormalities. However, levels of immune cells had returned to nearly
normal levels and were not significantly correlated with abnormal clinical features.

Conclusion. Vascular injury, inflammation, and chemotaxis persisted in patients with COVID-19 and were correlated with ab-
normal clinical features 3 months after discharge, especially in recovered SPs.
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The ongoing coronavirus disease 2019 (COVID-19) pandemic
has, as of 12 November 2020, caused >50 million cases and >1
275 000 deaths [1], posing an overwhelming threat to global
health. With the increasing number of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) infections, the recovery
state, regardless of asymptomatic, mild, or severe infections, has
attracted attention. Determining the long-term clinical outcome
and longevity of the inflammatory state after SARS-CoV-2 in-
fection is critical for understanding the disease spectrum of
COVID-19 and optimizing post-COVID-19 rehabilitation.

The immunopathology of COVID-19 is a serious issue
[2]. In patients with severe COVID-19, lymphopenia is fre-
quently observed, with reduced numbers of CD4" T, CD8" T,
B, and natural killer (NK) cells and reduced percentages of
monocytes and eosinophils [3, 4]. Most patients with severe
COVID-19 exhibit elevated serum levels of proinflammatory
cytokines, including interleukin 6 and 1 (IL-6 and IL-1),

as well as interleukin 2, 8, and 17 (IL-2, IL-8, and IL-17),
granulocyte-macrophage colony-stimulating factor
(GM-CSF), interferon (IFN) y-inducible protein 10 (IP-10),
monocyte chemotactic protein (MCP), macrophage inflam-
matory protein (MIP) 1a, and tumor necrosis factor (TNF) a,
which are characterized as cytokine storms [3-5]. Moreover,
specific proinflammation markers are strongly correlated
with worse outcomes and death in patients with COVID-19
[6, 7], suggesting that poor clinical outcomes might be at-
tributed to virus-driven hyperinflammation. It remains un-
known, however, how this pathological immunity will evolve
and whether it is related to undesirable sequelae among dis-
charged patients recovered from COVID-19.

Two 2020 studies reported that the levels of immune
cells, including neutrophils, monocytes, NK cells, and
B and T lymphocytes, returned to nearly baseline levels
in individuals recovered from untreated COVID-19
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[8, 9]. Convalescent-phase SARS-CoV-2-specific T cells are
polyfunctional and display a stemlike memory phenotype
[10]. However, the recovery time after patient discharge was
notunified in these studies, and few reports have focused on
the recovery of soluble proinflammatory, chemotaxis, and
endothelial injury-related markers, which is important for
understanding patient immune outcomes and formulating
rehabilitation strategies for recovered patients. Thus, the cur-
rent study explored the immunological profiles and clinical
characteristics of patients recovered from COVID-19 with
different disease severities 3 months after hospital discharge
and analyzed the correlations between aberrant levels of im-
mune markers and abnormal clinical features to provide more
rational guidance for future follow-up and rehabilitation.

METHODS

Study Design and Participants
This prospective cross-sectional study involved patients with
COVID-19 discharged between 5 and 31 March 2020, from 4
hospitals in Wuhan (Wuhan Union Hospital, Wuhan Pulmonary
Hospital, Wuhan Central Hospital, and Fangcang Hospital), as
well as recovered asymptomatic patients (APs) from an isola-
tion hotel and uninfected healthy controls (HCs) in the com-
munity. Recruitment (by telephone) and testing, 3 months after
hospital discharge, were carried out by trained medical staff
in the outpatient clinic of Wuhan Union Hospital. All patients
were contacted in the order of their discharge dates, as docu-
mented in their medical records. The exclusion criteria were
chronic respiratory, hematological, autoimmune, and psychotic
diseases; death before follow-up; declining to participate; or in-
ability to participate for reasons such as living outside Wuhan
city or inability to be contacted. The recovered APs were con-
firmed by a previous positive SARS-CoV-2 nucleic acid test or
current positive SARS-CoV-2 antibody test without symptoms
throughout.
Age, sex, and body mass index (BMI) were matched between
the patients recovered from COVID-19 and HCs (recruitment
details are shown in Supplementary Figure 1). The patients
recovered from COVID-19 were grouped by disease severity
during their infection period (patients with severe/critical
COVID-19 [SPs], patients with mild/moderate COVID-19
[MPs], and APs) according to World Health Organization in-
terim guidance [11]. When interviewed, the participants un-
derwent physical examination, pulmonary function testing,
and chest computed tomography (CT). Routine blood tests,
biochemical tests (renal and live function markers), and coagu-
lation tests were also completed, with peripheral venous blood
samples collected for the subsequent measurement of immune
cell and cytokine levels.

