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Abstract
Purpose

COVID-19, caused by Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV-2), has a wide disease
spectrum ranging from asymptomatic to severe. While it is widely accepted that speci�c humoral
immune responses are critical in controlling the infection, the relationship between the humoral immune
response and disease severity is currently unclear.

Methods

Using a �ow cytometry-based assay to detect speci�c antibodies against full length S protein, we
compared the antibody levels between patients from different severity groups. We also analysed the
cytokine pro�les of patients from different severity groups by multiplex microbead-based immunoassay.

Results

We found an association between speci�c IgM, IgA and IgG against the spike protein and disease
severity. By comparing the ratio of Th1 IgG1 and IgG3 to Th2 IgG2 and IgG4, we observed that all severity
groups exhibited a ratio that was skewed towards a stronger Th1 response over Th2 response. In addition
to the strong Th1 response, patients with severe disease also developed a Th2 response, as exempli�ed
by the smaller ratio of IgG1 and IgG3 over IgG2 and IgG4 and the smaller Th1/Th2 cytokine ratios,
compared to patients with mild disease severity.

Conclusion

The results suggest that acute severity or disease resolution is associated with a speci�c immunological
phenotype. A smaller skew towards a Th1 response over Th2 response, during infection, may contribute
to disease progression, while a greater skew towards a Th1 response over Th2 response may contribute
to a better disease outcome. This may suggest potential therapeutic approaches to COVID-19 disease
management.

Introduction
The coronavirus disease 2019 (COVID-19) is an on-going pandemic, affecting 223 countries, with 123
million con�rmed human infection cases and more than 2 million fatalities to date [1]. The disease,
caused by Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV-2) [2-4], can lead to a series of
clinical manifestations, ranging from mild to severe symptoms. Most patients have mild symptoms such
as fever, cough, fatigue, anosmia, sore throat and headache [5, 6]. Approximately 20% of symptomatic
patients develop severe disease, with 5% progressing to critical stages, which could include respiratory
failure, pneumonia, multiple organ failure and, in the most serious cases, death [5, 7, 8]. It has been
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reported that spike protein (S protein)-speci�c humoral responses are particularly enriched in
convalescent individuals, as compared to deceased individuals [9]. However, there is limited information
on the role of antibodies in the modulation of disease severity. Similarly, while the immune responses in
recovered COVID-19 patients following infection can persist for 6 months post infection [10], the immune
longevity can vary considerably between individuals [11]. Thus, there is a critical need to better
understand the humoral immunity to SARS-CoV-2 to inform public health decisions on vaccination, and,
possibly, treatment and prophylaxis.

We have recently developed a �ow cytometry assay based on full length S protein and found that IgG1 is
the dominant IgG subclass in COVID-19 patients [12]. IgG1 and IgG3 induction, typically indicative of a T
helper 1 (Th1) response [13], is a pro-in�ammatory response particularly important in protective immunity
against viruses. IgG1 and IgG3 possess higher neutralisation capabilities against many viruses [14-16].
On the other hand, IgG2 and IgG4, induced by a T helper 2 (Th2) response, have been hypothesised to
mediate either viral infection enhancement or disease enhancement [17-19]. Similarly, the Th2 cytokine IL-
6 has been implicated as the trigger of a cytokine storm that could lead to clinical disease progression
[20-22].

In this study, we examined the S protein antibody pro�les in patients with asymptomatic SARS-Cov2
infection and with varying clinical severities of COVID-19. We also investigated whether disease severity
was associated with IgG subclass imbalance and Th1/Th2 cytokine imbalance in COVID-19 patients. The
longitudinal antibody pro�les were also assessed to determine the longevity of the speci�c immune
response. Understanding Th1/Th2 imbalance in SARS-Cov2 infection may provide insight into the
pathogenic mechanisms and identify biomarkers of disease severity and new therapeutic approaches.

