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Abstract

Background: COVID-19 pandemic continues, clarifying signatures in clinical characters and antibody responses
between severe and non-severe COVID-19 cases would benefit the prognosis and treatment.

Methods: In this study, 119 serum samples from 37 severe or non-severe COVID-19 patients from the First Peo-

ple’s Hospital of Yueyang were collected between January 25 and February 18 2020. The clinical features, antibody
responses targeting SARS-CoV-2 spike protein (S) and its different domains, SARS-CoV-2-specific Ig isotypes, IgG sub-
classes, ACE2 competitive antibodies, binding titers with Fcylla and Feyllb receptors, and 14 cytokines were compre-
hensively investigated. The differences between severe and non-severe groups were analyzed using Mann-Whitney U
test or Fisher’s exact test.

Results: Severe group including 9 patients represented lower lymphocyte count, higher neutrophil count, higher
level of LDH, total bile acid (TBA) (P< 1 x 1074, r-glutaminase (P=0.011), adenosine deaminase (P< 1 x 107, pro-
calcitonin (P=0.004), C-reactive protein (P< 1 x 107 and D-dimer (P=0.049) compared to non-severe group (28
patients). Significantly, higher-level Igs targeting S, different S domains (RBD, RBM, NTD, and CTD), FcyRlla and FcyRllb
binding capability were observed in a severe group than that of a non-severe group, of which IgG1 and IgG3 were the
main IgG subclasses. RBD-IgG were strongly correlated with S-IgG both in severe and non-severe group. Additionally,
CTD-IgG was strongly correlated with S-IgG in a non-severe group. Positive RBD-ACE2 binding inhibition was strongly
associated with high titers of antibody (S-IgG1, S-IgG3, NTD-IgG, RBD-IgA, NTD-IgA, and CTD-IgA) especially RBD-IgG
and CTD-IgG in the severe group, while in the non-severe group, S-IgG3, RBD-IgG, NTD-IgG, and NTD-IgM were cor-
related with ACE2 blocking rate. S-IgG1, NTD-IgM and S-IgM were negatively associated with illness day in a severe
group, while S-IlgG3, RBD-IgA, CTD-IgA in the severe group (r=0.363, P=0.011) and S-IlgG1, NTD-IgA, CTD-IgA in the
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Graphical Abstract

Non-severe

non-severe group were positively associated with illness day. Moreover, GRO-q, IL-6, IL-8, IP-10, MCP-1, MCP-3, MIG,
and BAFF were also significantly elevated in the severe group.

Conclusion: Antibody detection provides important clinical information in the COVID-19 process. The different
signatures in Ig isotypes, IgG subclasses, antibody specificity between the COVID-19 severe and non-severe group will
contribute to future therapeutic and preventive measures development.

Keywords: SARS-CoV-2, COVID-19, Severe patient, Cytokine, Immune response
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The coronavirus disease 2019 (COVID-19), caused by
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) [1, 2], has been declared a threat to global health.
It has caused over 300 million COVID-2019 cases and
accounting for over 5 million deaths [3].

Similar to SARS-CoV infection, the common clini-
cal manifestations of COVID-19 include fever, cough,
fatigue, sore throat, dyspnea and pneumonia, with
low total lymphocyte count and percentage of T cells,
increased C-reactive protein (CRP) concentration and
erythrocyte sedimentation rate [4]. According to the
clinical severity, the COVID-19 cases can be divided
into mild, moderate, or severe subtypes. Severe cases
are defined by respiratory distress with pneumonia, with
respiratory rate > 30 breaths/min; or SpO, (oxygen satu-
ration) <93% at rest; or PaO,/FIO, (partial pressure of
oxygen/fraction of inspired oxygen) <300 mmHg. It is
reported that dyspnea, myalgia or fatigue, high-grade
fever were the most common symptoms in severe cases.

severe cases were significantly higher than mild or mod-
erate patients [5, 6]. Differences in clinical manifestations
were primarily due to individual immune response, espe-
cially antibody titers.

Antibody plays an important role of humoral response
after microbial infection. There are five antibody isotypes
in serum, including IgA, IgD, IgE, IgM, and IgG. Fol-
lowing SARS-CoV-2 infection, virus-specific IgM, IgG,
and IgA antibody have been detected [7, 8], of which
Ig@G is the most abundant. The infection of SARS-CoV-2
relies on the interaction between the receptor binding
domain (RBD) of its spike protein (S) and the angioten-
sin converting enzyme 2 (ACE2) on host cells [9, 10].
Multiple studies have shown that the majority of SARS-
CoV-2-infected individuals produce S- and RBD-spe-
cific antibodies [11, 12]. In addition, other studies also
reported isolation of N-terminal domain (NTD)-specific
and S2-specific monoclonal antibodies that exhibited
high neutralization potency [13, 14]. However, detailed
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information on antibody targeting domain of the spike
protein and the frequency of the antibody was not clari-
fied clearly.

Despite the importance of antibody protection, con-
cerns of antibody-dependent enhancement (ADE) arise
from the possibility that existing antibody may increase
the severity of disease, which may be caused by anti-
body-mediated endocytosis into Fc gamma receptor Ila
(FcyRIIa)-expressing phagocytic cells, leading to rapid
viral replication. Several studies have reported increased
uptake of SARS-CoV and Middle East Respiratory Syn-
drome Coronavirus virions into FcR-expressing mono-
cytes or macrophages in vitro [15, 16]. However, FcyRIIb,
the only inhibitory Fc receptor that cross-links with the
activated receptor to intracellular transduction inhibitory
signals, played a significant role in the negative regulation
of immune response.

