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Comprehensive analysis of human coronavirus antibody
responses in ICU and non-ICU COVID-19 patients reveals
lgG3 against SARS-CoV-2 spike protein as a key biomarker of
disease severity
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Abstract

Introduction. Pre-existing immunity to human coronaviruses (HCoVs) may shape the immune response in COVID-19 patients.
Increasing evidence suggests that immune cross-reactivity between SARS-CoV-2 and other coronaviruses may determine
clinical prognosis.

Hypothesis. SARS-CoV-2 disease severity is influenced by pre-existing immunity to HCoVs, with distinct antibody profiles and
cross-reactivity patterns.

Aim. To investigate the antibody response of ICU and non-ICU SARS-CoV-2 patients against different HCoV proteins and assess
the potential impact of pre-existing immunity on SARS-CoV-2 disease outcomes.

Methodology. This study used a comprehensive HCoVs antigen bead array to measure antibody response to pathogenic Middle
East respiratory syndrome coronavirus (MERS-CoV), SARS-CoV, SARS-CoV-2 and the four seasonal HCoVs in 70 ICU and 63
non-ICU COVID-19 patients.

Results. Our analysis demonstrates an overall higher antibody response in ICU than in non-ICU COVID-19 patients. Interestingly,
the anti-S1 1gG and IgA were significantly higher among ICU than in non-ICU patients. Similarly, the anti-S1 IgG against NL63
showed a lower response among ICU compared to non-ICU. Cross-reactivity was evident between SARS-CoV-2 and SARS-CoV
antibodies but not with MERS-CoV and seasonal HCoVs. The subclass analysis of antibodies recognizing SARS-CoV-2 revealed
that anti-S1 IgG1, IgG3, IgA1 and IgA2 were significantly higher in ICU compared to non-ICU. The predominant IgA subtype
among SARS-CoV-2 patients was IgA1. We applied machine learning algorithms to subclass serological responses to build
classifiers that could distinguish between ICU patients and patients with milder COVID-19. Out of 90 variables used in two dif-
ferent types of models, the variable of highest influence in determining the ICU status was IgG3 against SARS-CoV-2 S, and the
top 8 variables of influence included the presence of IgG3 against S-trimer as well as IgA against SARS-CoV-2 S.

Conclusion. Understanding the complexities of humoral immunity in various patients is critical for early medical intervention,
disease management, selective vaccination and passive immunotherapy.
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INTRODUCTION

SARS-CoV-2, the causative agent of COVID-19, is an enveloped positive-sense ssSRNA virus. Its genome encodes structural
proteins, such as the homotrimer spike (S), envelope (E) and membrane (M) proteins [1]. SARS-CoV-2 belongs to the Betacoro-
navirus genus and is the seventh coronavirus member known to infect humans [2, 3], among which SARS-CoV and Middle East
respiratory syndrome coronavirus (MERS-CoV) may also cause lethal diseases in humans. Four additional human coronaviruses
(HCoVs) are less pathogenic (HCoV-OC43, HCoV-HKU1, HCoV-NL63 and HCoV-229E), causing mild upper respiratory tract
infections, referred to as ‘common cold’.

COVID-19 mainly affects the respiratory system, but other organs may also be involved. The clinical manifestation of COVID-19
ranges from asymptomatic to severe pneumonia, with respiratory failure and even death in up to 5% of cases [4]. In many
cases, COVID-19 is asymptomatic, with positive detection of SARS-CoV-2 nucleic acid by RT-PCR, with neither typical clinical
symptoms nor apparent lung abnormalities in images [5]. There is increasing evidence that pre-existing immunity against other
HCoVs may influence the clinical outcome in SARS-CoV-2-infected patients [6-8].

IgM antibodies are produced around 5-7 days post-SARS-CoV-2 infection [9]. IgG antibodies are usually detected around
11 days and peak at 3—-4 weeks post-infection [9]. SARS-CoV-2 antibodies have the shortest detection time (mean of 11 days) in
comparison to SARS-CoV-1 (mean of 13.5days) and MERS-CoV (mean of 15 days) [9]. It has been reported that SARS-CoV-2-
specific IgA can be detected after the appearance of IgM and dominates the early neutralizing response [10]. The level of antibodies
against SARS-CoV-2 starts to decline within 3 months following a mild and asymptomatic infection [11]. SARS-CoV-2 infection
elicits an antibody response even in critically ill patients, regardless of their low circulating lymphocyte counts [12]. IgG and IgA
antibody responses differ in their level and durability among mild and critically ill patients [12].

Neutralizing antibodies are suggested as potential correlates of protection against COVID-19 [13]. Many studies illustrated
that individuals without previous SARS-CoV-2 infection had varying levels of pre-existing antibodies that could cross-react
with SARS-CoV-2 and may influence SARS-CoV-2 immunity [7, 14, 15]. Anderson et al. [16] found higher levels of anti-OC43
antibodies in pre-pandemic cross-reactive SARS-CoV-2 antibodies [16]. Another study demonstrated that antibodies in healthy
individuals were cross-reactive to SARS-CoV-2 and MERS-CoV N proteins [8]. Around 85% of SARS-CoV-2 patients also had
reactive antibodies to SARS-CoV-1, whereas 12% were reactive to MERS-CoV [8]. A recent study demonstrated a cross-reactive
IgG response in COVID-19 patients against common HCoVs HKU1, OC43, 229E and NL63 [17], while others have shown that
antibodies against MERS-CoV and SARS-CoV-1 were cross-reactive with SARS-CoV-2 [18-20].