This project was registered on the Clinical Trials Web site
(NCT04456101), and has been approved by the institutional
review boards of Medical Ethics Committee of Wuhan Union

Hospital (no. 0271-01). All participants or their surrogates
signed informed consent.

Chest CT, Artificial Intelligence-Based Quantitative Analysis of CT Images,
and Pulmonary Function Test

The standard protocols were as reported elsewhere [12-15] and
are described in detail in the Supplementary Methods.

Multiplex Inmunoassay

Peripheral ~ venous  blood  was  collected into
ethylenediaminetetraacetic acid (EDTA)-coated vacutainer
tubes. Supernatant was obtained subsequently for cytokine pro-
filing assays. Plasma levels of 44 soluble markers were meas-
ured using 6 Meso Scale Discovery V-PLEX multiplex assay
panels (V-PLEX; K15198D, K15190D, K15049D, K15050D,
K15084D, and K15047D) on a Meso Scale Discovery SQ120 in-
strument, according to the manufacturer’s instructions. The 44
cytokines include vascular cell adhesion molecule 1 (VCAM-
1), intercellular adhesion molecule 1 (ICAM-1), basic fibroblast
growth factor (bFGF), placental growth factor (PIGF), tyrosine
receptor kinase in the endothelium 2 (Tie-2), vascular endo-
thelial growth factor (VEGF) A, VEGE-C, VEGF-D, VEGF re-
ceptor 1, GM-CSE, IL-2, interleukin 4, 5, 7, 9, and 15 (IL-4, IL-5,
IL-7, IL-9, and IL-15), thymic stromal lymphopoietin (TSLP),
serum amyloid A (SAA) protein, IFN-y, TNF-a, TNF-p, inter-
leukin la (IL-1a), IL-1p, interleukin 1RA (IL-1RA), IL-6, inter-
leukin 10 (IL-10), interleukin 12 (IL-12)/interleukin 23 (p40),
IL-12p70, interleukin 13, IL-17A, IL-17B, IL-17C, IL-17D,
eotaxin, eotaxin 3, IP-10, MCP-1, MCP-4, MIP-1a, MIP-18,
macrophage-derived chemokine (MDC), thymus activation—
regulated chemokine (TARC), IL-8, and interleukin 16 (IL-16).

Flow Cytometry

Peripheral blood mononuclear cells (PBMCs) were isolated
from whole blood by means of standard density gradient cen-
trifugation and were used immediately. The isolated PBMCs
were stained with fluorochrome-conjugated human mono-
clonal antibodies (all from BD Biosciences; Supplementary
Table 1) to determine the percentage of immune cells in PBMCs,
that is, T lymphocytes (anti-CD3, anti-CD4, andanti-CD8), NK
cells, NK T (NKT) cells, macrophages, dendritic cells (DCs),
myeloid-derived suppressor cells (MDSCs), and their subsets.
Cell acquisition was performed with a BD LSRFortessa X-20
flow cytometer (BD Biosciences). Data were analyzed using
Flow]Jo V10 software.

Statistical Analysis

The clinical characteristics and inflammatory consequences
of all participants are presented as medians (with interquartile
range) or means (with standard deviations) for continuous vari-
ables and absolute values with percentages for categorical vari-
ables. For the comparison of clinical characteristics (laboratory
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findings, pulmonary function, and CT scans), percentage of im-
mune cells, and 44 cytokines between the 4 groups (recovered
SPs, MPs, APs, and HCs), we used Kruskal-Wallis tests (data
with nonnormal distribution), 1-way analysis of variance (data
with normal distribution), x2 tests, or Fisher’s exact tests, as ap-
propriate, to obtain an overall P value for each variable.

To adjust for multiple hypothesis testing, false discovery rate
(FDR) correction was first performed for the overall P value,
using the Benjamini-Hochberg procedure at a significance
threshold of FDR <0.05. Then, for variables with an overall P
value <.05 and an FDR <0.05, which were deemed statistically
significant, we performed pairwise subgroup comparisons (re-
covered SPs vs HCs, MPs vs HCs, APs vs HCs, SPs vs MPs, SPs
vs APs, and MPs vs APs). We conducted Mann-Whitney U (data
with nonnormal distribution), independent ¢ (data with normal
distribution), x2, and Fisher exact tests as appropriate, with
Bonferroni correction, and we used 2-sided P <.05/n (where
n is the number of comparisons) as the threshold to determine
whether the difference between 2 subgroups was statistically
significant. The associations between cytokine profiles and ab-
normal clinical features in patients recovered from COVID-19
were examined using Spearman correlation analysis and visu-
alized with correlation matrix plots. All tests were 2 sided and
performed using R (version 4.0.2; R Foundation) or SPSS (ver-
sion 26) software.