Besides the antiviral effect of antibodies, cytokines
are also important components in an antiviral immune
response. The proliferation of immune cells and signal
factors lead to local inflammation and even cytokine
storm syndrome (CSS). In COVID-19 patients, the stud-
ies reported elevated interleukins (IL) like IL-6, IL-8,
IL-2R, IL-10, tumor necrosis factor (TNF-a), IL-1Ra,
IP-10 (IEN-y-induced protein 10) and macrophage
inflammatory protein 1 (MCP-1) [17-21], especially in
the severe group.

Further comparison of differences in cytokines and
immune characters between severe and non-severe
patients will help better to clarify the relationship
between inflammation and antibody responses. Thus,
in the present study, we characterized the clinical and
immune features of 119 blood samples collected from
37 hospitalized patients with mild to severe symptoms,
focusing on antibody isotype and IgG titers, RBD-ACE2
blocking activity, binding tiers with FcyR, B cell activa-
tion factor and cytokines. We carefully compared how
these responses differentiated between the severe group
and the non-severe group. Finally, the interplay between
antibody isotype, antibody subclasses, antibody dynamics
and functional antibody characteristics were analyzed in
detail to provide the full understanding of host immune
response against SARS-CoV-2 infection between the
severe group and non-severe group.

Methods and materials

Study samples

Serum samples were collected from 37 COVID-19
patients at the First People’s Hospital of Yueyang between
January 25 and February 18 2020. All individuals had
PCR-confirmed SARS-CoV-2 infection and related symp-
toms. These patients were divided into a severe and non-
severe (mild or moderate) group. Nine were classified
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severe (severe group), while 28 were mild or moder-
ate (non-severe group). The cohort included 21 females
and 16 males, with a median age of 53.5 (25-75) years.
Thirty-seven COVID-19 patients were serially sampled
during the hospitalization, and a total of 119 serum sam-
ples were finally collected. The serum samples were heat
inactivated at 56 ‘C for 30 min before use.

Proteins

The proteins used in this study were purchased or cus-
tomized from Sino Biological (Beijing, China) or Novo-
protein (Shanghai, China), and detailed information was
listed in Additional file 2: Table S2.

Measurements of SARS-CoV-2-specific antibodies
Antibody responses, mainly target the spike proteins,
which make it important to evaluate S-specific antibody
responses. Using an in-house enzyme-linked immu-
nosorbent assay (ELISA), we measured the presence of
anti-SARS-CoV-2 antibody isotypes and IgG subtypes.
ELISA was used to measure the SARS-CoV-2-specific
IgG, IgM, IgA, and subclasses of IgG (IgG1-G4). 1 pg/ml
of the recombinant S, RBD, RBM, NTD, or CTD proteins
in phosphate-buffered saline (PBS) (pH 7.4) were used
to coat the 96-well plates at 4 °C overnight. Plates were
washed with phosphate-buffered saline, 0.05% Tween-
20 (PBST) five times after each binding step. Plates were
blocked with blocking buffer (PBS containing 5% BSA)
at 37 °C for 2 h. The serum samples diluted in PBS con-
taining 1% BSA at 1:100 was added to plates for screen-
ing assay, and serially diluted serum samples staring from
100-fold dilution were added to plates for binding titer
test. The bound antibodies were detected with horserad-
ish peroxidase (HRP)-conjugated goat anti-human IgG,
IgM, and IgA (1:10,000, Abcam) and mouse anti-human
IgG1, IgG2 (1:1,000, Abcam), IgG3 (1:1,000, Thermo
Fisher, USA), and IgG4 (1:4,000, Abcam). The plates
were then washed five times and incubated with TMB
substrate (Solarbio, Beijing, China) at room temperature
for 15 min, and a stop solution (Solarbio, Beijing, China)
was then added. The absorbance at 450 nm (OD,;,) was
measured using an ELISA microplate reader (Molecular
Devices, Sunnyvale, USA). Absorbance values at 650 nm
(ODgs) were also measured and subtracted to eliminate
the background color and absorbance value of the pore
plate itself. Each sample was tested in duplicate, and the
results are reported as the mean values.

ACE2 blocking assay

To test the effect of serum on blocking ACE2 binding
RBD, 2 pg/ml the recombinant ACE2 (Sino iological, Bei-
jing, China) was added in 96-well plates and overnight at
4 °C, followed by blocking with the blocking buffer and



Wang et al. Infectious Diseases of Poverty (2022) 11:15

washing. RBD-mouse-Ig-Fc at a concentration of 0.15 pg/
ml was pre-incubated with serum diluted at 1:20 at 37 °C
for 1 h, and then added into the wells coated with ACE2
and incubated at 37 °C for 1 h. Then the proportion of
RBD-Fc proteins that were blocked by serum could not
bind with ACE2 and were washed away. Goat anti-mouse
IgG antibodies were added and incubated at 37 °C for
1 h, followed by adding TMB substrates and incubated at
room temperature for 15 min. Stop solution was added
and measured as above. The blocking percentage were
calculated 100 x (1—(OD 5, value of serum sample/OD g,
value of PBS control)). Each sample was tested in dupli-
cate, and the results are reported as the mean values.

Cytokine measurements

ELISA was used to measure the serum levels of APRIL
(BioLegend, San Diego, USA) and BAFF (R&D Systems,
Minneapolis, USA) according to the manufacturer’s
instructions. Serum cytokines (GRO-a, IFN-y, IL-1p, IL-
1-ra, IL-6, IL-8, IL-15, IP-10, MCP-1, MCP-3, MIG, and
VEGFA) were measured with a multiplex assay (Human
Cytokine/Chemokine Panel I, Millipore, Billerica, USA)
on a Luminex200 platform. Each sample was tested
in duplicate, and the results are reported as the mean
values.

