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Introduction
The introduction of the zoonotic severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) has led to a pandemic of coro-
navirus disease 2019 (COVID-19) (1). The majority of patients with 
COVID-19 experience mild symptoms including fever, cough, and 
myalgia, none of which can be considered specific to SARS-CoV-2 
infection (2). Some patients with COVID-19 develop acute respi-
ratory distress syndrome (ARDS) that requires treatment in an 
intensive care unit (ICU) and carries in a high mortality rate (2–4).

Although correlates of protection against severe COVID-19 are 
not fully defined in humans, SARS-CoV-2–neutralizing antibodies 
are considered a hallmark of immune protection (5–7). The kinet-
ics of preexisting and newly induced antibodies upon SARS-CoV-2 
infection are expected to be important. Preexisting memory B cells 
that were once primed by antigenically related seasonal common 
cold coronaviruses (CCCs) may provide fast protection against 
SARS-CoV-2 infection by a rapid production of cross-reactive anti-
bodies from memory recall, e.g., cross-neutralizing antibodies (5, 
8). However, preexisting immunity may also promote pathology 
(9). A lack of knowledge regarding the specific effector mechanisms 
associated with protection against SARS-CoV-2 in COVID-19 ham-
pers the development of targeted immune modulators to prevent 

or overcome severe disease (10). Thus, there is an urgent need for 
detailed insight into the SARS-CoV-2 immune response in the con-
text of a CCC-experienced immune system.

Immunity to antigenically related pathogens affects the devel-
opment of a new immune response and is a key factor in the clin-
ical outcome of infection (11). Memory recall of B cells has been 
related to both positive and negative outcomes of heterologous 
virus infections. As an example, Fonville and others observed that 
influenza virus infections not only induce new antibodies target-
ing the current infection or vaccination strain but also boost anti-
body titers against a broad range of preceding heterologous influ-
enza virus infections and vaccinations (12, 13). Here, the authors 
argue that this “backboost” has a positive contribution to vaccine 
efficacy by helping maintain immunity to a broad range of influ-
enza viruses. Consequently, they argue that the induction of a 
broad immune response offers the prospect of preemptive vaccine 
updates (12, 14). By contrast, other studies showed that the B cell 
clones that were primed to target a specific viral antigen may be 
boosted and dominate the IgG response to target a new infection 
where a related antigen is present. The antibodies that are boosted 
may have reduced affinity and functionality, e.g., poor neutraliz-
ing potential, toward the new infection and negatively affect the 
clinical outcome of infection (15–18). This mechanism, termed 
“original antigenic sin” (OAS), has been described for immunity 
to different viruses, including influenza and dengue virus (15–18).

The structural homology between the ectodomain (SECTO) 
or nucleocapsid (N) protein of the β-CoV SARS-CoV-2 and the  
SECTO or N of other β-CoV epidemic strains (SARS-CoV and 
MERS-CoV), α-CCCs (HCoV-229E and HCoV-NL63) and 
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included in the first week after the onset of symptoms, 9 addition-
al patients were included in the second week, 3 additional patients 
in the third week, and 2 additional patients in the fifth week. Lon-
gitudinal samples were available for 15 of 20 patients with severe 
COVID-19. From all patients with mild COVID-19 and disease 
controls, samples were collected in the first week (at nasopharyn-
geal swab sampling for RT-PCR) and the third week after the onset 
of symp OC43-SECTO IgG titers were already immunodominant 
at toms. Information on blood collection time points and patient 
characteristics are provided in Tables 1 and 2, respectively.

Serum IgG titers against a range of coronavirus N and S anti-
gens increase during SARS-CoV-2 infection in patients with severe 
COVID-19. Serum titers against CCCs and epidemic coronavirus 
antigens, including N, SECTO, the head domain of S (S1) and the 
receptor-binding domain of S (SRBD), were simultaneously deter-
mined by protein microarray (PMA). Serum IgG responses specific 
for SARS2-N and influenza virus HA H1N1 (2009), included as a 
respiratory infection control virus, were determined separately by 
ELISA. Patients with mild or severe COVID-19 mounted a SARS-
CoV-2 immune response, as shown by the induction of serum IgG 
titers against SARS2-N, SARS2-SECTO, SARS2-S1, and SARS2-SRBD 
(Figure 1). SARS-CoV-2 IgG titers were higher in patients with 
severe COVID-19 than in those with mild COVID-19, and titers 
increased over the course of the infection. SARS-CoV-2–negative 
disease controls remained IgG seronegative for all SARS-CoV-2 
antigens (Figure 1) and SARS-CoV-2 virus neutralization (data not 
shown). Influenza virus HA IgG titers remained stable over time in 
all patient groups. Patients recruited for this study were probably 
never exposed to SARS-CoV or MERS-CoV, as seroprevalence in 
the general population is very low (<0.2%; refs. 28, 29). Neverthe-
less, we detected an IgG response to all SARS-CoV antigens and 
MERS-SECTO in all patients with severe COVID-19 and the majority 
of patients with mild disease. Although the SARS-CoV N (SARS-N) 
IgG titers appeared higher than the SARS2-N titers, this likely 
reflects a difference in the sensitivity of PMA versus ELISA. Given 
the high structural similarities between the respective structural 
proteins of SARS-CoV and SARS-CoV-2 and between MERS-S2 
and SARS2-S2 (19, 24), it is plausible that a cross-reactive response 
was mounted. Close relatedness between SARS-CoV and SARS-
CoV-2 also probably explains the strong correlation between the 
SARS-N and SARS2-N IgG titers (R = 0.93, P < 0.0001; Supple-
mental Figure 1A; supplemental material available online with  
this article; https://doi.org/10.1172/JCI150613DS1).

All patients with mild or severe disease exhibited substantial 
IgG reactivity to at least 1 of the 229E, NL63, HKU1, or OC43 anti-
gens, suggesting that they were seropositive for all CCCs. Besides 
the increasing SARS-CoV-2 IgG response, serum IgG reactivity to 
various CCC antigens increased in patients with mild or severe 
COVID-19. This increment was only significant in patients with 
severe COVID-19 for the 229E-N, NL63-N, and OC43-SECTO  
antigens. OC43-SECTO IgG titers were already dominant at the time 
of study inclusion for all patient groups. In patients with severe 
COVID-19, these titers increased significantly more over time 
compared with patients with mild disease in week 3 after the onset 
of symptoms (Figure 1).