Betacoronaviruses S proteins share structural homology in multiple regions and could be targets for cross-reactive antibody
responses [15]. The S2 subunit is a highly conserved sequence among SARS-CoV-2 and SARS-CoV-1 (90% amino acid sequence
identity) [21]. The SARS-CoV-2 S protein shares around~75% of its amino acid sequence with SARS-CoV-1, ~50% with MERS-
CoV and 25-30% with seasonal HCoV's S proteins [22, 23]. Therefore, pre-existing antibodies against seasonal HCoV's likely
target conserved regions of SARS-CoV-2, including the S2 subunit [24]. Another study illustrated that cross-reactive antibodies
from pre-pandemic serum samples mediate anti-SARS-CoV-2 ADCC activity [25]. The potential protection conferred by cross-
reactive antibodies has been established by inhibiting S-trimer binding to ACE-2 by the serum of MERS-CoV-infected camels
[26], supporting the possible protective role of cross-reactive antibodies in SARS-CoV-2 infection, as recently suggested [27, 28].
Angiotensin-converting enzyme 2 (ACE2), present on several types of human cells, especially the epithelial cells lining the
respiratory tract. It acts as the main entry point for SARS-CoV-2, allowing the virus to infect the body. Identifying cross-reactive
antibody epitopes can help guide reasonable vaccination and therapy that target multiple highly pathogenic coronaviruses [15].
In addition to the specificity, the isotypes of antibodies, particularly IgG3, produced in response to SARS-CoV-2 have been shown
to play an essential role in the efficiency of viral neutralization in vivo [29] and in vitro [29], as do dimeric IgA1 [30]. However,
the role of antibody isotypes in disease severity has been questioned [31-33].

In this study, we used an in-house flow-cytometric antigen bead array to investigate the magnitude of antibody responses against
the SARS-CoV-2 proteins Envelope, Nucleoprotein, Spike-trimer or its fragments S1 and receptor binding domain (RBD), as well
as the S1 proteins or the other HCoVs. We used this 11 antigens protein array to measure the total antibody response (IgG, IgM
and IgA) and the subclass responses (IgG1, IgG3, IgA1 and IgA2) in 70 ICU and 63 non-ICU COVID-19 patients, along with
22 pre-pandemic serum samples. We quantified the levels and the isotypes of antibodies reactive to viral proteins from HCoVs.
We determined whether these antibodies were cross-reactive with SARS-CoV-2 and the association between these antibody
responses and disease severity.

METHODS
Sample collection

In total, 133 serum samples from RT-PCR-confirmed SARS-CoV-2 patients were selected, consisting of ICU (n=70) and non-ICU
(n=63) patients. SARS-CoV-2 ICU samples were collected 1-2 weeks post-infection (first positive PCR) during the patient’s ICU
admission. Furthermore, SARS-CoV-2 non-ICU blood and nasal samples were simultaneously collected with those from ICU
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patients, while only nasal samples were used for diagnosis. Twenty-two pre-pandemic serum samples were collected from healthy
blood donors and were used as the negative control group. Disease outcomes were defined using the World Health Organiza-
tion (WHO) COVID-19 clinical severity scale [34], a nine-point system: uninfected (0=no clinical or virological evidence of
infection), ambulatory (1=asymptomatic and 2=activity limitation), mild (3=hospitalized without oxygen supplementation and
4=hospitalized with oxygen supplementation), severe (5=high flow nasal cannula or noninvasive positive pressure ventilation,
6=intubationand invasive mechanical ventilation and 7=mechanical ventilation with additional organ failure support) and
8=death. All non-ICU patients had a score of 1 (asymptomatic). Among the patients, 16 had a score of 8 (death), while 54 had a
score between 5 and 8 and were classified as having a severe disease outcome. The clinical characteristics of the patients are shown
in Table 1. The samples were presented in 2020-2021 for patients suffering from SARS-CoV-2. These samples represent the first
wave of SARS-CoV-2 in Qatar, which was predominantly characterized by the B.1.428 variant, followed by the B.1 variant [35].
Non-ICU samples were collected from a hospital setting or professional laboratory acquisition for routine testing. The samples
were collected from asymptomatic patients who tested positive for SARS-CoV-2 via PCR. These samples were collected early in the
pandemic before any patients were vaccinated. The age of ICU patients ranged from 30 to 91 years old, with a median of 49 years
(interquartile range: IQR=15). In the ICU group, the number of males (n=67, 96%) was higher than females (n=3, 4%). The age
of non-ICU patients ranged from 13 to 61 years old, with a median of 37 years (IQR=20). In the non-ICU group, the number
of males (n=52, 83%) was higher than that of females (n=6, 10%). For five patients, the demographic data weren't provided. All
non-ICU patients were asymptomatic. Data on previous exposure to seasonal HCoV's were unavailable for the patients included in
this study. However, a recently published systematic review reported a high prevalence of seasonal HCoV's globally [36]. Among
these, HCoV-OC43 was the most prevalent (51.3%), followed by HCoV-NL63 (22.4%), HCoV-HKU1 (7.9%) and HCoV-229E
(7.9%). Based on this data, it is assumed that most, if not all, patients have pre-existing immunity against seasonal HCoV's before
sample collection. Furthermore, to our knowledge, none of the patients had prior exposure to SARS-CoV-1 or MERS-CoV.
Pre-pandemic samples were used as a control to establish a baseline, accounting for any pre-existing antibody responses due to
previous exposure.

Flow cytometry analysis

The presence of antibodies against selected HCoV proteins in the serum is measured using a home-built antigen bead array
analysed by flow cytometry (Fig. 1).

Building of bead array

The bead array was built using a set of 11 carboxymethylated beads with 11 different intensities of UV-excitable dye, providing
a unique fluorescence signature for each set (Spherotech) (Fig. 1a). Each bead set was individually coupled to histidine-tagged
recombinant HCoVs proteins expressed in human cells (AcroBiosystems, Newark, DE, USA). We included five SARS-CoV-2
proteins or protein fragments derived from the original SARS-CoV-2 Wuhan-Hu-1 strain. The SARS-CoV-2 S1 protein corre-
sponds to the region 16-685 of the S protein and includes a C-terminal His-Tag (AcroBiosystems, catalogue # SIN-C52H4). The
SARS-CoV-2 RBD domain corresponds to fragment 319-541 of the S protein, featuring a C-terminal His-Tag (AcroBiosystems,
catalogue # SPD-C52H3). The trimeric Spike protein corresponds to the region 16-1,213 of the S protein, incorporating trimer-
stabilizing mutations and suppressing the furin cleavage site F817P, A889P, A942P, K986P, V987P, R683A and R685A. It also has
a C-terminal His-Tag (AcroBiosystems, catalogue # SPD-C52H3). We also included Envelope protein His-Tag (ThermoFisher,
catalogue # RP-87682) and Nucleoprotein His-Tag (AcroBiosystems, catalogue # NUN-C5227). We also included the S1 proteins
of MERS His-Tag (Sino Biological, catalogue # 40069-V08H), HCoV-229E His-Tag (AcroBiosystems, catalogue # SIN-V52H4),
HCoV-HKU1 His-Tag (AcroBiosystems, catalogue # SIN-V52H6), HCoV-NL63 His-Tag (AcroBiosystems, catalogue # SIN-
V52H3) and HCoV-OC43 His-Tag (Sino Biological, catalogue # 40607-V08H1). Therefore, the array consisted of 11 antigens,
including 5 SARS-CoV-2 antigens and 6 HCoV S1 proteins. Coupling was performed according to the procedure published