Statistical analyses

All the continuous variables and categorical variables in
this study were expressed as median [interquartile range
(IQR)] and number/sum (%). Differences in continuous
variables between severe group and non-severe groups
were compared using Mann—-Whitney U test. Fisher’s
exact test was used to analyze two-group categorical vari-
ables. The correlations were determined by the Spearman
rank method. P values<0.05 and r>0.3 or<—0.3 were
considered statistically significant. P values between 0.01
and 0.05, 0.001 and 0.01, 0.0001 and 0.001, and <0.0001
were considered statistically significant (*), very signifi-
cant (**), extremely significant (***) and super significant
(****), respectively, whereas “ns” represents not sig-
nificant. The analyses were performed using GraphPad
Prism 9 software (GraphPad, La Jolla, California, USA).

Results

Demographic and clinical features

A total of 37 COVID-19 patients were included in the
current study, including 21 females and 16 males. These
patients were divided into a severe and non-severe (mild
or moderate) group based on the disease severity. The
median age of the patients was 53.5 years, ranging from
27 to 76 years. There were no significant differences in
age and gender between the two groups (Additional
file 1: Table S1). A total of 119 serum samples from the 37
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patients were serially collected, ranging from 6 days after
symptom onset to 45 days during hospitalization. The
median sample days in severe and non-severe group were
18.5 and 19 days after symptoms onset.

For clinical manifestations, common symptoms in our
cohort included fever, cough, fatigue, sore throat and
chest tightness (Additional file 1: Table S1). High grade
fever (P<1x 107%), chest tightness (P=0.007), shortness
of breath (P=6 x 107*), nausea or vomiting (P=9 x 1074
were reported significantly more in severe group com-
pared to non-severe group. Severe group also had more
comorbidities such as diabetes (P=1.9x107%) (Addi-
tional file 1: Table S1).

As shown in Table 1, blood examination results showed
that both absolute count and percentage of leukocyte and
neutrophil were significantly higher in a severe group
than non-severe group (P<0.05), while the percentage
of lymphocyte and monocyte were significantly lower in
the severe group. Serum biochemical study showed that
the severe cases had significantly higher levels of LDH
(P=0.005), total bile acid (TBA) (P<1 x 107%), r-glutam-
inase (P=0.011), adenosine deaminase (P<1 x 107%),
procalcitonin (P=0.034), CRP (P<1 x 10~*) and D-dimer
(P=0.050) compared to non-severe cases (Table 1).
Lower percentage of CD3% T cell, CD3"CD16/567 NK
cell and higher CD37CD19" B cell percentage in severe
groups were also observed, but due to the limited flow
cytometry analysis data (severe case n=7, non-severe
case n=17), the differences were not statistically sig-
nificant (P>0.05). These results suggested increased
systemic inflammation, dysfunction of the liver, and com-
promised T cell response is associated with the severity
of COVID-19 patients.

Anti-SARS-CoV-2 antibody responses

Serum anti-SARS-CoV-2 S-specific IgG, IgA, and IgM
antibodies were detected in all samples (Fig. la), and
antibody levels in the severe group were all significantly
higher than the non-severe group (P<0.001). The four
IgG subclasses targeting SARS-CoV-2 S protein were
detected in all samples, with overall IgGl and IgG3
responses higher than IgG2 and IgG4 responses. The
severe group also showed higher IgG1-IgG4 levels than
the non-severe group (P<1x 107%) (Fig. 1b). Serum IgG
titers against SARS-CoV-2 S, RBD, receptor binding
motif (RBM), N terminal domain (NTD), and C-termi-
nal domain (CTD) were measured by ELISA. S-target-
ing IgG titer in the severe group ranged from 4,818 to
65,392 (median 17,803), followed by RBD-specific IgG
titers (233-4,871, median 1,406), NTD-specific IgG
titers (111-4,795, median 579), CTD-specific IgG titers
(66—1,038, median 247), and RBM-specific IgG titers
were the lowest (67—438, median 228) (Fig. 1c). A similar
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Table 1 Laboratory findings in COVID-19 patients