Frequencies of circulating B cells targeting N and S of SARS-CoV-2 
and CCC increase following SARS-CoV-2 infection. To analyze the 

β-CCCs (HCoV-HKU1 and HCoV-OC43) suggests that mem-
ory B cells capable of expressing cross-reactive antibodies may 
preexist in patients with COVID-19 (19, 20). This is exemplified 
by the highly cross-reactive antibody response to SARS-CoV-2 
in individuals who were previously infected with SARS-CoV, 
probably due to their high sequence homology (88.6% shared 
amino acids in N and 69.2% in S; refs. 19, 21, 22). The level of 
sequence homology between SARS-CoV-2 and other β-CoVs is 
lower (34%–49% for N and 32%–33% for S), and even lower still 
for α-CoVs (28-29% for N and 28–30% for S; ref. 23). However, in 
contrast to SARS-CoV, CCCs cause millions of infections world-
wide every year (24). Repeated exposure to CCCs may there-
fore strongly affect the development of a SARS-CoV-2–specific 
response (25). For example, high serum OC43-SECTO IgG titers 
are associated with COVID-19 disease severity (23, 24). Howev-
er, a limitation of the majority of polyclonal serological studies 
is that IgG cross-reactivity is rarely investigated. Therefore, the 
functional contribution of CCC-specific IgG clones to immune 
protection or immunopathogenesis remains largely unknown. 
Although monoclonal antibodies targeting shared epitopes in 
the stalk domain of S (S2) of SARS-CoV-2 and HCoV-HKU1 or  
HCoV-OC43 have been identified (26, 27), little is known about 
the patterns of CCC IgG cross-reactivity with SARS-CoV-2 and 
how this affects the immune response to SARS-CoV-2.

In this study, we longitudinally enumerated and categorized 
type-specific and cross-reactive circulating B cell clones targeting 
a broad array of N and S antigens from all known human corona-
viruses. Subsequently, we determined the functional contribution 
of these clones to serum SARS-CoV-2 neutralization. In order to 
correlate these findings to disease severity, we compared patients 
with severe COVID-19 admitted to the ICU with patients with 
ambulant, mild COVID-10 and disease controls. The aim was to 
gain insight into the kinetics, magnitude, breadth, and function of 
SARS-CoV-2 antibodies in patients with mild or severe COVID-19. 
Here, we found evidence of a boost of CCC-specific IgG clones 
in patients with severe COVID-19 that showed limited cross- 
reactivity with SARS-CoV-2. These boosted clones did not con-
tribute to SARS-CoV-2 neutralization, which endorses OAS.

Results
Clinical characteristics of the study participants. This study included  
20 patients with severe COVID-19 who had reverse transcrip-
tion-PCR–confirmed (RT-PCR–confirmed) SARS-CoV-2 infec-
tion and were admitted to the ICU with ARDS. Additionally, 12 
RT-PCR–confirmed SARS-CoV-2 patients with COVID-19 who 
had only mild coronavirus infection–related symptoms and 6 
RT-PCR–negative disease controls with similarly mild symptoms 
were included. None of the patients with mild disease was admit-
ted to the hospital. There was no significant difference with regard 
to sex (P ≥ 0.28), but the patients with severe COVID-19 were 
older (average age of 63 years, range 29–75) than those with mild 
COVID-19 (average age of 50 years, range 33–66, P = 0.0028) 
or the controls (average age of 52 years, range 38–62, P = 0.023). 
Six patients with severe COVID-19 (patients 3, 4, 5, 12, 14, and 
15; Table 1) were tested by RT-PCR and found to be negative for 
NL63, OC43, and 229E at 2 time points, ruling out CCC coinfec-
tions (data not shown). Six patients with severe COVID-19 were 
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and 17 patients with severe COVID-19 (Table 1). 
CD19+ B cells were stimulated in an antigen- and 
B cell receptor–independent manner in oligoclonal 
cultures at a limiting dilution. This culture system 
ensured an unbiased clonal analysis of the corona-
virus-specific response. We individually screened 
the supernatants for IgG reactivity to all available 
coronavirus antigens using PMA. The frequency 
of reactive wells was 15% ± 14% for N and 22% ± 
15% for S (average ± SD). The number of reactive 
B cell supernatants was normalized to the number 
of screened B cells per patient in order to compare 
frequencies between different samples.

Overall, the frequency of in vitro–stimulated 
peripheral blood–derived B cells reflected total 
serum IgG reactivity, with a few exceptions. The 
differences in B cell counts and serum IgG titers 
potentially reflected in vitro and in vivo differences  
in B cell activation or regulation. As we observed 
with serum IgG reactivity, patients with COVID-19 
showed a strong expansion of SARS-CoV-2–reac-
tive B cells, which was most prominent in those 
with severe disease. Moreover, the number of B 
cell clones reactive to various CCCs and epidemic  
coronavirus antigens expanded upon SARS-CoV-2 
infection. This increase in CCC-specific B cells 
was most striking for 229E-N, NL63-N, HKU1-N, 
OC43-SECTO, and 229E-S1 antigens. The frequency  
of HKU1-N–reactive B cells was higher than 
expected, as shown by the low serum reactivity.  

The OC43-SECTO B cell response was immunodominant in 
patients with severe COVID-19 and increased significantly in the  
following weeks. This response was significantly higher in the 
patients with severe COVID-19 than in those with mild COVID-19 
in the third week following the onset of symptoms. Contrastingly, 
the frequency of 229E-S1–reactive B cells was immunodominant 

kinetics of the coronavirus-specific B cell response, we longitudi-
nally enumerated circulating B cell clones specific for coronavirus 
antigens using B cell profiling (Figure 2). To that aim, we isolated 
CD19+ B cells from PBMC samples that were collected at the same 
time points as the serum samples in the previous section, from 
1 control patient as well as from 6 patients with mild COVID-19 

Table 1. Patient sampling

Group Patient ID Week 1A Week 2 Week 3 Week ≥4
Severe pt. 1 d 2 d 23

pt. 2 d 3/d 4
pt. 3 d 4 d 11 d 18
pt. 4 d 5 d 12 d 19
pt. 5 d 5/d 6 d 12 d 19 d 26
pt. 6 d 5 d 19
pt. 7 d 8/d 10
pt. 8 d 8/d 10
pt. 9 d 8 d 15
pt. 10 d 8 d 15
pt. 11 d 9
pt. 12 d 9 d 16 d 23
pt. 13 d 10/d 12
pt. 14 d 10 d 17 d 24
pt. 15 d 12 d 19 d 26
pt. 16 d 16
pt. 17 d 18
pt. 18 d 20
pt. 19 d 29

 pt. 20    d 33
Mild n = 12 n = 6/12 n = 6/12
Controls n = 6 n = 1/6 n = 1/6
ASerum samples acquired on days after symptom onset, grouped per week. Days (severe) or 
numbers (mild and controls) are shown in bold and indicate when a paired B cell analysis was 
performed. pt., patient.