RESULTS

Clinical Characteristics of the Study Populations

This study enrolled 3 groups of patients recovered from
COVID-19 at 3 months after hospital discharge (19 recovered
SPs, 20 recovered MPs, and 16 recovered APs). Seventeen HCs
were recruited at the same time and were matched for age, sex,
and BMI. As shown in Table 1, the mean duration from illness
onset to follow-up was 4.5 months (139.79 vs 133.75 days, re-
spectively, for recovered SPs vs recovered MPs), and the me-
dian length of hospital stay was significantly longer in recovered
SPs than that in recovered MPs (47.0 vs 22.0 days, respectively;
P <.001). Most recovered patients tested positive for serum
SARS-COV-2 immunoglobulin G, with a few still positive for
immunoglobulin M.

The laboratory findings of the 4 groups revealed that levels of
all indicators had returned to normal and were comparable
to those in the HCs. Comparison of levels of C-reactive pro-
tein and some hematologic markers at discharge and 3 months
later revealed that only the monocyte counts were significantly
decreased after 3 months (Supplementary Table 2). Artificial
intelligence-assisted CT findings showed persisting residual le-
sions on chest CT images and were more frequently observed
in recovered SPs (94.7%), followed by recovered MPs (80%).
Consistently, the volume percentages of total lesion, ground-
glass opacity, and solid component in the lungs increased with
the severity of previous COVID-19.

In general, the volume of residual lesions in the whole lungs
was not large, indicating that the pneumonia lesions on CT im-
ages were well absorbed in patients recovered from COVID-19
3 months after discharge. However, striplike fibrosis, a solid
component newly formed during the recovery period, was
more common in recovered SPs than in recovered MPs (89.5%
vs 30%). Correspondingly, anomalies of pulmonary function
were mainly noted in diffusion capacity and lung volume (Table
1), as revealed by the significantly reduced percentage values
for diffusing capacity of the lung for carbon monoxide (DLCO)
, total lung capacity , and residual volume in the recovered SPs,
but not in MPs and APs. The ventilatory capacity of pulmonary
function showed no significant differences (Supplementary
Table 3).

Cytokine Profiles of Patients Recovered From COVID-19 3 Months After
Discharge

The abnormal clinical manifestations above indicated that the
COVID-19 survivors had not yet fully recovered at 3 months
after hospital discharge and had experienced post-COVID-
19 organ damage (fibrosis on CT images and decreased lung
volume and DLCO predicted percentage). To assess the state of
inflammation in these survivors, we measured the levels of 44
plasma cytokines in SPs, MPs, APs, and HCs using a Meso Scale
Discovery multiplex immunoassay (Figures 1-4). The plasma
cytokines were categorized into 4 classes.

Class 1 cytokines are associated with vascular injury and
repair/angiogenesis (Figure 1). We discovered that levels of
VCAM-1, ICAM-1, PIGF, and Tie-2 were significantly elevated
in recovered SPs compared with HCs, whereas bFGF exhibited
the opposite change, but MPs and APs showed no significant
difference compared with HCs. Meanwhile, VEGF family and
its VEGF receptor 1 showed no significant differences between
these 4 groups (Figure 1C).

Class 2 cytokines promote immune cell growth and differ-
entiation (Figure 2). Comparison of these cytokines revealed
that IL-7 levels were significantly decreased in recovered SPs
compared with APs and HCs, while TSLP levels were relatively
higher in recovered SPs. However, no significant differences
were found in GM-CSE, IL-2, IL-4, IL-5, IL-9, and IL-15. IL-7
exerts anti-apoptotic properties and induces potent prolifera-
tion of naive and memory T cells, causing replenishment of the
circulating pool (CD4" and CD8") [16, 17]. TSLP is reportedly
involved in the development of acute T-helper 2-dependent
allergic airway inflammation [18]. Accordingly, recovered SPs
tended to have a certain degree of T-cell immune perturbation.