Table 1. The clinical characteristics of patients

Clinical presentation (No. of patients) ICU (n=70) Non-ICU (n=63)
Age (median, range) 49 (30-91) years 37 (13-61) years
WHO clinical severity scale Severe disease (5-7 score) 54 patients Ambulatory (1 score) 63 patients

Deceased (8 score) 16 patients

Gender Males 67 (96%) 52 (82.5%)
Females 3 (4%) 6 (9.5%)
Not provided - 5(7.9%)
Vaccination 70 (100%) Not vaccinated 63 (100%) Not vaccinated
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Fig. 1. Serological bead array assay. (a) Building of the antigen array: 11 carboxymethylated bead sets with distinct fluorescence intensity profiles are
coupled with recombinant HCoVs S1 proteins and SARS-CoV-2 spike proteins S-trimer, S1, RBD, Env and Nucleoprotein. (b) Assay steps: mixed beads
are distributed in filter well plates and incubated with diluted serum samples (step 1.1). The plates are washed (step 1.2) and incubated with a mixture
of labelled detection antibodies specific for Ig isotypes or subclasses (step 2.1). The plates are washed, and the beads are resuspended in the assay
buffer (step 2.2). (c) The plates are acquired on a five-laser BD Symphony A5 using a high-throughput sampler. (d) Beads are classified based on their
unique fluorescence intensity in two channels, UVF-515 and VE-525. The fluorescence corresponding to each detection antibody is recorded and used
to calculate Rls on each bead set.
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previously [37] with a slight modification consisting of the buffer exchange of reconstituted lyophilized recombinant proteins
with PBS pH 7.4 using Zeba columns (Pierce). Briefly, 15x106 microspheres were washed in diH2O and activated by resuspension
in 100 mM monobasic sodium phosphate, pH 6.2, 5mgml™ sulfo-NHS (Pierce, catalogue # 24520) and 5 mgml™ EDC (Pierce,
catalogue # 77149) under shaking for 20 min at room temperature. The activated microspheres were then washed three times
with PBS, pH 7.4. Pelleted washed activated beads were resuspended in 1 ml of PBS pH 7.4 containing 100 ug of recombinant
proteins and incubated overnight at room temperature under rotation. Coupled microspheres were washed twice with PBS-TBN
(0.2% Tween-20, 0.1% BSA, 0.05% sodium azide), resuspended in a final volume of 1 ml, counted using a volumetric-acquisition
controlled flow cytometer (Cytek Aurora) and stored at 4°C in PBS-TBN until further use. Viral antigen coupling was confirmed
by performing a binding titration of a His-Tag-specific phycoerythrin (PE) labelled monoclonal antibody (BioLegend, catalogue
#362603).

Serological assay

Measurement of total IgM, IgG and IgA anti-HCoVs antigens

Serum samples diluted 1:20 in assay buffer (10 mM Tris-HCI, pH 7.5, 0.1% BSA, 0.01% Tween-20) were incubated with the
bead array (2,000 microspheres for each peak) in a total volume of 50 ul in a Multiscreen HV filter plate (Millipore, catalogue #
MSHVN4510) under shaking at 800 r.p.m. for 35min at room temperature. After three vacuum washes with assay buffer using
a PALL vacuum manifold (PALL). The microspheres were incubated with 50 ul of assay buffer containing 0.6 ugml™ of Alex-
aFluor 488-labelled goat anti-human IgG polyclonal antibodies (SouthernBiotech, catalogue # 2040-30), 0.63 ug ml™' PE-labelled
goat anti-human IgA polyclonal antibodies (Jackson ImmunoResearch, catalogue # 109-115-011) and 1.2 ugml™ AlexaFluor
647-labelled goat anti-human IgM polyclonal antibodies (SouthernBiotech, catalogue # 2020-31) for 20 min at room temperature
under agitation at 800 r.p.m. The microspheres were then vacuum-washed three times in wash buffer (10 mM Tris-HCI, pH 7.5,
0.05% Tween-20) (Fig. 1b), resuspended in the same buffer, acquired and analysed on a BD FACS Symphony A5 equipped with
UV (355nm), Violet (450 nm), Blue (488 nm), YellowGreen (561 nm) and Red (633 nm) lasers and a high-throughput sampler
(Fig. Lc).

Measurement of IgG and IgA subclasses

Serum samples diluted 1:20 in assay buffer (10 mM Tris-HCI, pH 7.5, 0.1% BSA, 0.01% Tween-20) were incubated with the bead
array (2,000 microspheres for each peak) in a total volume of 50 pl in two Multiscreen HV filter plates (Millipore, catalogue #
MSHVN4510) under shaking at 800 r.p.m. for 35 min at room temperature. After three vacuum washes with assay buffer using a
PALL vacuum manifold (PALL), the microspheres in one plate were incubated with 50 ul of assay buffer containing 1 ugml™ of
AlexaFluor 488-labelled mouse monoclonal antibody 4E3 anti-IgG1 hinge (SouthernBiotech, catalogue # 9052-30), 1 uygml™* of
PE-labelled mouse monoclonal antibody HP605 anti-IgG3 hinge (SouthernBiotech, catalogue # 9210-09) and 1 ug ml™ mouse
monoclonal antibody HP602 anti-IgG2 Fc (SouthernBiotech, catalogue # 9710-31) for 20 min at room temperature under agita-
tion at 800 r.p.m. The microspheres in the other plate were incubated with 50 ul of assay buffer containing 1 ug ml™ of PE-labelled
mouse monoclonal antibody B3506B4 anti-IgA1 Fc (SouthernBiotech, catalogue # 9130-30) and 1 uygml™* of APC-labelled mouse
monoclonal antibody A96042 anti-IgA2 Fc (SouthernBiotech, catalogue # 9140-31). Following the incubation, the plates were
then vacuum-washed three times in wash buffer (10 mM Tris-HCI, pH 7.5, 0.05% Tween-20), resuspended in the same buffer,
acquired and analysed as described for total IgG, IgA and IgM measurement.