Table 2. Patient characteristics

Group Sex (ratio)A Average age (range)B Average no. of days in 
the ICU (range)

Comorbidities Complications Clinical outcome

Severe 13 M, 7 F 63 20 Hypertension (n= 7) Thrombosis (n = 10) Recovered (n = 12)
(n = 20) (65:35) (29–75) (4–52) Type 2 diabetes (n = 5) Deceased (n = 8)

Cardiac disease (n = 5)
Lung disease (n = 3)

Vascular disease (n = 2)
Malignancy (n = 1)

    Neurological disease (n 
= 2)

  

Mild 5 M, 7 F 50 NA ND None (n = 12) Recovered (n = 12)
(n = 12) (42:58) (33–66)
 P = 0 .28 P = 0.0028     
Controls 3 M, 3 F 52 NA ND None (n = 6) Recovered (n = 6)
(n= 6) (50:50) (38–62)
 P = 0.64 P = 0.023     
ASignificance of difference comparedwith patients with severe COVID-19 (Fisher’s exact test). BSignificance of difference compared with patients with 
severe COVID-19 (unpaired t test). M, male; F, female; NA, not applicable; ND, not determined.    
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increase in the number of SARS2-SECTO– and SARS2-S1–reactive 
clones indicated that over time, S1-reactive clones were positively 
selected in vivo in both patients with mild COVID-19 and in those 
with severe disease. This domain is the target of most potent neu-
tralizing antibodies (5). Therefore, this finding indicates the mat-
uration of a SARS-CoV-2–specific IgG response.

Clonal S-specific IgG cross-reactivity patterns were similar 
between the control patient and in week 1 in the patients with 
mild COVID-19. However, the patterns were strikingly differ-
ent between the 2 representative COVID-19 patients. A broadly 
cross-reactive S1 response was present in the patient with mild 
COVID-19 in the first week of symptoms (8 of 22 [36%] of S1- 
specific clones cross-reacted), and 229E-S1 was immunodominant 
(11 of 27 [41%] of total S-specific clones). Three weeks after symp-
tom onset, more CoV-specific clones were detected, the S-IgG 
cross-reactivity was reduced (11 of 40 [28%] of S1-specific clones 
cross-reacted with heterologous strains), and 229E-S1 remained 
immunodominant (24 of 68 [35%] of total S-specific clones). The 
patient with severe COVID-19 had a stronger type-specific SARS-
CoV-2 response. This patient with severe disease had less cross- 
reactivity between S1 antigens compared with the patient with 
mild COVID-19 (1 of 19 [5%] of S1 clones cross-reacted on day 9; 
4 of 21 [19%] on day 16; and 5 of 45 [11%] on day 23). OC43-SECTO 
clones dominated the coronavirus-specific IgG response on day 9 
(29 of 57 [51%] of total S-specific clones), and these clones were 
prominently boosted on day 16 (149 of 170 [88%]) and day 23 (119 
of 159 [75%]). Although many OC43-SECTO clones cross-reacted 
with SARS-CoV SECTO (SARS-SECTO) (101 of 297 [34%] on all 3 days 
combined), a limited number of clones showed binding to SARS-
CoV-2 antigens on PMA (18 of 297 [6%]; Figure 3B).

N-specific IgGs have similar cross-reactive patterns in patients 
with mild or severe COVID-19, whereas S-specific IgGs show differ-
ential cross-reactivity patterns in both patient groups. In order to 
confirm our previous findings and identify additional differences 
in the IgG cross-reactivity patterns between patients with mild 
COVID-19 and those with severe disease, we analyzed all coro-
navirus-specific IgG clones that were detected at available over-
lapping time points. Specifically, we compared patients in week 1 
(n = 6 mild and n = 3 severe COVID-19) and week 3 (n = 6 mild 
and n = 11 severe COVID-19) after the onset of clinical symptoms. 
We performed Pearson’s regression analysis to quantify the cross- 
reactivity between antigens.

For N, this analysis validated that the 229E-N, NL63-N, and 
HKU1-N IgG clones cross-reacted in patients with mild or severe 
COVID-19 during the first week of SARS-CoV-2 infection. Three 
weeks after the onset of symptoms, the cross-reactivity patterns 
we observed in week 1 became more robust in both COVID-19 
patient groups. Additionally, we observed weak yet highly signif-
icant correlations between OC43-N and the other CCC strains. 
However, we detected no significant IgG cross-reactivity between 
the CCC and epidemic coronavirus strains, indicating that differ-
ent epitopes were involved (Figure 4A).

The combined analysis of all S-IgG clones showed complex 
cross-reactivity patterns including CCC and epidemic strains. 
In patients with mild disease sampled in the first week after the 
onset of symptoms, we confirmed the significant cross-reactivity 
between S1 of the CCC and epidemic strains (Figure 3 and Fig-

in patients with mild COVID-19 and increased significantly over 
time (Figure 2). However, as with HKU1-N–specific B cells, we did 
not observe these differences in serum IgG titers (Figure 1).

B cells reactive to heterologous coronaviruses are differentially 
boosted in patients with mild or severe COVID-19. The outgrowth of 
B cells that target heterologous coronavirus strains is potentially 
driven by cross-reactivity with SARS-CoV-2. Therefore, we ana-
lyzed the multiplex PMA profiles of in vitro–stimulated B cell cul-
tures to determine the level of cross-reactivity of monoclonal IgG. 
A longitudinal profile of coronavirus antigen–reactive cultures 
that represents the observed kinetics in the pooled analysis (Fig-
ure 2) is shown for each patient group (Figure 3).