Methods
Plasma samples

COVID-19 patients

A total of 131 patients (symptomatic, n=81 and asymptomatic, n=50), who tested PCR-positive for SARS-
CoV-2 by nasopharyngeal swab, were recruited into the study from January to September 2020 [23].
Demographic data, clinical and laboratory parameters during the hospitalisation period are listed in Table
S1 [24]. Symptomatic patients were classi�ed into three groups based on clinical severity: mild (no
pneumonia on chest radiographs [CXR] at baseline and during hospital admission), moderate
(pneumonia on CXR without hypoxia), and severe (pneumonia on CXR with hypoxia [desaturation to
≤94%]). Asymptomatic infections were individuals with a positive SARS-CoV-2 PCR test but without any
reported symptoms attributable to COVID-19 in the 3 months before this �rst test till follow up 28 days
later. To obtain plasma fractions, whole blood was collected from patients using BD Biosciences
Vacutainer® CPT™ tubes and centrifuged at 1700 g for 20 min. Plasma samples were categorised by �ve
time points: median 5 days post-illness onset (pio), median 10 days pio, median 23 days pio, median 101
days pio and median 180 days pio.
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Recovered SARS and seasonal human CoV patients

A total of 20 individuals (Table S1), who were previously diagnosed with SARS-CoV during the outbreak in
2003 [25], were contacted and enrolled in the study. Plasma fractions were then isolated from the
recovered SARS individuals. Archived human CoV patients’ samples (Table S1) collected between 2012-
2013 were also used in this study. This included samples from seven alpha-CoV (229E/NL63) and six
beta-CoV (OC43) infections, which were con�rmed using SeeGene RV12 respiratory multiplex kit [26].

S protein �ow cytometry-based assay for antibody detection (SFB assay)

The assay was performed as previously described [12]. S protein-expressing cells were seeded at 1.5 x
105 cells per well in 96 well V-bottom plates (ThermoFisher Scienti�c). The cells were �rst incubated with
human plasma (diluted 1:100 in 10% FBS (HyClone) before a secondary incubation with a double stain,
consisting of Alexa Fluor 647-conjugated secondary antibodies (diluted 1:500) and propidium iodide (PI
(Sigma-Aldrich); diluted 1:2500). Secondary antibodies used are conjugated anti-human IgM, IgA or IgG
(ThermoFisher Scienti�c). For assays examining IgG subclasses, the secondary incubation was with
mouse anti-human IgG1 (ThermoFisher Scienti�c), IgG2 (BioLegend), IgG3 (BioLegend), or IgG4
(ThermoFisher Scienti�c). The cells were then incubated with Alexa Fluor 647-conjugated anti-mouse IgG
(ThermoFisher Scienti�c). Cells were read on BD Biosciences LSR4 laser and analyzed using FlowJo
(Tree Star). Cells were gated on: (1) FSC-A/SSC-A to exclude cell debris, (2) FSC-A/FSC-H for single cells,
(3) FSC-A/PI for live cells (PI-negative population), (4) FITC/Alexa Fluor 647. Binding is determined by the
percentage of GFP-positive S protein-expressing cells that are bound by antibody, indicated by Alexa Fluor
647- and FITC-positive events.

Multiplex Microbead-Based Immunoassay

Plasma samples were treated with Triton™ X-100 (1%) for virus inactivation [27]. Immune mediator levels
were measured using Cytokine/Chemokine/Growth Factor 45-Plex Human ProcartaPlex™ Panel 1
(ThermoFisher Scienti�c, Waltham, MA, USA). Cytokine levels were also measured in 24 healthy donor
plasma as baseline controls.