Laboratory items Normal range All patients (n=37) Severe (n=9) Non-severe (n = 28) P value
White blood cell (x 10%/L) 3.5-95 561(4.21-10.21) 40 (7.20-15.59) 545(4.13-7.11) 0.001
Neutrophil (x 10%/L) 1.8-6.3 3.58 (2.39-8.07) 10.81(5.17-13.29) 3.30 (2.35-5.20) 5% 107
Lymphocyte (x 10°/L) 1.1-32 1.02 (0.68-1.70) 0.78 (0.46-0.96) 1.22 (0.89-1.83) 0.053
Monocyte (x 10%/L) 0.1-06 0.54 (0.34-0.73) 0.78 (0.10-1.33) 0.54 (0.35-0.70) 0.043
Neutrophil (%) 40-75 65.40 (56.40-84.20) 84.20 (74.20-87.95) 60.80 (54.98-76.43) 0.002
Lymphocyte (%) 20-50 23.00 (11.05-31.20) 20 (5.75-18.95) 25.10 (14.23-32.03) 0.005
Monocyte (%) 3-10 8.50 (6.05-11.00) 6.00 (2.40-8.45) 9.60 (7.33-11.78) 0.005
Lactate dehydrogenase (U/L) 120-250 178.0 (155.0-208.7) 334.7 (191.0-476.5) 163.6 (149.4-185.5) 0.005
Alkaline Phosphatase (U/L) 45-125 61.70 (46.85-72.45) 59.13 (42.90-61.95) 68.15 (48.50-73.28) 0.091
Total bile acid (umol/L) 0-12 4.15(2.15-5.92) 5.48(2.33-6.99) 0.80 (2.07-5.65) <1x10™*
r-glutaminase (U/L) 10-60 28.28 (14.90-85.74) 100.10 (23.25-187.60) 27.25(11.98-43.60) 0.011
Adenosine deaminase (U/L) 4-24 9.22 (8.04-11.47) 12.04 (10.11-15.70) 8.87 (7.87-10.11) <1x107™
Procalcitonin (ng/ml) <0.046 0.10 (0.04-0.70) 0.80 (042-3.12) 0.06 (0.04-0.10) 0.034
C-reactive protein (mg/L) 0-10 25.37 (1.97-58.70) 3(58.70-168.50) 8.39(1.70-33.47) <1x107™
D-dimer (ng/ml) <05 340.3 (175.0-485.0) .0 (350.0-910.0) 290.0 (150.0-445.0) 0.050
CD3™T (%) 50-84 73.67 (60.61-79.61) 65.23 (56.16-75.80) 75.05 (62.44-80.84) 0312
CD3*T cell count 955-2,860 887.0 (586.3-1,509.0) 991.0 (618.0-1,216.0) 880.0 (571.5-1,553.0) 0.952
CD3TCD4™T (%) 27-51 41.31 (31.04-49.54, 47.71 (28.48-50.06) 41.03 (32.04-49.06) 0716
CD**CD4™T cell count 550-1,440 501.0(335.8-673.8 .0(313.0-682.0) 499.0 (353.5-647.5) 0479
CD3*CD8™T (%) 15-44 2441 (17.10-30.37 2441 (17.10-30.37) 21.56 (17.59-31.49) 0.899
CD3*CD8™T cell count 320-1,250 319.5(192.5-523.0 338.0 (301.0-540.0) 282.0 (170.0-512.0) 0.884
CD37CD16/56% NK (%) 7-40 1248 (8.78-17.87) 9.37 (5.55-30.43) 13.06 (9.67-17.29) 0.809
CD37CD16/56™ cell count 150-1,100 174.5(121.3-226.0) 164.0 (76.0-335.0) 185.0 (133.5-219.5) 0.554
CD37CD19" B (%) 5-18 11.63 (8.02-17.50) 18.36 (11.57-22.38) 1140 (7.51-13.70) 0.089
CD3~CD19™ B cell count 90-560 141.0 (97.5-300.8) 250.0 (127.0-354.0) 107.0 (96.0-259.5) 0.123

trend of IgG titers was observed in the non-severe group.
As expected, the S-targeting IgG titer is the highest,
ranging from 889 to 36,571 (median 8,282), followed by
RBD-specific IgG titers (123-2,574, median 437), NTD-
specific IgG titers (67-2,448, median 192), CTD-specific
IgG titers (50-1,353, median 125), and RBM-specific IgG
titers were the lowest (55-754, median 153). The S-tar-
geting Ig@G titers and different S-domain-targeting IgG
titers were also significantly higher in the severe group
(P<0.0001 except for RBM, of which P=0.013) than the
non-severe group. Furthermore, IgA and IgM respon-
sible to target different domains of S (RBD, NTD, and
CTD) were also compared (Fig. 1d). Significantly higher
NTD-targeting IgA (P<1x107%), CTD-targeting IgA
(P<1x107*), and CTD-targeting IgM (P=0.001) were
found in the severe group than the non-severe group. The
results indicated an overall higher antibody response in
the severe COVID-19 infection group.

Serum antibody blocking RBD binding to ACE2

To examine whether the serum could result in anti-
viral activity, we next detected whether the serum
antibody could block SARS-CoV-2 RBD to bind the

ACE2 receptor, which will exert potential neutraliz-
ing activity of SARS-CoV-2 in an infected patient. In
severe group, the blocking percentages ranged from
—20.4% to 94.7% (median 7.3%), which was significantly
higher than non-severe group (—20.8-65.9%, median
—2.7%, P=5x10"% (Fig. 2a). While only some sam-
ples exhibited a good inhibitory effect, others did not
block RBD-ACE2 engagement and seemed the ACE-2
binding-enhanced signal. Obviously, the severe group
showed a higher positive blocking rate (75.0%) than the
non-severe group (42.3%) (Fig. 2b). Positive correlations
were found between antibody titers and blocking per-
centage. In severe group, the blocking percentage were
positively correlated with S-IgG1l (r=0.372, P=0.009),
S-IgG3 (r=0.594, P<1x107%), S-IgG titer (r=0.454,
P=0.001), NTD-IgG titer (r=0.414, P=0.004), RBD-IgA
(r=0.603, P<1x 107, NTD-IgA (r=0.394, P=0.006)
and CTD-IgA (r=0.517, P=2 x 107%), the blocking per-
centage were especially strongly correlated with RBD-
IgG titer (r=0.803, P<1x10™*) and CTD-IgG titer
(r=0.802, P<1x 107 (Fig. 3). In non-severe group,
S-IgG3 (r=0.364, P=0.002), RBD-IgG titer (r=0.331,
P=0.005), NTD-IgG titer (r=0.480, P<1x 107%), S-IgA
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Fig. 1 SARS-CoV-2 specific antibodies in COVID-19 severe cases and non-severe cases. Serum samples from severe cases (1 =48) and non-severe
cases (n=71) were compared for SARS-CoV-2 S specific antibody isotypes: IgG, IgA, and IgM (a), different anti-S IgG subtypes (I9G1, 1gG2, 1gG3,

and IgG4) (b), I9G titers targeting S, RBD, RBM, NTD, and CTD (c), IgA and IgM response targeting RBD, NTD, and CTD (d). The OD,5, values were
normalized by subtracting ODgs, values. The antibody titers were the dilution fold that reached half-maximal binding with corresponding

antigens, and the values were calculated by Graphpad Prism 9. Mann-Whitney U test was used to compare differences between the two groups.
Significances were marked as follows: P<0.05 (*), P<0.01(**), P<0.001 (***),and P<0.0001 (****), respectively. Abbreviations: S: Spike; RBD: Receptor

(r=0.313, P=0.008), and NTD-IgM (r=0.333, P=0.005)
were positively associated with blocking percentage.