The N-reactive IgG clones from the 3 representative donors 
are shown at different time points. In the case of the control 
patient, the number of detected N-reactive clones decreased, but 
for COVID-19 patients, the number of N-specific B cell clones 
increased in patients with mild disease (n = 20 in week 1 and n = 
42 in week 3) and in those with severe disease (n = 17 at day 9, n 
= 42 on day 16 and n = 66 on day 23). For all patients, a substan-
tial number of clones cross-reacted between 229E-N, NL63-N, 
and HKU1-N antigens. In contrast, the IgG clones reacting to 
OC43-N, MERS-N, and SARS-N showed minor to no binding to 
CCC N antigens on PMA (Figure 3A). Analysis of selected SARS-N 
binding clones on SARS-N and SARS2-N ELISA revealed signifi-
cant cross-reactivity between both antigens (R = 0.49, P = 0.0034; 
Supplemental Figure 1B), which confirmed that the serum IgG 
response to SARS-N was due to cross-reactivity with SARS2-N.

The control patient showed stable S-reactivity over time. 
We detected some SARS-CoV-2–reactive B cells, and most 
cross-reacted with CCCs. These likely represent preexisting 
CCC-specific clones or naive B cells. In contrast, both COVID-19 
patients showed an expanding, mostly type-specific SARS-
CoV-2 S response with increasing numbers of SARS2-SECTO– and 
SARS2-S1–reactive B cell clones. In the case of the patient with 
mild COVID-19, we detected no SARS2-SECTO–specific IgG clones 
in the first week. In week 3, we found that 8 of 14 (57%) SARS2- 
SECTO–specific clones also reacted with SARS2-S1. In the case 
of the patient with severe COVID-19, 0 of 3 SARS2-SECTO– 
specific IgG clones reacted with SARS2-S1 on day 9; 10 of 13 (77%) 
on day 16; and 22 of 30 (73%) on day 23 (Figure 3B). The relative 

Figure 1. Patients with severe COVID-19 generate a strong serum SARS-
CoV-2 IgG response and have an increasingly stronger IgG response to 
other coronaviruses. Longitudinal serum IgG titers (x axis) for 6 disease 
control donors (green boxes), 12 patients with mild COVID-19 (blue boxes), 
and 20 patients with severe COVID-19 (red boxes), grouped by week num-
ber after the onset of symptoms (y axis), against a panel of coronavirus 
nucleocapsid proteins (N, left column), the ecto (SECTO, middle column) 
and head domains (S1, right column) of S protein, and the SARS-CoV-2 
SRBD and HA of the H1N1 (2009) influenza virus (listed along the y axis). A 
SARS-CoV-2–specific response was mounted in all patients with COVID-19, 
together with a boost of seasonal human 229E, NL63, HKU1, OC43, and 
epidemic MERS, SARS, and SARS2 coronavirus antigens. Dotted line 
shows the assay background. Boxes represent the median, upper, and 
lower quartiles, and whiskers show the range. P values calculated using 
a 2-way ANOVA with Tukey’s multiple-comparison test (*P < 0.05, **P 
< 0.01, ***P < 0.001, and ****P < 0.0001) are shown in black (significant 
intergroup differences) and red (significant intragroup differences).
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Figure 2. Patients with severe COVID-19 exhibit a prominent expansion of SARS-CoV-2 and OC43-SECTO–specific IgG B cells. Normalized enumeration of 
in vitro–stimulated peripheral blood–derived IgG B cells from patients with mild COVID-19 (blue boxes) and patients with severe COVID-19 (red boxes) with 
reactivity to N, SECTO, and S1 coronavirus antigens and SARS-CoV-2 SRBD. Relative OC43-SECTO–, SARS-SECTO SARS2-SECTO/S1–, and SRBD-specific IgG B cell clones 
showed a highly significant outgrowth in the first 4 weeks after SARS-CoV-2 infection in patients with severe COVID-19. In patients with mild COVID-19, 
a highly significant increase was only seen for 229E-S1–specific IgG clones 3 weeks after the onset of symptoms. Boxes represent the median, upper, and 
lower quartiles, and whiskers show the range. P values calculated using a 2-way ANOVA with Tukey’s multiple-comparison test (*P < 0.05, **P < 0.01, 
***P < 0.001, and ****P < 0.0001) are shown in black (intergroup significant differences), blue (significant mild COVID-19 intragroup differences), and red 
(severe COVID-19 intragroup significant differences).
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ure 4B). Contrastingly, the patients with severe disease sampled 
in the first week displayed a weak but broadly S–cross-reactive 
response, including SECTO and S1 antigens. Moreover, matched S1 
and SECTO antigens of each coronavirus strain were significantly 
correlated, indicating substantial reactivity to an S1 epitope (Fig-
ure 4B). Three weeks after the onset of symptoms, cross-reactiv-
ity patterns in patients of both COVID-19 groups differed from 
the ones observed in week 1. For patients with mild disease, we 
confirmed that the cross-reactivity of the S1 response was greatly  
reduced. Conversely, strain-matched S1 and SECTO reactivity 
increased. In contrast, patients with severe disease had a simi-
lar but more pronounced cross-reactive pattern in the third week 
compared with that seen in the first week after the onset of symp-
toms. Reactivity with shared epitopes in all SARS-CoV-2 antigens 
increased. However, cross-reactivity between CCC and epidemic  
coronaviruses on S1 antigens disappeared almost completely. 
Strikingly, patients with severe disease displayed a significant 
negative correlation between the immunodominant OC43- 
SECTO IgG response and all SARS-CoV-2 antigens (Figure 4B). This 
confirms that OC43-SECTO reactive clones were overall unlikely to 
show detectable cross-reactivity with SARS-CoV-2 on PMA in 
patients with severe COVID-19.

The majority of boosted OC43-SECTO–reactive clones did not 
react with OC43-S1. To determine whether they were reactive to 
S2, we analyzed OC43-S2 reactivity of randomly selected OC43- 
SECTO–reactive clones by ELISA. Out data confirmed that all select-
ed OC43-SECTO clones bound to OC43-S2 (Supplemental Figure 2).

IgG cross-reactivity between OC43-SECTO and SARS-CoV-2 S 
antigens remains limited over time in severe COVID-19. An in-depth 
analysis of the boosted immunodominant OC43-SECTO response in 
all patients with severe COVID-19 for whom PBMCs were avail-
able (n = 17; Table 1) confirmed that the majority of OC43-SECTO 
clones (752 of 920 [82%]) did not cross-react with SARS-CoV-2. 
However, the relative number of OC43-SECTO clones that cross- 
reacted with SARS-CoV-2 S antigens moderately increased over 
time (from 13% to 21%, grouped per week after the onset of symp-
toms). Strikingly, this minority of OC43-SECTO–reactive clones that 
cross-reacted with SARS-CoV-2 increasingly recognized epitopes 
in SARS2-S1 and SARS2-SRBD (Figure 5). This suggests that there 
was incremental recognition of epitopes with high neutralization 
potential in a minority of the OC43-SECTO clones (5, 21).