Analytes included granulocyte-macrophage colony-stimulating factor (GM-CSF), epidermal growth factor
(EGF), brain-derived neurotrophic factor, beta-nerve growth factor (bNGF), basic �broblast growth factor
(FGF-2), hepatocyte growth factor (HGF), monocyte chemoattractant protein (MCP) 1, macrophage
in�ammatory protein (MIP) 1a, MIP-1b, RANTES (regulated on activation, normal T cell expressed and
secreted), chemokine (C-X-C motif) ligand (CXCL) 1 (GRO-a), stromal cell-derived factor 1 (SDF-1a),
interferon (IFN) gamma-induced protein 10 (IP-10), eotaxin, IFN-a, IFN-g, interleukin (IL) IL-1a, IL-1b, IL-
1RA, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12p70, IL-13, IL-15, IL-17A, IL-18, IL-21, IL-22, IL-23, IL-27, IL-
31, leukemia inhibitory factor (LIF), stem cell factor (SCF), tumor necrosis factor (TNF-a), TNF-b, vascular
endothelial growth factors A and D (VEGF-A, VEGF-D), platelet derived growth factor (PDGF-BB), and
placental growth factor (PLGF-1).
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Data were anlyzed on Bio-Plex Manager™ 6.1.1 (Bio-Rad Laboratories). Standard curves were generated
with a 5-parameter logistic algorithm, reporting values for both MFI and concentration. Internal control
samples were included in each Luminex assay to remove potential plate effects. Readouts of these
samples were used to normalize the assayed plates. A correction factor was obtained from the
differences across the multiple assays and this correction factor was then used to normalize all samples.
The concentrations were logarithmically transformed to ensure normality. Samples with concentrations
out of measurement range were assigned the value of logarithmic transformation of Limit of
Quanti�cation (LOQ).

Statistical analysis

Statistical analysis was done using Prism (GraphPad). For comparing between multiple groups, Kruskal-
Wallis tests and post hoc tests using Dunn’s multiple comparison tests were used to identify signi�cant
differences. P-values less than 0.05 are considered signi�cant, where * indicates P≤0.05, ** indicates
P≤0.01, *** indicates P≤0.001, **** indicates P≤0.0001.

Results
High levels of speci�c antibodies against S protein are associated with disease severity

Using a �ow cytometry-based assay to detect antibodies against full length S protein [12], we �rst
examined if speci�c IgM, IgA and IgG against the S protein were associated with COVID-19 disease
severity (n=81; Table S1) over the early course of infection, at time points of median 5 days, 10 days and
23 days post-illness onset (pio). The patients were classi�ed into three groups: mild (no pneumonia),
moderate (pneumonia with no hypoxia), or severe (pneumonia with hypoxia) [28]. At median 5 days pio,
the S protein antibody responses were low, regardless of the isotype (Fig. 1). We did not observe any
signi�cant difference between the three disease severity groups. At median 10 days and 23 days pio, S
protein IgM, IgA and IgG responses were associated with disease severity (Fig. 1). Patients in the severe
group had higher IgM, IgA and IgG responses at median 10 days and 23 days pio. Various groups of
controls (Table S1) were also assessed in parallel (Fig. S1): (1) recovered SARS individuals (n=20), (2)
healthy controls (n=22), and (3) seasonal human CoV patients (n=20).

We further examined if the S protein antibody responses were associated with clinical outcomes (Fig. S2)
such as pneumonia, requirement for supplemental oxygen and intensive care unit (ICU) admission. S
protein antibody responses were associated with pneumonia at median 23 days pio, while all three
isotypes, IgM, IgA and IgG responses were associated with more severe clinical outcomes, requirement for
supplemental oxygen and ICU admission, at a median of 10 days pio.

We proceeded to study if the disease severity was associated with a particular IgG subclass. At median 5
days pio, IgG subclass responses were low (Fig. 2). At median 10 and 23 days pio, where the IgG
subclass responses were higher, we found an association between all IgG subclasses and the disease
severity at both median 10 days and 23 days pio (Fig. 2). We also observed an association between all
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IgG subclasses and speci�c clinical outcomes such as pneumonia, requirement for supplemental oxygen
and ICU admission (Fig. S3). Higher IgG1, IgG2, IgG3 and IgG4 responses were detected in patients with
pneumonia at median of 23 days pio, but not at median of 10 days. In contrast, the association between
higher responses for all IgG subclasses and requirement for supplemental oxygen was found as early as
10 days pio.

