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ABSTRACT The outbreak of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
has substantially affected human health globally. Spike-specific antibody response plays
a major role in protection against SARS-CoV-2 infection. Here, we examined serological
anti-spike antibody and memory B cell responses in adults with acute SARS-CoV-2 infection.
Twenty-five adult patients were enrolled between January and September 2020, and 21
(84%) had a detectable spike-binding antibody response in serum on day 21 6 8 (6 to 33)
after the onset of illness. Among those with positive spike-binding antibody response,
19 (90%) had a positive hemagglutination titer and 15 (71%) had angiotensin-converting
enzyme 2 (ACE2)-blocking serological activities. Follow-up serum samples collected 11 6 1
(7 to 15) months after infection exhibited an average of 2.6 6 1.0 (1.0 to 3.5)-fold reduction
in the spike-binding antibody response. Moreover, convalescent and follow-up serum
samples showed 83 6 82 (15 to 306)- and 165 6 167 (12 to 456)-fold reductions in
the neutralization activity against the Omicron variant, respectively. Upon acute infection,
spike-specific memory B cell responses were elicited, with an average frequency of 1.3% 6

1.2% of peripheral B cells on day 19 6 7 (6 to 33) after the onset of illness. IgM memory
B cells were predominantly induced. Patients with fever and pneumonia showed signifi-
cantly stronger spike-binding, ACE2-blocking antibody, and memory B cell responses. In
conclusion, spike-specific antibody response elicited upon acute SARS-CoV-2 infection may
wane over time and be compromised by the emergence of viral variants.

IMPORTANCE As spike protein-specific antibody responses play a major role in protection
against SARS-CoV-2, we examined spike-binding and ACE2-blocking antibody responses
in SARS-CoV-2 infection at different time points. We found robust responses following
acute infection, which waned approximately 11 months after infection. Patients with fever
and pneumonia showed significantly stronger spike-binding, ACE2-blocking antibody, and
memory B cell responses. In particular, spike-specific antibody response in the convalescent
and follow-up serum samples was substantially affected by emerging variants, especially
Beta and Omicron variants. These results warrant continued surveillance of spike-specific
antibody responses to natural infections and highlight the importance of maintaining
functional anti-spike antibodies through immunization.
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Novel coronavirus disease (COVID-19) was first reported at the end of 2019 (1). It spread
rapidly and was declared a global health emergency (1, 2). As of February 2022, nearly

390 million confirmed cases of COVID-19 and over 5 million deaths have been reported to
the World Health Organization (3). The causative agent of COVID-19 is severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) (4).

SARS-CoV-2 is an enveloped betacoronavirus with protrusions of large trimeric “spike”
(S) proteins. Receptor binding domains (RBDs) located at the tip of these spikes facilitate
host cell entry via interaction with human angiotensin-converting enzyme 2 (ACE2) (5, 6).
After entry, the SARS-CoV-2 nucleocapsid internalizes into the host cell and uses the host
ribosome to produce its own mRNA, which then continuously synthesizes viral proteins
in the cell cytoplasm, resulting the construction of new viral particles (7). SARS-CoV-2 causes a
broad spectrum of clinical manifestations, ranging from asymptomatic infection to mild
to moderate disease, including upper and lower respiratory symptoms, to critical illness requir-
ing intubation and intensive care (1, 8, 9); in addition, it elicits a complex immune response (10).

Since the beginning of the pandemic, the detection and measurement of nucleoprotein
(N), spike, and receptor-binding domain antibodies against SARS-CoV-2 have been used to
determine SARS-CoV-2 infection, outbreak investigation, seroprevalence (11, 12), and vaccine
efficacy and coverage (13, 14). Furthermore, accumulating evidence has shown the impor-
tance of antibody-mediated immunity against SARS-CoV-2 infection and the development
of severe illnesses following infection in humans (15, 16).

As SARS-CoV-2 continues to spread and cause outbreaks worldwide, understanding
the immune response to SARS-CoV-2 is increasingly essential. Therefore, in this study,
we focused on the magnitude, function, and longevity of the anti-spike antibody response to
natural infection in humans. Variants of SARS-CoV-2 have been reported in many countries
worldwide and harbor critical mutations in the spike protein. Therefore, we explored the effect
of emerging variants on anti-spike antibodies elicited by natural infections in adults.