Class 3 cytokines are proinflammatory immune factors
(Figure 3). We found significant up-regulation of SAA protein
and TNF-a in recovered SPs, but not in MPs and APs. IL-1aand
IL-1P levels did not differ significantly between the 4 groups.
However, IL-1RA was significantly elevated in SPs. The levels
of IL-6 and IL-10 in patients recovered from COVID-19, which
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Figure 1. Plasma level of cytokines involving vascular injury and repair in patients recovered from coronavirus disease 2019 (CQVID-19) and healthy controls. Class 1
cytokines involving vascular injury and repair/angiogenesis were measured in recovered patients with severe/critical COVID-19 (SPs; n = 19), patients with mild/moderate
COVID-19 (MPs; n = 20), and asymptomatic patients (APs; n = 16) and healthy controls (HCs; n = 17), using a multiplex immunoassay (Meso Scale Discovery). A, Statistical
analysis of cytokines related to vascular injury, including vascular cell adhesion molecule 1 (VCAM-1), intercellular adhesion molecule 1 (ICAM-1). B, Statistical analyses of
cytokines related to vascular repair, including basic fibroblast growth factor (bFGF), placental growth factor (PIGF), and tyrosine receptor kinase in the endothelium 2 (Tie-2).
C, Statistical analysis of cytokines related to angiogenesis, including the vascular endothelial growth factor (VEGF) family (VEGF-A, VEGF-C, and VEGF-D) and its receptor
(FIt-1). Data are expressed as box plots showing median and interquartile range. Dots represent individual subjects, including recovered SPs (red), recovered MPs (brown),
recovered APs (green), and HCs (blue). The significance of differences for comparisons of the 4 groups was determined using the Kruskal-Wallis test (for data with nonnormal
distribution) or 1-way analysis of variance (ANOVA; for data with normal distribution) and presented as an absolute overall Pvalue. False discovery rate (FDR) correction was
first applied for all 44 cytokines. For variables with an overall Pvalue <.05 and an FDR <0.05, pairwise subgroup comparisons (recovered SPs vs HCs, MPs vs HCs, APs vs HCs,
SPs vs MPs, SPs vs APs, and MPs vs APs) were performed with Bonferroni correction. *adjusted P < .05; "adjusted P< .01; *adusted P<.001; NS, not significant.
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Figure 2. Plasma level of cytokines involving immune cell growth and differentiation in patients recovered from coronavirus disease (COVID-19) and healthy controls. Class
2 cytokines involving immune cell growth and differentiation were measured in recovered patients with severe/critical COVID-19 (SPs; n = 19), patients with mild/moderate
COVID-19 (MPs; n = 20), and symptomatic patients (APs; n = 16) and healthy controls (HCs; n = 17), using a multiplex immunoassay (Meso Scale Discovery). Statistical ana-
lyses are displayed as scatterplots for granulocyte-macrophage colony-stimulating factor (GM-CSF) (A), interleukin 2 (IL-2) (B), interleukin 4 (IL-4) (C), interleukin 5 (IL-5) (D),
interleukin 7 (IL-7) (£), interleukin 9 (IL-9) (A, interleukin 15 (IL-15) (G), and thymic stromal lymphopoietin (TSLP) (H). Data are expressed as box plots showing median and
interquartile range. Dots represent individual subjects, including recovered SPs (red), recovered MPs (brown), recovered APs (green), and HCs (blue). The significance of differ-
ences for comparisons of the 4 groups was determined using the Kruskal-Wallis test (for data with nonnormal distribution) or 1-way analysis of variance (ANOVA; discovery
rate (FDR) correction was first applied for all 44 cytokines. For variables with an overall Pvalue <.05 and an FDR <0.05, pairwise subgroup comparisons (recovered SPs vs
HCs, MPs vs HCs, APs vs HCs, SPs vs MPs, SPs vs APs, and MPs vs APs) were performed with Bonferroni correction. *adjusted P<.05; "adjusted P< .01; NS, not significant.