IgG subclass imbalance is associated with disease severity

We investigated whether disease severity was associated with IgG subclass imbalance. To this end, we
combined the IgG1 and IgG3 responses, typically indicative of Th1 responses, and IgG2 and IgG4
responses, typically indicative of Th2 responses, and computed the ratio of the combined IgG1 and IgG3
response to the combined IgG2 and IgG4 responses,13/24 ratio (Fig. 3A). A ratio of 1 indicates a
balanced IgG subclass response, where the combined IgG1 and IgG3 response is similar to the combined
IgG2 and IgG4 response. A ratio higher than 1 indicates IgG subclass imbalance, where the responses
were skewed towards a more dominant IgG1 and IgG3 response. Comparing the 13/24 ratio across the
different severity groups, we did not observe any association at the earlier time points, median 5 days and
10 days pio. However, at median 23 days pio, the 13/24 ratio was associated with disease severity, where
the skew towards IgG1 and IgG3 Th1 response was greater in patients with mild disease than patients
with moderate and severe disease. The mild group have a mean 13/24 ratio of 22.39, compared with 1.56
and 1.38 in the moderate and severe groups, respectively. We also computed the ratio of the IgG1
response to the IgG4 response, 1/4 ratio (Fig. 3B). Similar to the 13/24 ratio, we found an association
between the 1/4 ratio and disease severity. Interestingly, the association between the 1/4 ratio and
disease severity was more pronounced – the 1/4 ratio was signi�cantly higher in the mild group (58.88)
than the moderate group (5.88), which, in turn, was signi�cantly higher than the severe group (2.36).

We then investigated if patients with no symptom also have an IgG subclass imbalance with a dominant
IgG1 and IgG3 response. Asymptomatic patients (n=50; Table S1) developed speci�c antibodies, and
IgG1 is the dominant IgG subclass response (Fig. 3C). Indeed, the asymptomatic patients were found to
have a IgG subclass imbalance skewed towards a dominant IgG1 and IgG3 response (mean 13/24 ratio:
75.41; mean 1/4 ratio: 252.1, Fig. 3D).

Th1/Th2 cytokine imbalance is associated with disease severity

To determine if the skewed Th1 over Th2 response observed with IgG subclasses was also evident in the
cytokine pro�le, we examined the cytokine pro�les for the three severity groups (Fig. S4A). We did not �nd
any association between Th1 cytokines, IL-2 and TNF-α, and disease severity (Fig. S4B). Higher IFN-g
levels, another Th1 cytokine, were found in the severe group, compared to the mild group, at median 23
days pio (Fig. S4A). In contrast, IL-6, a Th2 cytokine, was found to be higher in the severe group,
compared with the mild and moderate group at median 5 days and 10 days pio (Fig. S4B). Interestingly,
when we compared the ratio of IL-2 to IL-6, the IL-2/IL-6 ratio was the smallest with the severe group,
compared with the mild and moderate groups, at median 5 days and 10 days pio (Fig. 4). Similarly, we
also observed an association between the IFN-g/IL-6 ratio and disease severity and an association
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between the TNF-α/IL-6 ratio and disease severity at median 5 days and 10 days pio (Fig. 4). The severe
group exhibited the smallest ratio (4.9, 140.7 and 0.5 for IL-2/IL-6, IFN-g/IL-6 and TNF-α/IL-6 ratios
respectively) at median 5 days pio, showing that the bias towards Th1 cytokines was much less
pronounced in the severe group (compared to the mild and moderate groups). On the contrary,
asymptomatic patients had ratios of 639.2, 500.7 and 119.1 for IL-2/IL-6, IFN-g/IL-6 and TNF-α/IL-6 ratios
respectively (Fig. S4C), exhibiting a more prominent Th1 over Th2 response.