Data acquisition and analysis

Bead classification was performed by defining 11 gates in bivariate plots of UV 515 (UV excitation, emission 515/30) fluorescence
versus Violet 525 (405 excitations, emission 525/50) fluorescence. Each gated bead population was analysed for the presence
of IgM, IgG and IgA, revealed by the fluorescence intensity in B-520 for AlexaFluor488 (488 nm excitation, 525/50 emission),
YG-586 form PE (561 nm excitation, 586/14 emission) and R670 for AlexaFluor647 (640 excitations, 670/30 emission) (Fig. 1d).
The data were analysed using Flow]o software. An average of 300 beads per region was acquired. The mean fluorescence intensity
(MFI) of each bead peak in the fluorescent channels listed above was used in subsequent calculations.

Response index

The positivity of tested samples was measured by determining a positivity index for each antigen and antibody type. The response
index (RI) (Equation 2) is defined as the ratio of the patient’s response MFI to the MFI response of a pooled negative control
for the same antigen/isotype. Pooling negative samples dilutes any potential immune response from previous encounters with
seasonal coronaviruses. The calculation of RI is illustrated by Equations 1 and 2 below:

MFI of pooled negative controls=MFI of negative controls+3 SD Equation 1
RI=MFI subject/MFI of pooled negative control Equation 2

A response is considered positive when the RI>1.
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Statistical analysis

Statistical analysis was performed using GraphPad Prism software version 10.0 (GraphPad Software, La Jolla, CA, USA). Data
are plotted as scatter plots showing the mean value and sEM intervals on a log10 scale. Significant differences between ICU and
non-ICU patients were determined using an unpaired t-test adjusted for multiple comparisons by the Holm-Sidak correction
[38, 39]. Statistical significance was determined when the corrected value P was inferior to 0.05. Significance levels were assigned
as *P<0.05, **P<0.01 and ***P<0.001.

Machine learning

Machine learning was performed using the R ‘Classification And REgression Training’ package. This R package provides a
standardized interface for working with different machine learning algorithms, allowing an easy switch between different classi-
fiers. It implements various cross-validation strategies to generate more stable estimates through the trainControl function, such
as k-fold cross-validation and repeated cross-validation. It implements stratified sampling for imbalanced datasets and relies on
automated parameter tuning to optimize the finding of hyperparameters through adaptive resampling. This package is used to
build class prediction models [40] and is a well-established package in machine learning [41, 42]. The dataset was split, with 80%
of the data generating a training set and 20%a test set.

Total IgM, IgG and IgA (bulk responses) and IgG1, IgG2, IgG3, IgA1 and IgA2 in response against the SARS-CoV-2 antigens
(Nucleoprotein, Envelope, S-trimer, S1 and RBD), as well as the patient’s age, a total of 41 variables were used to generate the
models. Models were trained by repeated cross-validation with 5 K folds repeated 10 times. We used the random forest (RF)
models and deduced the variables of importance report. We also used the gradient-boosted machine (GBM) models with Bernoulli
function loss to report the variable of influence in classifying the ICU patients.

RESULTS
Antibody responses to SARS-CoV-2 antigens are higher in ICU patients

We analysed the sero-reactivity of antibodies to various SARS-CoV-2 antigens using an antigen flow-cytometric bead array. This
analysis was performed on samples from patients hospitalized in ICU and non-ICU settings, targeting the full range of SARS-
CoV-2 proteins, including the S-trimer, S1, RBD, N, M and E. The antibody levels are expressed as RI, defined by the ratio of
patients’ response signals to the average response signal of non-infected patient samples collected before the COVID-19 pandemic.
We first measured the frequency of patients showing a positive response, meaning having IgM, IgG or IgA RIs higher than one.
We investigated the IgM, total IgG and total IgA responses to SARS-CoV-2 antigens, including E, N, S-trimer, S1 and RBD. On
average, 72+16% (mediantse) of ICU patients demonstrated a positive response to at least one of the measured SARS-CoV-2
antigens, while only 31+7.9% of non-ICU patients showed such a response. Positive IgG responses to Env were observed in only
31.4% of ICU patients and 5.6% of non-ICU patients. In contrast, 97.8+13.3% of ICU patients and 55+£9.9% of non-ICU patients
exhibited a positive IgG response against at least one of the other viral antigens: N, S-trimer, S1 and RBD (Fig. 2a).

The IgG and IgM RIs were significantly higher among ICU patients (1=70) than non-ICU patients (n=63). Rls against Envelope
(E) (Fig. 2b) and Nucleocapsid (N) proteins (Fig. 2¢) showed no differences between ICU and non-ICU patients (0.07<P<0.74 for
all comparisons). When tested against the SARS-CoV-2 S-trimer, IgG RIs were 13.34+0.48 and 4.51+0.61 (P<0.0001) for ICU and
non-ICU patients, respectively. S-trimer IgM Rls of 2.58+0.25 and 1.45+0.32 for ICU and non-ICU patients, respectively (P=0.012)
(Fig. 2d). The increased reactivity in ICU patients was confirmed for the S protein fragment S1, with IgG Rls of 95.32+4.45and
18.38+3.28 (P<0.0001) and IgM RIs 0f 29.98+2.59 and 8.63+2.59 (P<0.0001) in ICU and non-ICU patients, respectively (Fig. 2e).
IgG RIs for RBD were 78.46+4.1 and 25.96+4.7 (P<0.0001), while IgM RIs were 6.59+0.75and 4.08+0.97 (P=0.04) for ICU and
non-ICU patients, respectively (Fig. 2f). At the exception of the IgA response to SARS-CoV-2 S1, which had RIs of 5.69+0.46 and
1.93+0.39 (P<0.0001) in ICU and non-ICU patients, respectively, IgA responses for other SARS-CoV-2 antigens showed no
differences between ICU and non-ICU patients (0.42<P<0.73).