No evidence for functional contribution of seasonal coronavi-
rus-specific antibodies against SARS-CoV-2 neutralization. To deter-
mine which coronavirus-reactive IgGs functionally contribute to 
SARS-CoV-2 neutralization, we correlated serum S–reactive IgG 
titers with the 50% plaque reduction neutralization test (PRNT50) 
serum titers for SARS-CoV-2. We found that serum SARS2-SECTO–, 
SARS2-S1–, and SARS2-SRBD–specific IgG titers selectively cor-
related with serum SARS-CoV-2 PRNT50 titers. All other S-specific  
IgG titers did not correlate with neutralization (Figure 6A).

To determine which circulating coronavirus S-specific B 
cells contribute to SARS-CoV-2 neutralization, we correlated  
the normalized S-reactive B cell counts with paired serum 
SARS-CoV-2 PRNT50 titers. Similar to serum IgG titers, SARS2- 
SECTO– SARS2-S1–, and SARS2-SRBD–specific B cells correlated 
with serum PRNT50 titers. Additionally, the frequency of OC43- 
S1– and SARS-S1–specific B cells showed a positive correlation with 

PRNT50 titers. Notably, the frequency of OC43-S1–reactive B cells 
was low (<0.01% of screened B cells) and therefore probably had a 
limited contribution to the total SARS-CoV-2 virus neutralization 
response (Figure 6B).

Discussion
Multiplex IgG analysis of paired serum and culture supernatants 
of in vitro–stimulated B cells from patients with mild or severe 
COVID-19 and disease controls allowed us to (a) show the kinet-
ics and magnitude of the SARS-CoV-2 IgG response in the context 
of the CCC-specific immunological background; (b) perform an 
in-depth analysis of a large number of IgG B cell clones (in total, 
2420 N-specific and 3261 S-specific B cell clones) that are repre-
sentative of the complete coronavirus immunological breadth; (c) 
distinguish de novo induced strain-specific SARS-CoV-2-specific 
IgG clones from preexisting CCC strain–specific IgG clones and 
CCC/SARS-CoV-2 cross-reactive IgG clones; and (d) correlate our 
findings with disease severity.

We show that all patients with COVID-19 had an evolv-
ing, mostly type-specific SARS-CoV-2–specific IgG response. 
Cross-reactivity patterns differed between patients with severe 
COVID-19 and those with mild disease. The magnitude of the 
SARS-CoV-2 response in patients with severe disease was greater  
than that in patients with mild disease. Notably, patients with 
severe disease also displayed a strong increase in CCC-specific 
IgG and B cell clones. Strikingly, this phenomenon did not cor-
relate with detectable cross-reactivity with SARS-CoV-2. Serum 
SARS-CoV-2 S–specific IgG and the frequency of the respective 
circulating B cell clones correlated with SARS-CoV-2 neutral-
ization titers. However, except for a minor fraction of OC43-S1– 
specific B cells, the boosted CCC-specific IgG response did not 
correlate with neutralization titers. These findings indicate that 
the boost of CCC-specific IgG in patients with severe COVID-19 
did not contribute to SARS-CoV-2 neutralization. Notably, we 
did not observe a limited or delayed elicitation of a SARS-CoV-2 
response in the patients with severe COVID-19, which may be a 
feature of OAS. However, the strong association with severe dis-
ease suggests a negative effect on clinical outcome of infection, 
which corroborates OAS (14–18, 30).

For N, serum IgG antibody titers against the α-CoV 229E 
and NL63 antigens were dominant in all patients upon inclu-
sion in the study, yet they were selectively boosted in patients 
with severe COVID-19. The outgrowth of CCC N-specific B 
cells was most striking for 229E, NL63, and the β-CoV HKU1 in 
patients with mild or severe COVID-19. We observed very limited 
cross-reactivity between CCC and epidemic coronavirus strains 
for this antigen. We could not confirm this for all SARS2-N– 
reactive clones, given the lack of the antigen on PMA. However, 
we found a strong correlation between SARS-N– and SARS2-N–
specific serum IgG titers (Supplemental Figure 1A) and SARS2-N 
reactivity of SARS-N–specific B cell clones (Supplemental Fig-
ure 1B). These data, together with the high level of structural 
and sequence homology between both antigens (88.6%; refs. 23, 
24), suggest that the SARS-N antigen can be used as a proxy for 
SARS2-N in our analysis.

For S, serum levels of IgG antibody against the β-CoV OC43 
dominated in all patients upon their inclusion in the study and 
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Figure 3. In vitro–stimulated B cells from a representative disease control, a patient with mild COVID-19, and a patient with severe COVID-19 show 
different patterns of clonal IgG cross-reactivity to human coronavirus strains. B cells were isolated from peripheral blood samples and stimulated in 
vitro in oligoclonal cultures at limiting dilution to analyze IgG reactivity at the clonal level. The representative patients were analyzed on the indicated day 
or week after the onset of symptoms. (A) Heatmaps show the MFI of clonal IgG reactivity to N of different human coronaviruses. The number of single- 
and cross-reactive N-specific B cell clones (x axis) remained stable in the disease control (green) but increased over time after SARS-CoV-2 infection in 
the patients with mild (blue) or severe (red) COVID-19. (B) Heatmaps show the MFI of clonal IgG reactivity to SECTO, S1, and SRBD antigens from the same 
representative patients. The disease control showed stable reactivity. By contrast, the patient with severe COVID-19 showed the strongest response to 
OC43-SECTO, and this response poorly cross-reacted with SARS-CoV-2 antigens.
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Figure 4. Combined analysis of reactive IgG clones from patients with mild or severe COVID-19 shows major differences in cross-reactivity patterns. 
Pearson’s correlation analysis of (A) N- and (B) S-reactive IgG clones identified in patients with mild COVID-19 (n = 6) in week 1 and week 3 after the onset of 
symptoms, and in patients with severe COVID-19 in week 1 (n = 3) and week 3 (n = 11) after the onset of symptoms. Heatmaps show the R value of Pearson’s 
regression (red to blue shades, range –0.2–1) and the significant P value (*P < 0.05, **P < 0.01, and ***P < 0.001) of these correlations.
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COVID-19. An early S1 cross-reactive response potentially set the 
stage for the rapid development of an antibody response that pro-
tected against severe disease. However, the breadth of S1 cross- 
reactivity declined over time.