IgG subclass and cytokine imbalance over the course of infection

To understand if IgG subclass imbalance was sustained over the course of infection, we examined the
IgG subclass response at later stages, median 101 days and 180 days pio. At these later stages, all
patients, including those in the severe group, have recovered from the disease. At both time points, all
patients retained substantial IgG1 response, and IgG1 remained the dominant IgG subclass (Fig. S5).
IgG2, IgG3 and IgG4 responses were low across all three severity groups at both time points. When we
compared the 13/24 and the 1/4 ratios across the three severity groups, the trend, where the ratio was
higher with the mild severity group than the moderate and severe severity group, was still sustained at
median 101 days pio (Fig. 5A and 5B). However, at median 180 days pio, there is no signi�cant difference
in the 13/24 and 1/4 ratios between the three severity groups.

Comparing between the different time points, we observed that both 13/24 and 1/4 ratios were the lowest
at median 10 days pio for patients with mild symptoms (Fig. 5C and 5D). Patients with moderate and
severe symptoms exhibited lowest 13/24 and 1/4 ratios at median 23 days pio. Both 13/24 and 1/4
ratios increased over the time points, suggesting that IgG subclass imbalance towards a greater Th1
dominance increased over the time points in line with clinical recovery.

We also looked at the cytokine pro�le of the patients at median 101 days and 180 days pio (Fig. S4A). All
three IL-2/IL-6, IFN-g/IL-6 and TNF-α/IL-6 ratios were similar across the three severity groups (Fig. 6A).
While we did not see any signi�cant difference in the three ratios across the time points for the mild
group, we observed that a lower IL-2/IL-6 at earlier time points (median 5 and 10 days pio) and a higher
IL-2/IL-6 ratio at later time points (median 23, 101 and 180 days pio) (Fig. 6B). For the severe group, the
trend was more pronounced, with all three ratios being lower at earlier time points (median 5 and 10 days
pio) and higher at later time points (median 23, 101 and 180 days pio). In general, severe patients
demonstrated smaller skew towards Th1 over Th2 response at the early disease phase and the skew
towards Th1 response gradually increased to similar levels as mild and moderate patients at the later
time points in line with clinical recovery. The skew towards a greater Th1 over Th2 cytokine response at
later time points is in agreement with our IgG subclass data, suggesting that a dominance of Th1 over
Th2 responses might create a more favourable environment for clinical recovery.

Discussion
Clinical management of COVID-19 is largely based on supportive therapy to treat symptoms and
corticosteroids to prevent respiratory failure. With the approval of COVID-19 vaccines by health agencies
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around the world, the spread of the disease is expected to slow. While host immune responses have been
shown to offer protection against the disease, there is a need to better understand the underlying
mechanisms leading to severe disease and the relationship between the host immune responses and
disease severity.

In this study, using a �ow cytometry assay based on the S protein [17], we found that speci�c antibody
levels were strongly associated with disease severity, in line with other studies [24, 29, 30]. More
speci�cally, a few studies have reported an association between IgG1 and IgG3 with severe disease and
suggested that potential contributory role of IgG1 and IgG3 in severe disease progression [31-33].
However, in this study, we have observed an association between antibody levels and disease severity for
all four IgG subclasses. More importantly, the comparison of the ratio of Th1 IgG1 and IgG3 to Th2 IgG2
and IgG4 (13/24) or the ratio of IgG1 to IgG4 (1/4) revealed that SARS-CoV-2 infections were associated
with IgG subclass imbalance, where the IgG response was skewed towards Th1. Both ratios were
associated with disease severity, where lower ratios were associated with severe disease. This highlights
the complexity of the relationship between the humoral response and disease severity and suggests that
an IgG subclass imbalance that was skewed towards Th1 over Th2 may be better at preventing severe
disease. This was supported by the cytokine data, where the ratio of Th1 to Th2 cytokine (IL-2/IL-6, IFN-
g/IL-6 and TNF-α/IL-6) was lower in patients with severe disease, compared with patients with mild
disease. Strong signals of Th2, rather than Th1, response has also been reported in patients with severe
disease [34].