have been widely reported for the stratification of disease se- Class 4 cytokines were characterized as chemokines (Figure
verity during acute COVID-19, were almostback to the levels  4). Levels of chemokines that stimulate the migration of eosino-
in HCs, while IL-17A and IL-17D levels remained significantly ~ phils (eotaxin and eotaxin 3) and chemotaxis for monocytes or
higher in recovered SPs. lymphocytes (IP-10, MCP-1, MIP-1a, MIP-1f3, and MDC) were
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Figure 3. Plasma level of proinflammatory and anti-inflammatory cytokines in patients recovered from coronavirus disease 2019 (COVID-19) and healthy controls (HCs).
Class 3 cytokines that were to pro- or anti-inflammatory were measured in recovered patients with severe/critical COVID-19 (SPs; n = 19), patients with mild/moderate
COVID-19 (MPs; n = 20), and asymptomatic patients (APs; n = 16) and healthy controls (HCs; n = 17), using a multiplex immunoassay (Meso Scale Discovery). Statistical ana-
lyses are displayed as scattterplots for serum amyloid A (SAA) protein, interferon (IFN) +y, tumor necrosis factor (TNF) at, and TNF-3 (A); interleukin Ta, 1B, 1RA, and 6 (IL-1c,
IL-1B. IL-1RA, and IL-6) (B); interleukin 10, 12/23 (p40), 12 (p70), and 13 (IL-10, IL-12/IL-23p40, IL-12p70, and IL-13) (C); and the interleukin 17 family (IL-17A, IL-17B, IL-17C, and
IL-17D) (D). Data are expressed as box plots showing median and range. Dots represent individual subjects, including recovered SPs (red), recovered MPs (brown), recovered
APs (green), and HCs (blue). The significance of differences for comparisons of the 4 groups was determined using the Kruskal-Wallis test (for data with nonnormal distribu-
tion) or 1-way analysis of variance (for data with normal distribution) and presented as an absolute overall Pvalue. False discovery rate (FDR) correction was first applied for
all 44 cytokines. For variables with an overall Pvalue <.05 and an FDR <0.05, pairwise subgroup comparisons (recovered SPs vs HCs, MPs vs HCs, APs vs HCs, SPs vs MPs,
SPs vs APs, and MPs vs APs) were performed with Bonferroni correction. *adjusted P< .05; Tadjusted P< .01; *adusted P< .001; NS, not significant.

also significantly higher in recovered SPs than in recovered lymphocytes) did not differ significantly among the 4 groups.
MPs or APs and HCs. However, levels of TARC (chemotactic =~ Moreover, among these 44 cytokines, only VCAM-1, ICAM-1,
factor for T lymphocytes), IL-8 (involved in neutrophil traf- TNF-a, MIP-1a, and MIP-1B were significantly higher in re-
ficking), and IL-16 (stimulates a migratory response in CD4"  covered SPs than in recovered MPs.
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Figure 4. Plasma level of chemokines in patients recovered from coronavirus disease 2019 (COVID-19) and healthy controls. Class 4 cytokines involving chemotaxis were
measured in recovered patients with severe/critical COVID-19 (SPs; n = 19), patients with mild/moderate COVID-19 (MPs; n = 20), and asymptomatic patients (APs; n = 16)
and healthy controls (HCs; n = 17), using a multiplex immunoassay (Meso Scale Discovery). Statistical analyses are displayed as scatterplots for chemotactic factor eotaxin
(A); interferon y—inducible protein 10 (IP-10), monocyte chemotactic protein (MCP) 1, MCP-4, macrophage inflammatory protein (MIP) 1ct, MIP-1(3, and macrophage-derived
chemokine (MDC) (B); and thymus activation—regulated chemokine (TARC), interleukin 8 (IL-8), and interleukin 16 (IL-16) (C). Data are expressed as box plots showing median
and range. Dots represent individual subjects, including recovered SPs (red), recovered MPs (brown), recovered APs (green), and HCs (blue). The significance of differences for
comparisons of the 4 groups was determined using the Kruskal-Wallis test (for data with nonnormal distribution) or 1-way analysis of variance (ANOVA; for data with normal
distribution) and presented as an absolute overall Pvalue. False discovery rate (FDR) correction was first applied for all 44 cytokines. For variables with an overall Pvalue <.05
and an FDR <0.05, pairwise subgroup comparisons (recovered SPs vs HCs, MPs vs HCs, APs vs HCs, SPs vs MPs, SPs vs APs, and MPs vs APs) were performed with Bonferroni
correction. *adjusted P< .05; 'adjusted P<.01; *adusted P<.001; NS, not significant.
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Figure 5. Correlation between cytokines and abnormal clinical features in patients recovered from coronavirus disease 2019 (COVID-19). Correlation matrices of cytokines and
abnormal clinical features are shown for 55 patients recovered from COVID-19, including 19 patients with severe/critical COVID-19 (SPs) 20 patients with mild/moderate COVID-
19 (MPs), and 16 asymptomatic patients (APs). A, Spearman correlation of cytokines with laboratory markers (cystatin C [CysC], lactate dehydrogenase [LDH], C-reactive protein
[CRP], and activated partial thromboplastin time [APTT]). B, Spearman correlation of cytokines with residual computed tomographic (CT) abnormities (total lesion, ground-glass
opacity [GGQ], and solid component [SC] percentages). C, Spearman correlation of cytokines with pulmonary function tests (PFT) results, including diffusing capacity of the lung for
carbon monoxide (DLCO), total lung capacity (TLC), and residual volume (RV) predicted percentages). These correlations were calculated for 55 patients recovered from COVID-19
pooled as a single group, using the value of each variable for each patient. Only cytokines with significant correlations were displayed. Significance was determined using 2-tailed
Spearman correlation analysis, and the correlation coefficients were visualized by means of color intensity and dot size. *P< .05; tP<.01; $P< .001. Abbreviations: bFGF, basic
fibroblast growth factor; FIt-1, vascular endothelial growth factor receptor 1; GM-CSF, granulocyte-macrophage colony-stimulating factor; ICAM-1, intercellular adhesion molecule
1; IFN, interferon; IL-1RA (etc), interleukin 1RA (etc); IP, IFN-y—inducible protein; MCP, monocyte chemotactic protein; MDC, macrophage-derived chemokine; MIP, macrophage
inflammatory protein; PIGF, placental growth factor; SAA, serum amyloid A; TARC, thymus activation—regulated chemokine; Tie-2, tyrosine receptor kinase in the endothelium 2;
TNF, tumor necrosis factor; TSLP, thymic stromal lymphopoietin; VCAM-1, vascular cell adhesion molecule 1; VEGF, vascular endothelial growth factor.
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Proportions of Inmune Cells in PBMCs Among Patients Recovered From
COvID-19