Serum antibody binding titers with Fc receptors

To detect whether the difference of serum samples in
inhibition or enhancement RBD binding with ACE2
was non-specifically induced by Fc function of serum
antibodies, we examined the binding activity of serum
sample to Fc receptors, which included an activating
receptor FcyRIla and an inhibitory receptor FcyRIIb.
The binding titer of serum antibody to FcyRIla ranged
from 635 to 345,005 (median 12,953) in a severe group
and 437-94,649 (median 2,653) in a non-severe group,

while binding titers to FcyRIIb ranged from 111 to 8,375
(median 276) in severe group and 111 to 3,287 (median
204) in non-severe group. Notably, both FcyRIla and
FcyRIIb binding titer were significantly higher in a
severe group than the non-severe group (P<1 x 10~ and
P=0.030, respectively) (Fig. 4a). However, no correlation
was found between the blocking rate and FcyRlIla titer in
both severe group (r=0.053, P=0.723) and non-severe
group (r=—0.082, P=0.498) (Fig. 4c), nor was the cor-
relation between blocking rate and FcyRIIb titer in a
severe group (r=0.113, P=0.444) and non-severe group
(r=-—0.161, P=0.180) (Fig. 4d). In addition, we per-
formed an analysis using the ratio of FcyRIIa and FcyRIIb
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binding titers in severe group and non-severe group.
Consistent with the binding titers in the separate groups,
this ratio in a severe group is significantly higher than the
non-severe group (P<1 x 107%) (Fig. 4b), and no correla-
tion with ACE2-blocking was found ((Fig. 4e), indicating
severe group’s Igs FcyR-binding activity is much stronger.

Differential expression profiles of cytokines in severe

and non-severe case

To assess other immune factors in blood samples, we
continued to analyze the profile of cytokines in COVID-
19 patients. An elevated level of nine pro- and anti-
inflammatory cytokines were observed in the severe
cases as compared with that of the non-severe cases. For
severe group, IL-6, IL-8, IP-10, MCP-3, and MIG showed
the most significant elevation (P<1x107%), followed
by MCP-1 (P=3x 107%, GRO-a (P=0.006) and BAFF
(P=0.003). Differences of IFN-y, IL-1f, IL-1Ra, IL-15,
VEGEF-A, and APRIL between two groups were not sta-
tistically significant (P>0.05) (Fig. 5). These results sug-
gest that significantly higher inflammation responses in

a severe group than the non-severe group infected by
SARS-CoV-2.

Specificity and correlation of antibody responses in severe
and non-severe group

The results above indicated that the severe group’s anti-
body levels were much higher than the non-severe
group’s antibody levels. To investigate the feature of Ig,
we analyzed the correlations of Ig isotypes and IgG titers
of different domain targeting antibodies. For correla-
tion analysis between IgA and IgM, positive correlations
between CTD-IgA and CTD-IgM were found in both
severe group (r=0.367, P=0.010) and non-severe group
(r=0.427, P=2x10"%), whereas positive correlation
between S-IgA and S-IgM were found only in the non-
severe group (r=0.786, P<1x 107 (Fig. 6a). Despite
that S-IgG titer was strongly correlated with S-IgA
only in the non-severe group (r=0.528, P<1x107%),
strong correlation between RBD-IgG titer and RBD-IgA
titer (r=0.792, P<1x107%), between NTD-IgG titer
and NTD-IgA titer (r=0.845, P<1 x 10™%) were found
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in the severe group, while correlation between CTD-
IgG titer and CTD-IgA was found in both severe group
(r=0.523, P<1x 10™) and non-severe group (r=0.458,
P<1x107%) (Fig. 6b). Meanwhile, a significant correla-
tion between S-IgG and S-IgM was also observed in both
the severe group (r=0.499, P=3 x 10~%) and non-severe
group (r=0.584, P<1x107*), and CTD-IgG titer was
correlated with CTD-IgM in the non-severe group only
(r=0.488, P<2 x 107%) (Fig. 6¢). Further analysis in com-
paring correlations of antibody belonging to the same
Ig isotype (IgG, IgA, and IgM) that targeting S protein
or different S domain was showed in Fig. 6d—f. Notably,
RBD-IgG titer was strongly correlated with S-IgG titer
both in a severe group (r=0.676, P<1x 10~*) and non-
severe group (r=0.665, P<1x 107%). Besides, RBM-IgG
was positively correlated with S-IgG in a severe group
(r=0.365, P=0.011), while CTD-IgG was positively
correlated with S-IgG in a non-severe group (r=0.648,
P<1x107%) (Fig. 6e). In addition, correlation between
S-IgA and NTD-IgA (r=0.812, P<1x 10~*) were much
stronger than correlation between S-IgA and RBD-IgA
(r=0.362, P=0.011) and correlation between S-IgA
and CTD-IgA (r=0.585, P<1x 107" in the severe
group. While in the non-severe group, correlation
between S-IgA and CTD-IgA was the highest (r=0.418,
P=3x10""% (Fig. 6f). S-IgM showed a positive cor-
relation with RBD-IgM (r=0.565, P<1x 107, NTD-
IgM (r=0.647, P<1x 107%), and CTD-IgM (r=0.554,
P<1x 107 in the severe group, while in the non-severe
group, positive correlation was only found between
S-IgM and CTD-IgM (r=0.583, P<1 x 107*). The corre-
lation differences of antibody response were summarized
in Table 2. Together, different preference of targeting
epitope by the three Ig isotypes in severe and non-severe
group was observed. The CTD domain was frequently
targeted by antibodies in the non-severe group, whiles
the RBD domain and NTD-domain were the main target
on S for SARS-CoV-2 specific IgG and IgA in the severe