The outgrowth of CCC S-reactive B cell clones was most 
striking for OC43-SECTO in patients with severe COVID-19. Of 
the OC43-SECTO–reactive clones, only a minor fraction reacted  
with a shared epitope in OC43-S1 (66 of 920 [7%]), and the 
majority recognized OC43-S2, which corresponds to findings in 
previous studies (24, 26, 31). The fraction of the dominant OC43- 
SECTO–specific clones that showed detectable cross-reactivity 
with SARS-CoV-2 antigens on PMA was limited. Of these cross- 
reactive clones, we found that reactivity was increasingly direct-
ed toward SARS2-S1 and SARS2-SRBD. Of interest, IgGs targeting 
S1 and SRBD confer the strongest neutralization potential (5, 20). 
Indeed, the minority of cross-reactive OC43-S1 clones contrib-
uted to SARS-CoV-2 neutralization, but the dominant OC43-S2 
IgG response did not correlate with SARS-CoV-2 neutralization. 
The lack of detectable cross-reactivity between CCC S-specific  
IgG and SARS2-SECTO is congruent with their lack of SARS-
CoV-2 neutralization potential. Although it is possible that CCC- 
specific IgGs restrict viral replication via Fc-mediated mech-
anisms, they may also play no role, or even have a detrimental 
effect by delaying the development of a type-specific response or 
by enhancing immune pathology (11, 32).

It is likely that the avidity of boosted IgG was below the detec-
tion limit of a PMA, yet was sufficient to drive expansion of the 
respective CCC-specific B cells in vivo. As the clonal selection 
of B cells is driven by the affinity of the B cell antigen receptor, 
one would expect that clones with detectable high-affinity cross- 
reactivity would overgrow low-affinity clones. Indeed, the fraction 
of OC43-SECTO–specific clones that cross-react with SARS-CoV-2 
antigens marginally increases over time (13% in week 1 to 21% after 
4 weeks). Nevertheless, this process was too slow to substantially 
contribute to the SARS-CoV-2–neutralizing response. Alternative-
ly, boosted OC43-S2 clones targeted cryptic epitopes that were not 
exposed in the stabilized trimeric conformation of SARS2-SECTO 
on PMA. It is possible that the respective SARS2-S2 epitope was 
only available after conformational changes that occurred after  
angiotensin-converting enzyme 2 (ACE-2 binding or in linear epi-
topes that were only available in degraded or denatured proteins 
in vivo. The stable influenza-specific IgG responses over time in all 
patient groups suggests that this SARS-CoV-2–induced backboost 
was coronavirus specific. This argues against a general inflam-
matory state to drive IgG production in a fully antigen-indepen-
dent manner. The mechanism underlying the outgrowth of CCC- 
specific B cells remains to be determined.

A limitation of our study is that clonality was not confirmed. 
However, on average, less than 22% of oligoclonal cultures showed 
reactivity to at least 1 antigen, which suggests that the majority of cul-
tures contained only a single reactive clone. Furthermore, to correct 
for potential dual reactive cultures, we performed Pearson’s regres-
sion analysis to ensure that only robust and significant cross-reactiv-
ity patterns were identified that were not influenced by rare artifac-
tual cross-reactive events. A second limitation is that, because the  
amount of culture supernatant was limited, we were not able to con-
firm the neutralization potential of individual S-specific IgG clones.

were selectively boosted in patients with severe COVID-19, as was 
observed with the dominant α-CoV N-specific serum IgG respons-
es. This suggests that preexisting immunodominant serum IgG 
responses to heterologous strains are preferentially boosted by 
SARS-CoV-2, even though other strains have a greater shared  
amino acid identity (23). This is a key feature of OAS (12, 13, 18).

In the first week after the onset of symptoms, we observed 
substantial cross-reactivity between S1 of SARS-CoV-2 and α- and 
β-CoVs. These correlations were strongest in patients with mild 

Figure 5. OC43-SECTO–reactive clones show limited yet antigenically evolv-
ing cross-reactivity with SARS-CoV-2. All OC43-SECTO–reactive clones (n = 
920) from 17 patients with severe COVID-19 were stratified by week number 
after the onset of clinical symptoms. The proportion of single OC43-SECTO 
(blue) and SARS-CoV-2 cross-reactive clones (gray) is shown (left pie). The 
cross-reactivity with 1 (green colors), 2 (yellow and orange colors), and 3 
SARS-CoV-2 antigens (red) is depicted (right pie). The number of patients 
analyzed per week is indicated on the left. The frequency and number of 
contributing clones for each cluster are shown inside and adjacent to each 
part, respectively.
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third weeks after the onset of clinical symptoms. Serum and PBMCs 
were collected from the patients with severe COVID-19 on a weekly 
basis, with the initial sample collected within 2 days of admittance 
to the ICU, until ICU discharge or the patient’s death in the ICU. 
Additional serum samples from patients with severe disease were 
included in the study when available (Table 1). All samples were 
analyzed according to the SARS-CoV-2 protocol (MEC-2020-0222). 
Peripheral blood was collected in EDTA tubes for PBMCs and SST-II 
tubes for serum (both from BD Biosciences). PBMCs were isolated 
using Lymphoprep (GE Healthcare) density-gradient centrifugation 
and cryopreserved at –196°C (36). Serum was isolated according to 
the manufacturer’s instructions, and aliquots were stored at –80˚C.