Following infection, it typically takes a few days before the host develops an antibody response. IgM is
the usually the �rst isotype that is induced. Isotype switching occurs later, typically 1-3 weeks following
infection. The need to take the time factor into consideration is evident in our data. While there was no
difference in antibody levels across the three severity groups at median 5 days pio, we observed
signi�cant difference at later time points, median 10 days and 23 days pio. The differences in the
antibody levels between the three severity groups were most pronounced at median 23 days pio.
Unsurprisingly, it is only at median 23 days pio, where we observed a greater IgG subclass imbalance
towards Th1 over Th2 response in the mild group. Interestingly, at median 23 days pio, there was an
upward trend in the IgG 13/24 and 1/4 ratio. At median 101 pio, the 13/24 and 1/4 ratios for all severity
groups were greater, as compared with median 23 days pio, and the differences in 13/24 and 1/4 ratios
between the severity groups were also less pronounced. At median 180 days pio, there were no signi�cant
differences in the IgG subclasses ratios between the severity groups. Similarly, the cytokine data showed
that patients with severe symptoms had lower skew towards Th1 over Th2 response. This is also in line
with another study [20], which studied the SARS-CoV-2 infection in ferrets and found low levels of type I
and III interferons and high expression of IL-6 at early time points. The authors observed that, as the
infection progressed, the type I interferon response increased at later time points, coinciding with viral
clearance. The authors postulated that severe symptoms stemmed from a dysregulated immune
response and delayed induction of type I interferon expression [20, 35]. The IL-6-induced cytokine storm
stimulates a robust production of monocyte- and neutrophil-associated chemokines in patients with
severe symptoms [20-22]. However, with the delayed induction of type I interferon response which may be
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crucial to disease control, the elevated Th2 response may contribute to severe disease progression. Our
�ndings provided more support that, in our cohort where all patients eventually recovered from the
disease, a response skewed towards Th1 over Th2 could be crucial to recovery. In the light of the recent
publication by Combes et al. [36], it is possible that Th2 IgG2 and IgG4 may functionally block the
production of mild disease-associated interferon-stimulated gene-expressing cells and dampen cellular
responses to interferons. More studies would need to examine this further.

The IgG subclass imbalance was also found in asymptomatic patients. Both 13/24 and 1/4 ratios were
high in asymptomatic patients, at levels comparable or higher than patients with mild symptoms. This
further supported that a higher skewed IgG subclass imbalance towards Th1 over Th2 might be more
favourable and a dominant Th1-associated IgG1 and IgG3 antibody response might be important in
controlling symptom progression in COVID-19. Similarly, the ratio of Th1 to Th2 cytokine (IL-2/IL-6, IFN-
g/IL-6 and TNF-α/IL-6) was comparable to the ratio observed with patients with mild symptoms. A recent
study has also found that asymptomatic patients have a highly functional virus-speci�c immune
response, comparable to symptomatic patients [37]. We have not performed direct comparison between
the asymptomatic and symptomatic patients over time as the absence of symptoms in the
asymptomatic patients makes it di�cult to ascertain the date of illness onset.

Conclusion
Taken together, these �ndings demonstrated that SARS-CoV-2 infections led to IgG subclass imbalance,
with a skew towards a Th1 over a Th2 response (Fig. 7). Interestingly, the IgG subclass imbalance was
associated with disease severity, where Th1-dominant IgG1 and IgG3 responses were associated with
milder disease outcome. A greater skew towards a Th2 response over Th1 response during the disease
progression might contribute to a more severe disease outcome, while a greater skew towards a Th1
response over Th2 response might play a crucial role in controlling disease progression and clinical
recovery (Fig. 7). This has clinical implications. COVID-19 vaccines that could induce a predominantly
Th1 IgG1 and IgG3 antibody response might be better at controlling COVID-19 infections. Recent data
from COVID-19 vaccine trials have shown that vaccinated individuals had milder disease [38-41]. Indeed,
individuals vaccinated with COVID-19 vaccine, BNT162b1, have a Th1-dominant response [42]. In
addition, in severe patients, where Th2 responses were higher, IL-6 receptor inhibitors, such as
tocilizumab, might have therapeutic bene�ts in COVID-19 disease [43].
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Figure 1