Subclasses of antibody responses to SARS-CoV-2 antigens in ICU and non-ICU patients

The detailed analysis of the distribution of the Ig subclasses raised against SARS-CoV-2 antigens showed a striking difference
between ICU and non-ICU patients (Fig. 3a). A positive IgG1 response to SARS-CoV-2 N protein, S-trimer and its fragments
S1 and RBD was observed in 85.71+1.4and 66.94+3.4% (P=0.004) of ICU and non-ICU patients, respectively. IgG2 positive
responses were observed in 56.1+15.3 and 20.5£13.5% (P=0.013) of ICU and non-ICU, respectively. IgG3 positive responses were
observed in most ICU patients, at 96.8+2.3%, and only in 25.2+17.0% of non-ICU patients (P=0.033). The frequency of IgA1
responses also showed a significant difference between ICU and non-ICU patients, with 98.9+2.2and 46.3+14.6% of patients
responding, respectively.

The response magnitude measured by the RIs showed that ICU patients had stronger responses than non-ICU patients. However,
no difference was observed for any Ig subclass in response to Envelope (Fig. 3b). IgG1 responses to N protein in ICU and non-ICU
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patients were 83.7+7.8and 58.7+7.9 (P=2.1 10-3) (Fig. 3¢); for the SARS-CoV-2 S-trimer, they were 9.04+0.7 and 3.2+0.4 (P=2.4
10-10) (Fig. 3d); for the S1 subunit, 39.3+3.89 and 7.33+1.52 (P=2.04 10-10) (Fig. 3e); 92.16+8.2and 25.37+4.9 (P=4.2 10-10) for
RBD (Fig. 3f), respectively. Except for IgG2 against the N protein, which had RIs of 3.5+3.9and 1.7+1.7 (P=2.1 10-2) in ICU and
non-ICU patients, respectively (Fig. 3c), IgG2 Rls for other SARS-CoV-2 antigens were not different between ICU and non-ICU
patients (0.087<P<0.57). IgG3 RIs were significantly higher in ICU in comparison to non-ICU patients, who, respectively, showed
RIs of 1.84+0.1and 1.08+0.03 (P=8.2 10-11) for SARS-CoV-2 S-trimer, 4.66+0.5and 1.13+0.05 (P=7.24 10-10) for the S1 subunit
and 2.85+0.44and 1.32+0.11 (P=2 10-3) for RBD. No difference was observed for IgG3 Rls to other SARS-CoV-2 antigens. The
IgA1 antibody levels were significantly higher among ICU patients than non-ICU patients when tested against SARS-CoV-2 S,
S1, RBD and N proteins. The IgA2 antibody levels were significantly higher among ICU patients than non-ICU patients, only in
response to SARS-CoV-2 S1 and RBD. Anti-S IgG1 was the predominant IgG subtype among ICU and non-ICU SARS-CoV-2
patients, followed by IgG2 and IgG3. Anti-S IgA1 was the predominant IgA subtype among ICU and non-ICU SARS-CoV-2
patients. Overall, IgG1, IgG3 and IgA1 were the dominant Ig subclasses in ICU patients.

Antibody responses to HCoV S1 proteins among ICU and non-ICU patients

We evaluated the extent of serological cross-reactivity with the S1 proteins of the seven HCoV's in ICU and non-ICU patient
samples (Fig. 4a). SARS-CoV-2 S1 reactivity was detected in 100% of ICU patients for IgM, IgG and IgA. In contrast, these
reactivities were detected in only 55.4, 60 and 23.5% of non-ICU patients. A high level of cross-reactivity was observed with
SARS-CoV S, which for IgM, IgG and IgA was observed in 100, 97.1 and 97.1% of ICU patients, respectively. In non-ICU
patients, as for SARS-CoV-2 S1, the reactivity to SARS-S1 was observed in fewer patients regardless of the Ig isotype. Only
39.7, 54 and 24% were positive for IgM, IgG and IgA, respectively. Although ICU patients showed greater reactivity than
non-ICU patients for the two SARS viruses S1 proteins, this difference wound down for other S1 protein reactivity. In
brief, 40, 54.3 and 64.3% of ICU patients had IgM, IgG and IgA recognizing MERS-CoV S1 protein. In non-ICU patients,
these IgM, IgG and IgA recognizing MERS-CoV S1 were found in 45, 11 and 22.3%, respectively. IgM, IgG and IgA
recognizing 229E S1 proteins were detected in 37.1, 2.9 and 41.4% of ICU patients, while the corresponding responses were
observed in 36.5, 5.8 and 23.8% of non-ICU patients. In brief, 42.9, 7.1 and 51.4% of ICU patients had IgM, IgG and IgA
recognizing NL63 S1 protein. In non-ICU patients, IgM, IgG and IgA recognizing this protein were found in 34.9, 0 and
7%, respectively. IgM, IgG and IgA recognizing HKU1 S1 protein were detected in 15.7, 24.3 and 28.5% of ICU patients,
while the corresponding responses were observed in 37, 4.7 and 7% of non-ICU patients. Finally, we detected IgM, IgG
and IgA recognizing OC43 S1 protein in 42.9, 38.6 and 20% of ICU patients. In contrast, the corresponding responses were
observed in 37, 2 and 7% of non-ICU patients.

Overall, ICU patients showed extensive cross-reactive antibody responses against the SARS-CoV-2 S1 subunit. Moreover,
ICU patients show slight cross-reactive IgM antibodies against NL63 and OC43 S1 subunit. The anti-S1 IgA showed slight
cross-reactivity among ICU against MERS-CoV and NL63. Among non-ICU, the anti-S1 IgG showed cross-reactivity against
SARS-CoV-2.