Several plasma cytokines remained at abnormal levels at
3 months after hospital discharge in patients recovered from
COVID-19, especially in recovered SPs, which prompted
consideration of immune cell recovery. We explored the pro-
portions of 6 types of immune cells (T, NK, NKT, DC, mac-
rophage, and MDSC) by isolating PBMCs from whole blood
and phenotypically analyzed them with flow cytometry
(Supplementary Figure 2). As shown in Table 2, a total of 51
age-, sex-, and BMI-matched subjects were analyzed (20 re-
covered SPs, 14 MPs, 9 APs, and 8 HCs). The proportions of
total CD3", CD4", and CD8" T cells, NK cells, and NKT cells
were slightly higher in recovered SPs at 3 months after dis-
charge, with the ratio of CD4"/CD8" T cells relatively lower
than in HCs, although the differences were not statistically
significant. Similarly, no significant difference was observed
in the percentage of DCs (CD11C'HLA-DR") between pa-
tients recovered from COVID-19 and HCs. The mean fluo-
rescence intensities (MFIs) of CD80 and CD86 in DCs were
comparable across the 4 groups. We also did not observe any
significant differences in the percentages of macrophages
(CD11b*CD14") and the CD80 and CD86 MFIs of macro-
phages between patients recovered from COVID-19 and
HCs. Within the MDSC lineage, no significant differences
were found in the frequencies of total, polymorphonuclear
(PMN) , and mononuclear MDSCs between patients re-
covered from COVID-19 and HCs (all P > .05).

We further divided the patients recovered from COVID-19
into 2 groups according to the DLCO percentage and CT find-
ings. However, none of the immune cells exhibited significant
differences between the groups with normal versus abnormal
DLCO percentage (Supplementary Figure 3), while the propor-
tions of CD4" T cells and PMN MDSCs were significantly lower
in the abnormal than in the normal CT group (Supplementary
Figure 4).

Correlations Between Cytokine Profiles and Abnormal Clinical Features in
Patients Recovered From COVID-19

Based on the above findings, we examined the potential associ-
ations between cytokine profiles and abnormal clinical features
by using Spearman correlation analysis in patients recovered
from COVID-19. Variables with significant correlations are
shown in Figure 5 and Supplementary Tables 4-6. Mainly, class
1, 3, and 4 cytokines were significantly correlated with the in-
dicated laboratory findings, residual CT abnormalities, and
pulmonary function test. The vascular injury factors VCAM-1
and ICAM-1, the inflammatory cytokines TSLP, SAA pro-
tein, TNF-a, IL-1RA, and IL-17C, and the chemokines IP-10,
MCP-1, MIP-1a, MIP-1f, and IL-16 were positively correlated
withcystatin C and lactate dehydrogenase, which are indicators
of organ damage (Figure 5A).