Speci�c antibodies against full length S protein. Plasma samples were collected from symptomatic
COVID-19 patients (n=81) at time points median 5 days post-illness onset (pio) (mild, n=17; moderate,
n=12; severe, n=6), 10 days pio (mild, n=23; moderate, n=21; severe, n=14) and 23 days pio (mild, n=28;
moderate, n=22; severe, n=16). Samples were screened at 1:100 dilution for speci�c (A) IgM, (B) IgA and
(C) IgG against full length SARS-CoV2 S protein expressed on the surface of HEK293T cells. Data are
shown as mean ± SD of two independent experiments. Statistical analysis was carried out using Kruskal-
Wallis tests, followed by post hoc Dunn’s multiple comparison tests. P-values for comparisons between
the three severity groups are shown, where * indicates P≤0.05, ** indicates P≤0.01, *** indicates
P≤0.001, **** indicates P≤0.0001. Dotted lines indicate mean + 3SD of the healthy controls.
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Figure 2

Speci�c IgG subclasses against full length S protein. Plasma samples collected from 81 symptomatic
COVID-19 patients at time points median 5 days pio (mild, n=17; moderate, n=12; severe, n=6), 10 days
pio (mild, n=23; moderate, n=21; severe, n=14) and 23 days pio (mild, n=28; moderate, n=22; severe, n=16)
were further screened for IgG subclasses, IgG1, IgG2, IgG3, and IgG4. Data are shown as mean ± SD of
two independent experiments. Statistical analysis was carried out using Kruskal-Wallis tests, followed by
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post hoc Dunn’s multiple comparison tests. For (A-D), only P-values for comparisons between the three
severity groups are shown, where * indicates P≤0.05, ** indicates P≤0.01, *** indicates P≤0.001, ****
indicates P≤0.0001. Dotted lines indicate mean + 3SD of the healthy controls.

Figure 3

IgG subclasses imbalance in symptomatic and asymptomatic COVID-19 patients. IgG1, IgG2, IgG3, and
IgG4 response in plasma samples collected from 81 symptomatic COVID-19 patients at time points
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median 5 days post-illness onset (pio) (mild, n=17; moderate, n=12; severe, n=6), 10 days pio (mild, n=23;
moderate, n=21; severe, n=14) and 23 days pio (mild, n=28; moderate, n=22; severe, n=16) were further
analysed. (A) Ratio of IgG1 response to IgG4 response, 1/4, and (B) ratio of combined IgG1 and IgG3
response to combined IgG2 and IgG4 response, 13/24, of the symptomatic patients are plotted. (C)
Speci�c antibodies against full length S protein in plasma samples collected from asymptomatic COVID-
19 patients (n=50) on the day of positive PCR con�rmation. Dotted lines indicate mean + 3SD of the
healthy controls. (D) Ratio of IgG1 response to IgG4 response, 1/4, and ratio of combined IgG1 and IgG3
response to combined IgG2 and IgG4 response, 13/24, of the asymptomatic patients are plotted. Data are
shown as mean ± SD of two independent experiments. Statistical analysis was carried out using Kruskal-
Wallis tests, followed by post hoc Dunn’s multiple comparison tests. P-values for comparisons between
the three severity groups are shown, where * indicates P≤0.05, ** indicates P≤0.01, *** indicates
P≤0.001, **** indicates P≤0.0001.
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Figure 4