The response magnitude measured by the RIs showed that IgG, IgM and IgA RIs for SARS-CoV S1 were significantly
higher in ICU patients in comparison to non-ICU patients who, respectively, showed IgG Rls of 37.61+1.66 and 8.84+1.36
(P<0.0001), IgM RIs of 12.47+2.63 and 3.53+1.07 (P=0.0035) and IgA RIs of 4.03+0.36 and 1.72+0.24 (P<0.0001) (Fig. 4b).
IgG, IgM and IgA responses to SARS-CoV S1 were significantly higher in ICU patients in comparison to non-ICU patients
who, respectively, showed IgG RIs of 37.61+1.66 and 8.84+1.36 (P<0.0001), IgM RIs of 12.47+2.63 and 3.53+1.07 (P=0.0035)
and IgA RIs of 4.03+0.36 and 1.72+0.24 (P<0.0001) (Fig. 4c). At variance to the response to SARS-CoV-2 and SARS-CoV
S1 proteins, antibody responses to 229E and NL63 S1 proteins were significantly lower in ICU patients with 229E S1 IgG
RIs of 0.44+0.03 and 0.89+0.07 (P<0.0001) for ICU and non-ICU patients, IgA RIs of 1.07+£0.07 and 1.55+0.19 (P=0.02)
for ICU and non-ICU patients, respectively, and IgM RIs were not different (P=0.51) (Fig. 4e). NL63 antibody response
differed only for IgG RIs which were significantly lower in ICU patients with 0.51+0.03 compared to 0.67+0.04 (P=0.006)
for non-ICU patients (Fig. 4f). IgG, IgM and IgA RIs for MERS-CoV S1, HUK1-S1 and OC43 S1 were not significantly
different between ICU and non-ICU patients (0.08<P<0.92) (Fig. 4d, g, h). A heat map recapitulating the RIs for the seven
HCoVs S1 proteins is given (Fig. 4i).

Detection of antibody subclass responses to HCoV S1 proteins among ICU and non-ICU patients

The detailed analysis of the distribution of the Ig subtypes raised against HCoVs S1 protein confirmed the reactivities
observed with the bulk isotypic responses reported in Fig. 5. There was a reactivity difference between ICU and non-ICU
patients in recognition of SARS-CoV-2 S1 and SARS S1 (Fig. 5a). IgG1 positivity was observed in 83.6% of ICU patients,
only in 64% of non-ICU patients. This difference was more pronounced for IgG2 responses, which were observed in 63%
of ICU patients while reaching only 12.7% in non-ICU patients. As was the case for the response to SARS-CoV-2 antigens,
IgG3 positive responses were observed in most ICU patients, with 99.3% responding and only 12.7% of non-ICU responding.
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Fig. 5. Subclass of IgG and IgA antibody responses against HCoVs S1 proteins in ICU and non-ICU patients. (a) Frequency of positive Ig subclass
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Significance levels *: 0.01<P< 0.05, **: 0.001<P<0.01 and ***: P<0.001.
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Fig. 6. The importance of the sero-reactivity variable in determining the classification into the ICU class using (a) RF classification and (b) GBM
classification.

The frequency of IgA1 responses also showed a difference between ICU and non-ICU patients, with 99.3 and 69.2% of
patients responding, respectively.

We investigated antibody subclass responses among ICU and non-ICU patients against HCoV S1 proteins. The IgG1 RIs
against SARS-CoV-2 and SARS S1 subunit were significantly higher among ICU patients than non-ICU patients. For
SARS-CoV-2 S1 (Fig. 5b), they were 39.3+3.89and 7.33+1.52 (P=2.04 10-10); SARS S1 RIs were 38.2+3.6and 7.9+1.6
(P=2.310-11) (Fig. 5¢). The RIs for all the other isotypes measured were significantly higher for SARS S1 reactivity in ICU
patients. For IgG2, they were 2.46+0.4 and 1.24+0.27 (P=0.017) in ICU and non-ICU patients, respectively. IgG3 RIs in ICU
and non-ICU patients were 2.46+0.4 and 1.33+0.1 (P=1.1 10-8), respectively. For IgA1, they were 2.68+0.2 and 1.88+0.19
(P=0.0034) in ICU and non-ICU patients, respectively. Finally, in ICU and non-ICU patients, IgA2 RIs were, respectively,
1.13+0.1 and 0.44+0.06 (P=4.9 10-8). Anti-S1 IgG1 response against MERS-CoV (Fig. 5d), NL63 (Fig. 5f), HKU1 (Fig. 5g)
and OC43 (Fig. 5h) showed no significant difference between the two groups (ICU and non-ICU) (0.07<P<0.9). IgG1 Rls
for 229E S1 were higher in non-ICU than in ICU patients, where they, respectively, were 0.71+0.1 and 0.44+0.05 (P=0.003)
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(Fig. 5e), although such levels of reactivity translate to a lack of response. The overall response levels and their significance
are plotted (Fig. 5i).

Serological response determinants of ICU

We investigated how ICU patients differed from patients with a milder course of COVID-19. For this purpose, we built classifier
models using RF or GBM algorithms. The parameters considered were age and RIs for total IgG, IgA and IgM as well as their
subclasses towards all SARS-CoV-2 antigens, which constituted 41 features, which were used to build RF and GBM models
with Bernoulli loss function (see method for details). Among the 41 features analysed, the RF model determined that the most
important variable in determining the ICU status was IgG3 against SARS-CoV-2 S and that the top 10 variables of influence
included the presence of IgG3 against S-trimer, IgG3 against RBD and IgA against SARS-CoV-2 S (Fig. 6a). The best-fitted model
had an receiver operating characteristic curve (ROC) of 0.9966, a sensitivity of 0.976 and a specificity of 0.977. The best GBM
model classifier defined that out of 41 predictor variables, only 9 had an influence on the classification of patients in ICU (Fig. 6b),
the most influential being IgG3 against SARS-CoV-2 S and included the presence of IgG3 against S-trimer. The model had an
ROC of 0.9944, a sensitivity of 0.972 and a specificity of 0.949.

To evaluate any effect of bona fide or cross-reactivity towards other HCoVs, we included total IgG, IgA, IgM and their subclasses
reactive to the S1 proteins of other HCoV's, which amounted to 89 features. Modelling all 89 variables confirmed that the most
significant was the presence of IgG3 against SARS-CoV-2 S and SARS-CoV-2 S-trimer. The two methods, either restricted to
the sero-reactivity to SARS-CoV-2 antigens or extended to the sero-reactivity to all HCoVs, confirmed the importance of the
presence of IgG3.