Meanwhile, levels of cytokines, including 2 vascular injury/
repair factors (ICAM-1 and PIGF), 3 inflammatory cyto-
kines (TSLP, TNF-qa, and IL-17C), and 3 chemokines (MCP-1,
MIP-1a, and MIP-1f), were positively correlated with ground-
glass opacity percentage and solid component percentage on
CT images, whereas bFGF (tissue repair) and TARC (which
may play a role in mature T-cell activation) were negatively cor-
related (Figure 5B), consistent with the lower median levels of
bFGF and TARC in recovered SPs than in HCs (Figures 1B and
4C). Furthermore, 3 vascular injury/repair factors (VCAM-
1, ICAM-1, and PIGF), 3 inflammatory cytokines (TNF-q,
IL-12p40, and IL-17A), and 3 chemokines (IP-10, MIP-1a, and
MIP-1pB) showed significant negative relationships with DLCO
predictedpercentage and total lung capacity predicted per-
centage of pulmonary function, except for IL-7, which showed
a positive correlation (Figure 5C), indicating that IL-7 may
play a protective role in lung recovery. Overall, cytokines—in-
cluding VCAM-1, ICAM-1, TNF-qa, IP-10, MCP-1, MIP-1a,
and MIP-1p—were positively correlated with abnormal clin-
ical features among patients recovered from COVID-19 at
3 months after hospital discharge.

DISCUSSION

The results of this study showed persisting respiratory sequelae
(reduced lung volume, diffusion capacity disorder, and chest
CT abnormalities) in patients recovered from COVID-19 at
3 months after discharge, more frequently and more conspic-
uous in recovered SPs than in their MP and AP counterparts.
Several factors associated with vascular injury and repair/angi-
ogenesis (class 1 cytokines), inflammation (class 3 cytokines),
and chemotaxis (class 4 cytokines) were up-regulated in patients
recovered from COVID-19, particularly in SPs. Furthermore,
the percentage of immune cells in PBMCs—including T, NK,
and NKT cells, DCs, macrophages, and MDSCs—did not differ
significantly between patients recovered from COVID-19 and
HCs, whereas in patients recovered from COVID-19, the pro-
portion of CD4" T cells was significantly lower among those
with abnormal than in those with normal CT findings. In ad-
dition, cytokines, such as VCAM-1 and ICAM-1 (class 1 cyto-
kines), TNF-a (a class 3 cytokine); and IP-10, MCP-1, MIP-1a,
and MIP-1f (class 4 cytokines) were positively correlated with
all of the above abnormal clinical features observed in patients
recovered from COVID-19.

Immunopathology, especially cytokine release syndrome, is
thought to be a major cause of disease severity and death in
patients infected with SARS-CoV-2, SARS-CoV, and Middle
Eastern respiratory syndrome coronavirus [19, 20]. COVID-
19 usually involves a cytokine storm, a phlogistic phenom-
enon caused by positive feedback loops that regulate cytokine
production and overwhelm counterregulatory mechanisms
[21]. Several inflammatory cytokines (eg, SAA protein, TNF-
a, IL-6, and IL-17), chemokines (IP-10, MIP-1a, and MIP-1p),
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and vascular injury factors (ICAM-1 and VCAM-1) have been
widely reported to be significantly elevated in the acute phase
of COVID-19 [2, 22-24]. In our study, at 3 months after dis-
charge, the levels of cytokines and chemokines related to
hyperinflammatory response, including SAA protein, TNF-q,
IL-17A, IL-17D, eotaxin, eotaxin 3, IP-10, MCP-1, MIP-1a,
MIP-1pB, and MDC, remained elevated in recovered SPs; the
exception was IL-7 (a T-cell growth-promoting factor), which
had a decreased level. Unexpectedly, factors related to vascular
injury and angiogenesis, such as VCAM-1, ICAM-1, Tie-2, and
PIGE, were significantly elevated in SPs; as proinflammatory
proteins are key danger signals that cause endothelial function
to shift from the homeostatic to the defensive mode [25], in-
flammation and vascular damage might coexist and aggravate
each other in SARS-COV-2 infection, a vicious cycle that per-
sisted in SPs 3 months after discharge and may lead to long-
term undesirable consequences in recovered SPs, as this cycle is
associated with heart disease and stroke in normal populations.