B cell profiling. Short-term B cells were cultured essentially as 
described elsewhere (37). In brief, B cells were isolated from cryo-
preserved PBMCs using the EasySep Human CD19 Positive Selec-
tion Kit (STEMCELL Technologies) according to the manufacturer’s 
instructions. Oligoclonal cultures of 100–300 CD19+ B cells per well 
were seeded in 96-well, U-bottomed plates in B cell medium con-
sisting of AIM-V AlbuMAX medium supplemented with 10% FBS,  
penicillin-streptomycin (all from Invitrogen, Thermo Fisher Scientif-
ic), and β-mercaptoethanol (MilliporeSigma). Oligoclonal B cell cul-
tures were stimulated in an antigen- and B cell receptor–independent 
manner. Each culture was stimulated for 48 hours with 50 U/mL IL-2 
(Novartis), 10 ng/mL IL-10 (Peprotech), 25 ng/mL IL-21 (Peprotech), 
1 μg/mL resiquimod (InvivoGen), and 1000 L-CD40L cells (provided  
by J. Banchereau, The Jackson Laboratory for Genomic Medicine, 
Farmington, Connecticut, USA) that were growth-arrested by 40 Gy 
γ-irradiation. CD40L expression and the absence of mycoplasma were 
confirmed for L-CD40L cells. B cells were subsequently cultured for 
12 days in B cell medium supplemented with 25 ng/mL IL-21. Culture 

In conclusion, we found robust OAS in patients with severe 
COVID-19. Boosted CCC-specific IgGs did not substantially 
contribute to SARS-CoV-2 neutralization, which is considered 
key in immune protection. Moreover, recent studies showed 
that the rise in CCC-specific IgG titers does not contribute to 
CCC neutralization and is not associated with protection (33, 
34). These findings mitigate any positive effect of CCC antibody 
backboost in maintaining broad immunity to preceding infec-
tions, as was described for influenza virus (12). We believe that 
the detailed insights into the kinetics and cross-reactivity pat-
terns of N- and S-reactive IgGs presented in this study will aid in 
the interpretation of serological studies and further expand our 
understanding of how the CCC-experienced humoral immune 
system responds to SARS-CoV-2. Our study underscores the 
notion that the immunological background of individuals needs 
to be considered an important factor in assessing the quality and 
quantity of a newly initiated antibody response to SARS-CoV-2, 
either by infection or vaccination.

Methods
Study design, patient characteristics, and clinical specimens. Twelve 
RT-PCR–confirmed SARS-CoV-2–infected health care workers at 
the EMC with mild COVID-19 symptoms, including fever, cough, or 
myalgia, and 6 RT-PCR–negative control patients with mild disease 
with similar clinical symptoms were included in the COVID-19 EMC 
health care worker study (MEC-2020-0264). Twenty RT-PCR– 
confirmed patients with severe COVID-19 (35) who were admitted 
to the EMC ICU with ARDS were included in the CIUM bioreposi-
tory study (MEC-2017-417). Serum and PBMCs were collected from 
patients with mild disease (health care workers) in the first and 

Figure 6. IgG titers and  normalized counts of B cells reactive to SARS-CoV-2 S, but not OC43-SECTO, correlate with serum SARS-CoV-2 virus neutraliza-
tion titers. (A) Linear regression between log2-transformed serum IgG and SARS-CoV-2 virus neutralization (PRNT50) titers show that only SARS-CoV and 
SARS-CoV-2 S–reactive IgG correlated with neutralization titers. Horizontal dotted lines show the background of the PMA. (B) Normalized counts of B cells 
specific for the SARS-CoV-2 antigens OC43-S1 and SARS-S1 selectively correlated with PRNT50 titers. Serum samples from 20 patients and B cell analysis 
for 17 patients with severe COVID-19 were included in these analyses. Solid line in A and B depicts the best-fit regression coefficient. Curved lines in A and 
B show the 95% confidence of the best-fit line.
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supernatants were harvested, and the reactivity of secreted IgGs was 
determined using PMA.

PMA. Serum IgG reactivity as well as the reactivity of secreted 
IgGs in oligoclonal culture supernatants to an array of coronavirus N 
and S proteins were analyzed by PMA as described elsewhere (38). All 
SECTO antigens were provided by Berend Jan Bosch (Utrecht University, 
Utrecht, Netherlands) (39–43). All S1 antigens were produced in-house 
(23). N antigens were derived from commercial sources. Details on the 
antigens used are provided in Supplemental Table 1. Using a standard 
panel of control sera, the minimal amount of antigen required to reach 
a plateau in the serum titration assays was determined for each anti-
gen. These standard sera were also used to validate the consistency of 
results by including them on each ELISA plate and testing each PMA 
batch that was used. MERS-SECTO reactivity was not determined in the 
control patient by PMA, because this antigen batch did not pass qual-
ity control. Instead, MERS-SECTO IgG cross-reactivity in the control 
patients was determined by ELISA (Supplemental Figure 3).

PMA slides were scanned using a PowerScanner (Tecan). The 
background was determined for each spot, and the MFI signal (range, 
0–65,535) of 2 spots was calculated for each serum or culture super-
natant. For B cell culture supernatants, a cutoff was set at the average 
plus 3 times the SD of 20 nonreactive cultures with a minimum MFI 
of 1000. Serum IgG titers were calculated using 4-parameter logistic 
regression with the titer as the inflection point (25).

SARS-N, SARS2-N and influenza virus HA H1N1 (2009) ELISA. 
Serum IgG titers or culture supernatant IgG reactivities to SARS-N, 
SARS2-N, OC43-SECTO, OC43-S2, MERS-SECTO, SARS2-SECTO, and influ-
enza virus HA of H1N1 2009 were separately determined by ELISA as 
described previously (37). The antigens are specified in Supplemental 
Table 1. In brief, high-binding Corning Costar 96-Well EIA/RIA Plates 
were coated overnight at 4°C with a titrated concentration of antigen 
that was required to reach a plateau in the titration of standard sera. 
Plates were blocked with 1% BSA and 0.05% Tween-20 PBS block-
ing buffer (BB) for 1 hour at 37°C. A dilution series of serum or a fixed 
dilution of B cell supernatant was prepared in BB and incubated on 
the plates for 1 hour at 37°C. ELISA plates were washed with 0.05% 
Tween-20 PBS and incubated with goat anti–human IgG polyclonal 
antibody conjugated with HRP (MilliporeSigma, A8667) in BB. The 
plates were washed with 0.05% Tween-20 PBS and incubated with 
3,3′,5,5′-tetramethylbenzidine (Invitrogen, Thermo Fisher Scientific). 
The peroxidase reaction was stopped by the addition of 0.5N sulfuric 
acid, and the OD at 450 nm wavelength OD450 signal was analyzed on 
a Tecan Infinite F200 reader.

SARS-CoV-2 biosafety level 3 PRNT50. SARS-CoV-2 neutralization 
titers were determined at biosafety level 3 facilities by PRNT50 as pre-
viously described (23).