group.

Correlations between antibody responses and days

after symptoms onsets in two groups

In analyzing the specificity of antibody responses, the
main targeting domain for SARS-CoV-2’ S spike spe-
cific antibody varies between the two groups. We con-
tinued to investigate the correlations between antibody
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responses and days since symptom onset (illness day)
against the two groups (Table 2). In terms of the non-
severe group, significantly increased S-IgG titer can only
be detected in later days after symptom onsets (r=0.451,
P<1x107% (Fig. 7a). Similarly, in the severe group,
accompanied with more time after symptom onsets,
CTD-IgG titers maintained at a higher level with symp-
tom lasted (r=0.385, P=0.007), while that correlation
with RBD-IgG titers or NTD-IgG titers were not sig-
nificant (r<0.3) (Fig. 7a). Besides, RBD-IgA (r=0.407,
P=0.004) and CTD-IgA (r=0.387, P=0.007) in the
severe group, NTD-IgA (r=0.450, P<1x10™) and
CTD-IgA (r=0.371, P=0.002) in the non-severe group
showed positively correlation with illness day (Fig. 7b). In
addition, NTD-IgM (r=—0.330, P=0.022) and S-IgM
(r=—0511, P=2x10"* were negatively correlated
with days after symptom onset in the severe group only
(Fig. 7c). Notably, S-IgG1 was negatively associated with
illness day in a severe group (r=—0.434, P=0.002),
while S-IgG3 in a severe group (r=0.363, P=0.011) and
S-IgG1 (r=0.417, P=3 x 107*) in the non-severe group
was positively associated with days after symptom onset
(Fig. 7d). These results suggest that different antibody
dynamics between the severe group and non-severe
group induced by SARS-CoV-2 infection.

Discussion

In this study, we investigated clinical features and anti-
body response, including antibody level, specificity,
Ig isotypes and IgG subtypes, ACE2 competitive anti-
body function, FcyR-binding activity, and a panel of 14
cytokine levels of COVID-19 patients. We also sought
to understand the clinical and immune response charac-
teristics of severe SARS-CoV-2 and non-severe patients.
Finally, we determined the different signatures in clinical
and antibody responses in these two groups.

Consistent with what was previously reported [22],
we observed that LDH, D-dimer, CRP, the concentra-
tion of prothrombin, TBA, r-glutaminase, adenosine
deaminase in severe group were significantly higher than
a non-severe group. We also found a significantly lower
proportion of lymphocytes and higher neutrophil count
and percentage in the severe group than a non-severe
group. These results indicated these markers found in the
laboratory could be used for predicting severe cases, and
should be paid more attention to during treatment.

(See figure on next page.)

Fig. 6 Correlations of antibody isotypes and specific antibodies targeting different antigens. The correlations between antibody level of IgM and
IgA targeting S or different S domain (a), correlations between IgG and IgA targeting S or different S domain (b), correlations between IgG and IgM
targeting S or different S domain (c), correlation between S-IgG and different S-domain-targeting IgG (d), correlation between S-IgA and different
S-domain-targeting IgA (e), and correlation between S-lgM and different S-domain-targeting IgM (f). The correlations were determined by the
Spearman rank method, P values < 0.05 and r>0.3 or < — 0.3 were considered statistically significant. Red dots, r1 and P1 represent sample from

severe cases; blue dots, r2 and P2 represent samples from non-severe cases
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Table 2 Brief summary of direct antibody responses in correlation analyses between severe and non-severe COVID-19 infections

Severe

Non-severe

Category

Category

Severe Non-severe

S-IgG vs RBD-IgG

S-IgG vs CTD-IgG

S-IgG vs S-IgM

S-1gG vs S-IgA
S-IgA vs S-IgM
S-IgA vs RBD-IgA
S-IgA vs NTD-IgA
S-IgA vs CTD-IgA
S-IgM vs RBD-IgM
S-1gM vs NTD-IgM
S-1gM vs CTD-IgM
RBD-IgG vs RBD-IgA

NS
NS

NS

NTD-IgG vs NTD-IgA *

CTD-IgG vs CTD-IgA

CTD-IgG vs CTD-IgM

CTD-IgA vs CTD-IgM
S-IgG vs illness day
S-IgGl1 vs illness day
S-IgG3 vs illness day * NS
S-IgM vs illness day
RBD-IgA vs illness day
NTD-IgA vs illness day
CTD-IgA vs illness day L 5
CTD-IgG vs illness day L) e

r=0.7-1.0
r=04-
0.69
r=0.2-
0.39
r=0-0.19

NS
NS

The colors are marked according to the absolute spearman r value, the darker red color represented the higher r value. Significances were marked as follows: P < 0.05
(*), P<0.01(**), P<0.001 (***),and P<0.0001 (****), respectively, while “NS” represented no significance

In antibody response, similar to a previous study [23],
we observed a significantly higher titer of S-specific IgA,
IgG, and IgM in a severe group than that of non-severe
patients. We also observed significant positive correla-
tions of S-IgM and S-IgG in the two groups. However,
the correlations of S-IgA and S-IgG, S-IgA and S-IgM,
were just shown in the non-severe group. Indeed, the
S- specific antibody isotype switch might be different
between these two groups. Meanwhile, IgA and IgG,
showed no association with illness days during the hospi-
talization in severe group, which was different from that
in non-severe group. Similar to the previous reports [8,
24], it is likely that the production of antibody is faster
and stronger in severe group, and IgA and IgG antibody
maintained better than non-severe group.