Furthermore, VCAM-1 and ICAM-1 (2 vascular injury fac-
tors) were significantly negatively correlated with DLCO pre-
dicted percentage of pulmonary function, suggesting that the
reduction in DLCO predicted percentage in patients recovered
from COVID-19 may be caused by endothelial cell activa-
tion, leading to disturbance of alveolar-capillary gas exchange.
However, compared with those in HCs, IL-7 levels were signif-
icantly decreased in recovered COVID-19 SPs unlike in MPs
and APs and were positively correlated with DLCO predicted
percentage, indicating the protective role of IL-7 in improving
clinical outcomes. The ex vivo administration of IL-7 report-
edly restored T-cell IFN-y production in patients with COVID-
19 [26], and current evidence has favored the effective role and
safety of IL-7 in improving T-cell immunity among patients
with critical COVID-19 [27, 28]. IL-7 therapy may help im-
prove ongoing immune disorders in patients recovered from
COVID-19, thereby improving the corresponding clinical out-
comes, especially in those who recovered from severe/critical
illness.

Levels of cytokines, including VCAM-1, ICAM-1, TNF-a,
IP-10, MCP-1, MIP-1a, and MIP-1p were not only significantly
elevated in recovered SPs but were also positively correlated
with all abnormal clinical features (residual CT abnormalities
and impaired pulmonary function) observed 3 months after
discharge in patients recovered from COVID-19. This im-
plies that these aberrant vascular injury-related cytokines, in-
flammatory factors, and chemokines may explain the residual
clinical abnormalities and may also lead to undesirable future
clinical sequelae, apossibility that needs further studies to con-
firm and follow up.

Furthermore, dysfunction of myeloid, NK, T, and B cells
and their subsets occur in acute-phase COVID-19 [29-31]. In
the current study, we found that immune cells, including DCs,
macrophages and their CD80 and CD86 MFI, as well as NK

and NKT cells, T cells (total, CD4*, and CD8"), and MDSCs
(total, PMN, and mononuclear), had returned to normal levels
3 months after discharge in patients recovered from COVID-
19. These data were consistent with those of a 2020 study [8]
reporting numbers of CD4" and CD8" T cells, B cells, and NK
cells in patients recovered from COVID-19 that were compa-
rable to those in unexposed HCs. Moreover, a study [10] on
individuals with asymptomatic or mild COVID-19 reported
that convalescent-phase SARS-CoV-2-specific T cells were
polyfunctional and displayed a stemlike memory phenotype,
even in the absence of detectable humoral responses. Thus,
the numbers of most immune cells had returned to normal
3 months after hospital discharge in patients recovered from
COVID-19, and their function began to shift toward protective
immunity against reinfection.

The current study has several limitations. First, the sample
size was limited. Second, this cross-sectional study focused only
on intermediate-term follow-up findings (3 months after dis-
charge). Third, we did not assess the functional capabilities of
SARS-CoV-2-specific immune cells or monitor antibody titers
in convalescent individuals. Finally, we did not evaluate related
damage to the cardiovascular system, although heart is an im-
portant target organ in vascular injury.

In conclusion, we found that vascular injury, aberrant
proinflammatory cytokine and chemokine levels, and abnormal
clinical features persisted in patients recovered from COVID-
19 at 3 months after hospital discharge, especially in recovered
SPs compared with MPs and APs. These findings raise concerns
regarding ongoing aberrant cytokine-mediated organ damage
in some patients recovered from COVID-19, especially sur-
vivors of severe/critical disease. Whether these findings return
to normal or continue to progress in later stages requires further
research. Most importantly, attention should be paid to vascular
injury, inflammation, and chemotaxis in recovered SPs. These 3
classes of cytokines persist and aggravate each other, forming
a vicious cycle that may cause long-term irreversible, life-
threatening sequelae, such as cardiovascular and cerebrovas-
cular diseases and lung fibrosis (abnormal blood gas exchange).
Our study focused on cytokine profiles and their correlation
with clinical sequelae in patients recovered from COVID-19 of
different disease severities 3 months after discharge, which may
improve our understanding of the full spectrum of COVID-19
and provide guidance for long-term rehabilitation in recovered
patients.

Supplementary Data

Supplementary materials are available at The Journal of Infectious
Diseases online. Consisting of data provided by the authors to
benefit the reader, the posted materials are not copyedited and
are the sole responsibility of the authors, so questions or com-
ments should be addressed to the corresponding author.
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