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

1 3J Clin Invest. 2021;131(21):e150613  https://doi.org/10.1172/JCI150613

patients with Coronavirus Disease 2019 Pneu-
monia in Wuhan, China. JAMA Intern Med. 
2020;180(7):934–943.

 11. Yewdell JW, Santos JJS. Original antigenic sin: 
how original? How sinful? Cold Spring Harb  
Perspect Med. 2021;11(5):a038786.

 12. Fonville JM, et al. Antibody landscapes after 
influenza virus infection or vaccination. Science. 
2014;346(6212):996–1000.

 13. Lessler J, et al. Evidence for antigenic seniority in 
influenza A (H3N2) antibody responses in south-
ern China. PLoS Pathog. 2012;8(7):26.

 14. Meade P, et al. Influenza virus infection induces a 
narrow antibody response in children but a broad 
recall response in adults. mBio. 2020;11(1):1–15.

 15. Rey FA, et al. The bright and the dark side 
of human antibody responses to flavivirus-
es: lessons for vaccine design. EMBO Rep. 
2018;19(2):206–224.

 16. Halstead SB, et al. Original antigenic sin in den-
gue. Am J Trop Med Hyg. 1983;32(1):154–156.

 17. Kim JH, et al. Original antigenic sin 
responses to influenza viruses. J Immunol. 
2009;183(5):3294–3301.

 18. Thomas Jr F. On the doctrine of original antigenic 
sin. Proc Am Philos Soc. 1960;104(6):572–578.

 19. Wrapp D, et al. Cryo-EM structure of the  
2019-nCoV spike in the prefusion conformation. 
Science. 2020;367(6483):1260–1263.

 20. Barnes CO, et al. Structures of human antibodies 
bound to SARS-CoV-2 spike reveal common epi-
topes and recurrent features of antibodies. Cell. 
2020;182(4):828–842.

 21. Walls AC, et al. Structure, function, and antige-
nicity of the SARS-CoV-2 spike glycoprotein.  
Cell. 2020;181(2):281–292.

 22. Lv H, et al. Cross-reactive antibody response 
between SARS-CoV-2 and SARS-CoV infections. 
Cell Rep. 2020;31(9):1–20.

 23. Okba NMA, et al. Severe acute respiratory  
syndrome coronavirus 2-specific antibody 

responses in Coronavirus disease patients.  
Emerg Infect Dis. 2020;26(7):1478–1488.

 24. Wang Y, et al. Kinetics of viral load and antibody 
response in relation to COVID-19 severity. J Clin 
Invest. 2020;130(10):5235–5244.

 25. Westerhuis BM, et al. Homologous and heter-
ologous antibodies to coronavirus 229E NL63 
OC43 HKU1 SARS MERS and SARS-CoV-2 
antigens in an age stratified cross-sectional 
serosurvey in a large tertiary hospital in The 
Netherlands [preprint]. https://doi.org/10.11
01/2020.08.21.20177857. Posted on medRxiv 
August 24, 2020.

 26. Ladner JT, et al. Epitope-resolved profiling of 
the SARS-CoV-2 antibody response identifies 
cross-reactivity with endemic human coronavi-
ruses. Cell Rep Med. 2021;2(1):100189.

 27. Song G, et al. Cross-reactive serum and memory 
B cell responses to spike protein in SARS-CoV-2 
and endemic coronavirus infection. Nat Com-
mun. 2021;12(1):2938.

 28. Hui DS, et al. Middle East respiratory syndrome 
coronavirus: risk factors and determinants of pri-
mary, household, and nosocomial transmission. 
Lancet Infect Dis. 2018;18(8):e217–e227.

 29. Leung GM, et al. Seroprevalence of IgG anti-
bodies to SARS-coronavirus in asymptomatic or 
subclinical population groups. Epidemiol Infect. 
2006;134(2):211–221.

 30. Fierz W, Walz B. Antibody dependent 
enhancement due to original antigenic sin 
and the development of SARS. Front Immunol. 
2020;11(june):1–5.

 31. Ng KW, et al. Preexisting and de novo humoral 
immunity to SARS-CoV-2 in humans. Science. 
2020;370(6522):1339–1343.

 32. Monsalvo AC, et al. Severe pandemic 2009 H1N1 
influenza disease due to pathogenic immune 
complexes. Nat Med. 2011;17(2):195–199.

 33. Anderson EM, et al. Seasonal human coronavi-
rus antibodies are boosted upon SARS-CoV-2 

infection but not associated with protection. Cell. 
2021;184(7):1858–1864.

 34. Aydillo T, et al. Immunological imprinting of the 
antibody response in COVID-19 patients. Nat 
Commun. 2021;12(1):3781.

 35. Corman VM, et al. Detection of 2019 novel  
coronavirus (2019-nCoV) by real-time RT-PCR. 
Euro Surveill. 2020;25(3):1–8.

 36. Weiskopf D, et al. Phenotype and kinetics of 
SARS-CoV-2-specific T cells in COVID-19 
patients with acute respiratory distress syn-
drome. Sci Immunol. 2020;5(48):1–14.

 37. Westerhuis B, et al. Specific memory B cell 
response in humans upon infection with highly 
pathogenic H7N7 avian influenza virus. Sci Rep. 
2020;10(1):3152.

 38. Koopmans M, et al. Profiling of humoral 
immune responses to influenza viruses by 
using protein microarray. Clin Microbiol Infect. 
2012;18(8):797–807.

 39. Walls AC, et al. Glycan shield and epitope mask-
ing of a coronavirus spike protein observed by 
cryo-electron microscopy. Nat Struct Mol Biol. 
2016;23(10):899–905.

 40. Wang C, et al. A conserved immunogenic and 
vulnerable site on the coronavirus spike protein 
delineated by cross-reactive monoclonal anti-
bodies. Nat Commun. 2021;12(1):1715.

 41. Widjaja I, et al. Towards a solution to MERS: 
protective human monoclonal antibodies tar-
geting different domains and functions of the 
MERS-coronavirus spike glycoprotein. Emerg 
Microbes Infect. 2019;8(1):516–530.

 42. Fedry J, et al. Structural insights into the 
cross-neutralization of SARS-CoV and SARS-
CoV-2 by the human monoclonal antibody 
47D11. Sci Adv. 2021;7(23):eabf5632.

 43. Tortorici MA, et al. Structural basis  
for human coronavirus attachment to 
sialic acid receptors. Nat Struct Mol Biol. 
2019;26(6):481–489.


	Graphical abstract