It is reported that IgG subclasses were negatively corre-
lated to viral load [23]. In our study, we found that S-IgG1
and S-IgG3 were majority subclass IgG induced by SARS-
CoV-2 infection. Furthermore, negative correlation
between IgG1l and days after symptom onset, positive
correlation between IgG3 and days after symptom onset
in severe group were found in our analysis. While in non-
severe group, we only found positive correlation between
IgG1 and illness days, and no association between IgG3
and illness days. One possibility might be that in the
early illness stage, the higher IgG1 response accompa-
nied with COVID-19 symptoms. In the later stage in the
severe group, level change of IgG1 and IgG3 seemed to
produce unidentified antibody response’s effect against
illness severity. As we know, the IgG1 and IgG3 were the
main antibody that could induce antibody-dependent
cell-mediated cytotoxicity (ADCC) due to their high
affinity with FcyRs and were helpful for the elimination
of viruses. We also found significantly higher IgG1 and

IgG3 responses in the severe group. Moreover, IgG1 and
IgG3 in the severe group, IgG3 in the non-severe group
showed a significant correlation with RBD-ACE2 block-
ing rate, which was similar to the Luo et al. study that
S-specific IgG1 and IgG3 were associated with disease
severity and were correlated with reduced virus load in
nasopharyngeal swab [23]. Furthermore, we found sig-
nificantly higher binding titer of FcyRIla and FcyRIIb in
the severe group, as well as the ratio of FcyRIla/FcyRIIb.
Thus, it is worth investigating whether IgG subclasses
especially IgG1 and IgG3 and binding with RcyRs exerts
different antiviral activity in the progress of SARS-CoV-2
infection and leads to different severity of the disease.

Plasma anti-SARS-CoV-2 spike protein and receptor-
binding domain IgG were helpful for virus neutraliza-
tion by blocking the interaction between RBD and the
virus receptor AEC2 [25, 26]. Our study showed that the
SARS-CoV-2 specific antibody consisted of RBD- tar-
geting antibody and high titers of NTD- and CTD- tar-
geting antibody, resulting in correlation with blocking
rate, which indicated the important function of NTD-
and CTD-reactive antibody in serum. Positive correla-
tions between RBD-targeting antibody titers and serum
blocking rate of RBD-ACE2 were found in both groups.
In addition, NTD-IgG was also associated with block-
ing rate in both the severe and non-severe groups, and
CTD-IgG in the severe group significantly correlated
with blocking rate. However, the receptor binding motif
(RBM), did not show a significant correlation with the
blocking rate. Based on the RBM-IgG titers were much
lower than that of RBD (123-4,871), NTD (68-4,795),
CTD (50-1,353), our results indicated that the linear
epitope of RBM was less frequently targeted and was not
a good choice of immunogen.



Wang et al. Infectious Diseases of Poverty (2022) 11:15 Page 13 of 15

6x10° r1=0.427 6x103 f1=0273  15%10% r1=0.385 8x104- 1=-0.169
P1=0.388 P1=0.061 B P1=0.007 P1=0.252
o . _ o _ 6x104 2=0.451
2 ax10° S r2=0.263 S 4x10% r2=0253  81.0x103 r2 —_0.271 5 ;)2 i
10} P2=0.027 (‘5 . P2=0.033 (‘5 P2=0.022 2
2 = k=) .. Q 4x1041
A 1 ] . - a
g 210° £ Esoxtor] . .+, . - s
z $) 2x104]

0 10 20 30 40 50 0 10 20 30 40 50
Days after symptom onset

r1=0.407 r1=0.295

g P1=0.004 [ P1=0.042

K] T Tte -

%10 : =028 3" L el T2=0450

& . mn P2=0.056 3 - P2 <1x10

o] o

< <

2 05 >

a [a]

[ =

o z

0.0
0 10 20 30 40 50 0 10 20 30 40 50
Days after symptom onset Days after symptom onset
C s r1=-0050 15 r1=-0.330
P1=0.736 P1=0.022

] ]

K] 3 S r2=-0.076
S 1.0 3 P2 =0.531
2 2

o o
o o
= =
2 0.5 K=
a fa}
=} E
i z

0.0
0 10 20 30 40 50 0 10 20 30 40 50

Days after symptom onset

Days after symptom onset

1=-0.434 :11%113%
2 20 _ P1=0002 g
2 r2=0417 £ 44 ’22=_%395‘;
g1s P2=3x10% 8 p2=0.
: : :
-~ 1.0 N
% . %
o 0.5 &

0 10 20 30 40 50 0 10 20 30 40 50
Days after symptom onset Days after symptom onset

Fig. 7 Correlations of specific antibody responses and illness day. The correlations between days after symptom onset and IgG titers (a), IgA levels
(b), IgM levels (c), and IgG subclasses (d) were determined by the spearman rank method, P values <0.05 and r> 0.3 or < — 0.3 were considered
statistically significant. Red dots, r1 and P1 represent sample from severe cases; blue dots, r2 and P2 represent samples from non-severe cases