DISCUSSION

Our analysis showed that ICU patients had higher antibody responses against the SARS-CoV-2 structural proteins. A previous
study reported a similar outcome [43]. In-depth analysis demonstrated higher IgG and IgM antibody responses to the SARS-
CoV-2 S-trimer, S1 and RBD subunit among ICU patients compared to non-ICU patients. Similarly, several studies have reported
seronegative antibody responses among asymptomatic SARS-CoV-2 patients [44-47]. Recent findings indicate elevated antibody
responses to SARS-CoV-2 might stem from an impaired immune response during infection or vaccination [44-48]. A study by
Hendriks et al. [49] found that critically ill COVID-19 patients had higher tiers and lower-affinity antibodies against the RBD,
S-trimer and S2 compared to hospitalized patients [49]. The presence of low-affinity antibodies can lead to severe outcomes, as
they might not effectively neutralize SARS-CoV-2, reducing immune protection and leading to increased viral load and higher
inflammation. In response, the immune system increases antibody production to identify numerous targets, potentially triggering
Fc-mediated immune responses, including complement activation, increased coagulation and stimulation of innate immune cells
[50]. Another study analysed IgG responses to S and N proteins in hospitalized and asymptomatic COVID-19 patients. Their
findings indicated that hospitalized patients had higher IgG litres for both N and S proteins, with lower avidity [46]. Low-avidity
antibodies are less effective at neutralizing and clearing SARS-CoV-2 immunologically. Furthermore, recent research suggests
that multiple doses of the mRNA SARS-CoV-2 vaccine may lead to increased IgG4 antibody production [51, 52]. It may also
inhibit the activation of both CD4+ and CD8+ T cells. Additionally, undesirable pro-inflammatory effects are linked to mRNA
lipid nanoparticles [53].

Furthermore, a significant IgA response to the SARS-CoV-2 S1 subunit was recorded.

On the other hand, total IgG, IgM and IgA against SARS-CoV-2 N and E proteins showed no significant difference between
ICU and non-ICU. A retrospective study conducted in China on 25 asymptomatic and 27 symptomatic SARS-CoV-2 patients
showed no significant difference among IgG levels against recombinant N and S SARS-CoV-2 antigens. Furthermore, they
reported significantly lower IgM responses among asymptomatic patients [54]. Another study demonstrated higher IgG and
IgM antibody litres among the ICU group compared to the non-ICU group, with a significant difference for IgG litres at the
2-week post-symptom start time [55]. Furthermore, it was observed that there is a delayed specific IgM antibody response seen in
COVID-19 individuals with severe disease outcomes [56]. Many factors may have contributed to different outcomes in the other
studies. This includes age or pre-existing immunity (such as cross-reactive immunity from human common cold coronaviruses
or innate immune subsets) [57]. It is worth noting here that samples in this study were collected at early pandemic stages; hence,
the impact of vaccination and/or re-infection is limited.

Our analysis of antibody responses against the S1 subunit of HCoV's between ICU and non-ICU COVID-19 patients showed significant
differences in cross-reactive immunity. Notwithstanding, our data show that other than the anti-SARS-CoV antibody response that
mimicked that of SARS-CoV-2 in ICU patients, only 229E IgG, IgA and NL63 IgG were significantly higher in non-ICU patients.
A cross-reactive response to SARS-CoV is expected, considering the 75% homology between the two viruses, but the homology
with NL63 and 229E does not exceed 65% [22, 58]. These data suggest that prior immunity against HCoV's can affect the outcome
of SARS-CoV-2 infection. The S1 subunit was used to compare HCoV's due to the lack of stable S protein available commercially
for all HCoVs studied. This arises because the S protein exists in two distinct forms: the pre-fusion state and the post-fusion state
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[59-62]. The S1 offers greater accuracy in cross-reactivity since S1 is less conserved among HCoVs than the S2 subunit [63]. The
S1 harbours the key antigenic sites and the receptor-binding domain [63], making it the primary target for neutralizing antibodies.
Using S1 consistently across all viruses provides a standardized platform for assessing cross-reactivity and mapping immunological
relationships between coronavirus species.

Different studies have reported conflicting findings on the effect of pre-existing cross-reactive immunity to HCoV on SARS-CoV-2
infection outcomes. In an earlier study [64], a Chinese group demonstrated cross-reactivity among SARS-CoV, 229E and OC43
using an immunofluorescence (IFA) assay. Their analysis showed that 5 out of 11 and 10 out of 11 SARS-CoV patients exhibited>4
folds increase in IgG antibody titers against 229E and OC43, respectively. Interestingly, serum samples from SARS convalescent
patients had a one-way cross-reactivity with the two HCoVs. Similarly, in a recent study, cross-reactive antibody response against
OC43 spike protein correlated with disease severity in COVID-19 patients [17]. This study reported higher levels of OC43 S-IgG
in patients requiring mechanical ventilation. These results contrast with our observation, where we did not find significant cross-
reactivity with OC43 but instead with 229E and, to a lesser extent, with NL63. In a former study [17], Guo et al. relied on an ELISA
assay, which is less sensitive than our assay, although both studies targeted similar cohorts (severe versus non-severe COVID-19
patients during the early days of the pandemic). Still, it is particularly interesting to note a cross-reactive response with NL63 in
our analysis, considering that both viruses utilize the same receptor, ACE-2. Most importantly, Wells et al. [65] reported elevated
levels of NL63-neutralizing antibodies following exposure to SARS-CoV-2 through infection and vaccination. However, there was
no substantial evidence of cross-neutralization. Hence, the cross-reactivity with NL63 S1, which harbours the RBS, as seen in our
study, is not uncommon. In another study from Finland, Tamminen et al. [66] investigated the magnitude of HCoV antibodies in
children and adults and their cross-reactivity against SARS-CoV-2. The pre-pandemic antibody cross-reactivity with SARS-CoV-2
among children and adults. Interestingly, children’s antibody levels against OC43 and 229E correlated significantly with each other
and with the level of cross-reactive SARS-CoV-2 antibodies; however, these correlations were entirely lacking in adults. This could be
attributed to HCoV infections in adults being controlled by memory T-cell responses, whereas in children, the immune response is
more antibody-dependent. Notably, only a few studies have explored whether prior SARS-CoV-2 infection or vaccination provides
protection against symptomatic HCoV infections. Bean et al. demonstrated prior infection with SARS-CoV-2 was associated with
a low incidence of symptomatic HCoV infections, unlike vaccinated individuals [67]. Similar findings were reported by Garziano
et al., as they investigated the role of SARS-CoV-2 humoral immunity protecting against OC43 re-infection at either the systemic
or mucosal level [68]. Their findings highlighted the protective role of SARS-CoV-2 natural infection against OC43 at systemic
and mucosal levels. The contradicting outcome on the proactive role of pre-existing immunity against HCoV could be due to the
reliance on binding assays rather than assays that measure antibody functions such as neutralization, antibody-sependent cellular
cytotoxicity (ADCC), antibody-dependent phagocytosis of cells (ADCP) and others. Hence, correlating cross-reactive antibody
responses with severe disease outcomes couldn’t be made. Thus, it remains unclear whether exposure to one virus would increase
protection against the other.