Th1/Th2 cytokine imbalance in symptomatic and asymptomatic COVID-19 patients. Plasma fractions
were isolated from the blood of COVID-19 patients at different time points (median pio). Concentrations
of Th1 (IL-2, IFN- γ and TNF-α) and Th2 (IL-6) cytokines were quanti�ed using a 45-plex microbead-based
immunoassay. (A) Th1/Th2 ratio in COVID-19 patients from different disease severity groups at median 5
days pio (mild, n=14; moderate, n=13; severe, n=7), 10 days pio (mild, n=20; moderate, n=24; severe, n=15)
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and 23 days pio (mild, n=23; moderate, n=16; severe, n=18) are illustrated as box plots. Kruskal-Wallis
with Dunn's post hoc test was performed to discern the differences between the disease severity groups,
where * indicates P≤0.05, ** indicates P≤0.01, *** indicates P≤0.001. (B) Th1/Th2 ratio in
asymptomatic COVID-19 patients (n=50) with active infection at median 2 days post-admission).
Th1/Th2 cytokine ratio of healthy controls (n=24) is indicated by the dotted line.

Figure 5
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Longitudinal examination of IgG subclasses imbalance in symptomatic and asymptomatic COVID-19
patients. IgG1, IgG2, IgG3, and IgG4 response in plasma samples collected from 81 symptomatic COVID-
19 patients at time points median 101 (mild, n=11; moderate, n=14; severe, n=4) and 180 (mild, n=17;
moderate, n=12; severe, n=6) were further analysed. (A) Ratio of IgG1 response to IgG4 response, 1/4, and
(B) ratio of combined IgG1 and IgG3 response to combined IgG2 and IgG4 response, 13/24, of the
symptomatic patients are plotted. Longitudinal pro�les of (C) ratio of IgG1 response to IgG4 response,
1/4, and (D) ratio of combined IgG1 and IgG3 response to combined IgG2 and IgG4 response, 13/24, up
to median 180 days pio in COVID-19 patients, strati�ed by disease severity outcome. Data are shown as
mean ± SD of two independent experiments. Statistical analysis was carried out using Kruskal-Wallis
tests, followed by post hoc Dunn’s multiple comparison tests. P-values for comparisons between the three
severity groups are shown, where * indicates P≤0.05, ** indicates P≤0.01, *** indicates P≤0.001.
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Figure 6

Dynamic changes of Th1/Th2 cytokine ratio among COVID-19 with different disease severity outcomes.
Plasma fractions were isolated from the blood of COVID-19 patients at different time-points.
Concentrations of Th1 (IL-2, IFN- γ and TNF-α) and Th2 (IL-6) cytokines were quanti�ed using a 45-plex
microbead-based immunoassay. (A) Th1/Th2 ratio in COVID-19 patients with different disease outcomes
at median 101 days pio (mild, n=11; moderate, n=14; severe, n=4) and 180 days pio (mild, n=12;
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moderate, n=14; severe, n=7) are illustrated as box plots. Kruskal-Wallis with Dunn's post hoc test was
performed to discern the differences between the disease severity groups. (B) Longitudinal pro�les of
Th1/Th2 ratio up to median 180 days pio in COVID-19 patients, strati�ed by disease severity outcome.
Kruskal-Wallis with Dunn's post hoc test was performed to discern the differences across the �ve
timepoints (*p < 0.05, **p <0 .01, and ***p <0 .001). Th1/Th2 cytokine ratio of healthy controls (n=24) is
indicated by the dotted line.

Figure 7

Dynamic alterations of anti-S-protein IgG subclass, and Th1 and Th2 cytokine responses in COVID-19.
(Top panel) SARS-CoV-2 infections led to IgG subclass imbalance, where the IgG subclasses responses
were skewed towards a Th1 over a Th2 response. Intriguingly, Th1-dominant IgG1 and IgG3 responses
were associated with milder disease outcome. (Second panel) Severe COVID-19 patients showed high
levels of Th1 and Th2 cytokines at the acute phase of SARS-CoV-2 infection. In contrast, Th1 cytokines
were dominant in mild patients. (Bottom panel) A greater skew towards a Th2 response over Th1
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response during the disease progression might contribute to a more severe disease outcome while a
greater skew towards a Th1 response over Th2 response during the disease progression be crucial for
clinical recovery.
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