0= u.; . SN : é - .
0 10 20 30 40 50 0 10 20 30 40 50
Days after symptom onset Days after symptom onset

1.5 2.0 r1=0.044
r1=0.387 P1=0.766
3 P1=0.007 °
T e _ 215 0 r2=0.242
3 1.0 R r2=0.371 e N7 P2=0.042
g : P2 =0.002 3 LR o,
[a) < - 3
o a 1.0 -
< ] LT I °
S 0.5 < L e
e L sl = 0.5 ‘s
o . P N 1)
0L.0+————— 0.0+——T————
0 10 20 30 40 50 0 10 20 30 40 50

Days after symptom onset Days after symptom onset

2.0 r1=0.036 r1=-0.511
g P1=0.807 ° o P1=2x10"
S 15 r2=0245 § L R Y N r2=0.129
8 P2=0040 S LT p2=0.283
g g Lk
o 1.0 o 1.04 4
s g .
S 3 ’
T = 0.54
g 05 pr
(&)

0 10 20 30 40 50 0 10 20 30 40 50

Days after symptom onset Days after symptom onset

1.5 . r1=0363 1.0 . 1= 0423
° P1=0.011 ° =0
s 8 o8 P1=0.405
S 2=0.130 g
> 1.0 re= > . r2=0.098
3 P2=0281  Bos : p2=0.415
o o
& 05 3
> k)
) %)

0.0

0 10 20 30 40 50 0 10 20 30 40 50
Days after symptom onset Days after symptom onset

In addition, although all of the specific IgG lev-
els were significantly higher in the severe group than
the non-severe group, only NTD-IgA, CTD-IgA, and
CTD-IgM showed a significant higher level in the
severe group than in the non-severe group. Notably,
CTD seemed to be an important target on S protein
in the non-severe group because positive correlations
between S-IgG and CTD-IgG, S-IgA and CTD-IgA,
S-IgM and CTD-IgM were observed in the non-severe
group. Furthermore, it seemed that the epitope tar-
geted by the three Ig isotypes varied between the two
groups. For the Igs isotype analysis, RBD-IgG showed
the highest correlation with S-IgG in both the severe

and non-severe group. NTD-IgA showed the highest
correlation with S-IgA in severe group, whereas CTD-
IgA correlated with S-IgA in the non-severe group.
And only CTD-IgM showed positive correlation with
S-IgM in the non-severe group, contrast to the severe
group where RBD-IgM, NTD-IgM, and CTD-IgM were
all correlated with S-IgM. Several studies have reported
that the combined immunogens of different domain of
S protein exhibited more robust and stable immuno-
genicity and higher neutralization potency [13, 14, 27—
29]. Therefore, in the future, more attention should be
paid to detecting and isolating NTD-directed or CTD-
directed neutralizing antibodies, and immunogens may



Wang et al. Infectious Diseases of Poverty (2022) 11:15

not only just be based on RBD but also based on other
domains of S such as NTD.

Previous studies have shown that elevated levels of
proinflammatory cytokines, such as IL-1f, IL-1Ra, IL-6,
IL-8, IL-9, IL-10, IFN-y, IP-10, MCP-1 and MCP-3 are
associated with severe lung injury and adverse outcomes
in SARS-CoV or MERS CoV infection, and IP-10, IL-10
and IL-6 could anticipate subsequent clinical progression
[20, 21, 30, 31]. Our results also showed that the IL-6,
IL-8, IP-10, MCP-1, MCP-3, and MIG were significantly
different between severe cases and non-severe cases, sug-
gesting that the magnitude of these cytokines is associ-
ated with the disease severity, which reflects dysregulated
immune response. Therefore, the combinatorial analysis
of clinical classification with serum cytokines can con-
tribute to better evaluating the severity of COVID-19 and
optimizing the therapeutic strategies. Besides, we found
significantly higher BAFF levels in the severe COVID-19
group than the non-severe group, indicating robust acti-
vation of B cell response associated with BAFF in severe
COVID-19 patients when corresponding to overall
higher antibody responses in severe group. Since BAFF
and APRIL, the agents associated with B cell activation
and maturation have been reported to play roles in the
pathogenesis of HIV-1 and HCV [32, 33]; next, we should
explore the functional characteristics of BAFF during
SARS-CoV-2 infection.

Clinical and demographic features of COVID-19
patients have recently been reported [4, 34, 35], and some
immunological features were subsequently reported [6].
Characterization of the clinical and immune response of
COVID-19 patients, such as our now study about clini-
cal features and antibody responses signatures of severe
SARS-CoV-2 and non-severe patients, is still valuable to
understand SARS-CoV-2 infection. Although the rela-
tively small sample size was one of the limitations in the
current study, we still detected dysregulated antibody
responses, hyperinflammation and lymphopenia due
to the severity infected by SARS-CoV-2. In the future,
more sample sizes should be added, and the relation-
ship of antibody response and other clinical features, the
roles of Igs, Fc effector function, influences of uncertain
cytokines in COVID-19 patients should be further inves-
tigated in larger cohorts.

Conclusions

In this study, we found diverse clinical and antibody
response between the COVID-19 severe group and non-
severe group, mainly on antibody isotype and IgG titers,
antibody specificity and dynamics, RBD-ACE2 blocking
activity, FcyR binding capacity, B cell activation factor,
and cytokines. Finding the specific Igs, Fc effects, and
influences of B cell-activating cytokines in COVID-19
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patients will contributed to future therapeutic and pre-
ventive measures development.
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