On the other hand, it is essential to determine the epitopes targeted by cross-reactive antibodies, as that would help in structure-
based vaccine design. Several studies reported that the S2 subdomain of the S protein is the main target for cross-reactivity
[57, 69, 70], considering the high degree of similarity in this region. We did not incorporate S2 in our assay, as we could not find
a well-characterized S2 antigen, which is also a drawback of other reports that did not structurally define the S2 antigen in their
analysis [57, 69, 70].

Immunoglobulin subclass analysis revealed a uniform pattern: IgG1 against S antigens (whole S, S1 and, to a lesser extent, RBD)
was significantly higher in ICU patients than in non-ICU patients. Interestingly, the IgG3 but not IgG2 response against S antigens
was elevated in ICU patients. Similar observations were made regarding reactivity to SARS-CoV but not to other HCoV. IgG1 is
the most prevalent IgG subtype in human serum [71] and is usually elevated after viral infection. It usually binds viral pathogens
by binding to soluble and membrane proteins [71].

On the other hand, the involvement of IgG3 in the pathogenesis of acute respiratory distress syndrome (ARDS) in COVID-19 patients
has been recorded [72-74]. In a recent study, Iles et al. [72] used maldi-tof mass spectrometry (MALDI-TOF MS) to analyse antibody
response against S and N antigens. Differential analysis of the spectral signatures demonstrated that the predominant humoral immune
response to the nucleocapsid was IgG3, while the spike protein was IgG1. In our study, IgG1 was dominant over IgG3 to both S and
N antigens and was significantly higher in ICU patients. Generally speaking, IgG3 Abs are potent mediators of effector functions,
including neutralization, enhanced ADCC, complement activation and opsonophagocytosis, compared with other IgG subclasses
[75].1gG1 and IgG3 have been reported to play a role in enhanced disease illness [76] and were elevated in ICU patients. Higher levels
of IgG1 and IgG3 were found among SARS-CoV-2 patients in other studies [77]. A study by Luo et al. showed that elevated levels of
anti-N IgG1 and IgG3 are associated with disease severity [77]. Another study showed an increased level of anti-RBD IgG1 and IgG3
in the ICU compared to non-ICU SARS-CoV-2 patients, consistent with our findings [78]. Further functional characterization of IgG
and IgG3 antibodies is needed to understand their role in COVID-19 disease severity.

We have utilized a novel antigen bead array to assess anti-HCoV responses among ICU and non-ICU patients. The aim was to see
whether specific antibody responses against HCoV might correlate with the clinical outcome of SARS-CoV-2-infected patients.
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Understanding the different antibody responses between ICU and non-ICU patients is crucial to answering emerging questions,
such as the possibility of pre-existing immunity against SARS-CoV-2 resulting in different magnitudes in disease severity.

Antigen arrays are powerful tools for multiplex detection of antibody landscapes that can provide in-depth analysis of cross-reactive
responses [79]. These high-throughput screening assays could replace well-known indirect tests such as ELISA. While many single-
target assays demonstrate excellent sensitivity and specificity, the assay’s performance can be significantly impacted when the testing
is performed at a low seroprevalence profile, and it hardly differentiates cross-reactive antibodies against other pathogens [80]. Much
research has been done to assess antibody litres and temporal profiles in COVID-19 patients with varying illness severity [81-83].
Here, we present an in-house antigen bead assay that measures antibody responses against the seven HCoVs that infect humans. The
assay measures the antibody litres, the subclasses to five SARS-CoV-2 antigens (S, S1, RBD, N and E) and the HCoV S1 proteins. The
assay was used to profile antibody responses in severe (ICU) and non-severe COVID-19 patients.

CONCLUSION

In conclusion, our findings emphasized the role of anti-S IgG3 of SARS-CoV-2 as a biomarker of COVID-19 disease severity. This was
supported by recent evidence indicating the involvement of IgG3 in the pathogenesis of ARDS among COVID-19 patients [72-74].
In addition, our findings illustrate the antibody responses among SARS-CoV-2 ICU and non-ICU patients utilizing the antigen
bead array. Antigen bead array is more sensitive, enabling the detection of low levels of antibodies present in the sample and, hence,
accurate results [84]. Moreover, it is a faster method that can simultaneously detect multiple antibodies in the sample. Thus, exploring
the antibody responses against different HCoV's well-characterized antigens can be beneficial. It can be implemented to study the
cross-reactive antibodies against other viruses, as there has been substantial debate over the potential role of cross-protective immunity
to SARS-CoV-2 infection due to previous seasonal HCoV infection [16, 85]. One of the limitations of our study is that we haven't
assessed the role of cross-reactive T-cell response against HCoVs. Several published reports have identified the cross-reactive T-cell
between SARS-CoV-2 and HCoVs in unexposed individuals to SARS-CoV-2 [86-89]. Cross-reactive T-cell plays a significant role in
controlling SARS-CoV-2 immunity, potentially contributing to severe disease outcomes and enhancing vaccine responses. Further
research is needed to understand their implications for SARS-CoV-2 disease severity fully. A deep understanding of coronavirus
cross-protection requires adequately designed research, such as longitudinal cohorts or experimental infection studies, ideally with an
investigation of both humoral and cellular immunity. Notably, we find evidence for significant cross-reactivity between antibodies to
SARS-CoV-2 and SARS-CoV-1 but no substantial evidence for cross-protective immunity to SARS-CoV-2 infection due to previous
seasonal HCoV infection.
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