RESULTS
Clinical manifestations and spectrum of natural SARS-CoV-2 infection. In total,

25 adult patients with acute SARS-CoV-2 infection were enrolled. Their mean age was
38.68 (standard deviation [SD], 13.4) years, and the male-to-female ratio was 12:13. All
patients (23 Taiwanese adults and 2 foreign adults) were identified as imported cases of
COVID-19 by Taiwan Centers for Disease Control. Among the enrolled patients, five developed
pneumonia, as confirmed by chest radiography or computed tomography. The mean age of
patients with and without pneumonia was 47.4 and 36.5 years, respectively (P = 0.11). Fever
(60%) and cough (60%) were frequently reported symptoms. Patients with pneumonia had a
higher level of alanine aminotransferase (ALT) (46.8 U/L versus 26.6 U/L; P = 0.02) than those
without pneumonia. Patients with and without pneumonia did not have remarkable differen-
ces in white blood cell count, C-reactive protein, creatinine, and lactate dehydrogenase and
received similar therapeutic regimens (Table 1).

Anti-spike antibody response. A total of 48 convalescent-phase serum samples were
collected from 25 COVID-19 patients on days 5 to 39 after onset of symptoms. For each
patient, at least one serum sample was collected, and 14 patients provided additional
convalescent-phase serum samples during hospitalization (see Table S1 in the supplemental
material).

Twenty-one (84%) patients presented a detectable spike-binding antibody response
in the serum on day 216 8 (6 to 33) after the onset of illness (Fig. 1A; see also Table S2 in
the supplemental material). Four patients (patients 3, 5, 8, and 9) were negative for the anti-
spike antibody response; of these patients, all presented mild illness and three of them did
not have fever (Fig. 1A; Tables S1 and S2).

The spike-binding antibody response was detected as early as the first week after illness
onset (binding activity, 17% 6 8%; n = 5), continued to rise between the second (binding
activity, 39%6 8%; n = 11) and third weeks (binding activity, 51%6 7%; n = 12) (analysis of
variance [ANOVA] with post hoc, P, 0.05), and plateaued 4 weeks after onset (binding activ-
ity, 52% 6 4%; n = 20) (ANOVA with post hoc, P , 0.01) during the convalescence period
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(Fig. 1B to D). In most cases, the RBD-binding antibody response was detectable at the same
time point, whereas the spike-binding antibodies were elicited (Fig. 1; Table S2).

We also examined the level of functional anti-spike antibodies in the serum using
hemagglutination and ACE2-blocking assays. Among 21 patients with positive spike-binding
antibody response, 19 (90%) showed detectable hemagglutination titers, and 15 (71%)
showed ACE2-blocking serological activities (Fig. 1A; Table S2).

The magnitude of the spike-binding antibody response was significantly correlated
with RBD-binding, hemagglutination, and the ACE2-blocking antibody response in
patients with COVID-19 (see Fig. S1 in the supplemental material), indicating the pro-
tective potential of anti-spike antibodies elicited upon natural infection.

B cell response. The development of memory B cell responses to spike protein consti-
tutes a major part of the humoral immunememory against SARS-CoV-2. Spike-specific memory
B cell responses to natural infection were measured using enzyme-linked immunosorbent spot
(ELISpot) assay (Fig. 2A). Spike-specific memory B cell responses were elicited, with an average

TABLE 1 Demographics and clinical description of 25 COVID-19 cases

Demographic

No. (%) of patientsa

P valuePneumonia No pneumonia Total
All patients 5 (20) 20 (80) 25 (100)
Mean (6 SD) age 47.4 (10.5) 36.5 (13.4) 38.68 (13.4) 0.105
Male 3 (60) 9 (45) 12 (48) 0.459
Female 2 (40) 11 (55) 13 (52)
Imported cases 4 (80) 17 (75) 21 (84) 0.720
Europe 0 6 (30) 6 (24)
America 1 (20) 3 (15) 4 (16)
Africa 1 (20) 2 (10) 3 (12)
Asia-pacific 2 (40) 6 (30) 8 (32)

Indigenous cases 1 (20) 3 (15) 4 (16)
Occupation 0.720
Student 0 5 (25) 5 (20)
Military 1 (20) 2 (10) 3 (12)
Business 1 (20) 5 (25) 6 (24)
Professional 2 (40) 6 (30) 8 (32)
Other 1 (20) 2 (10) 3 (12)

Subject symptoms
Fever 3 (60) 9 (45) 12 (48) 0.459
Cough 3 (60) 9 (45) 12 (48) 0.459
Diarrhea 1 (20) 6 (30) 7 (28) 0.564
Rhinorrhea 0 7 (35) 7 (28) 0.161
Sore throat 0 6 (30) 6 (24) 0.219
General soreness 2 (40) 4 (20) 6 (24) 0.343
Abnormal smell 0 6 (30) 6 (24) 0.219
Abnormal taste 0 5 (25) 5 (20) 0.292

Avg no. (SD) of symptoms 2.4 (0.54) 3.1 (2.28) 2.9 (2.06) 0.539
Laboratory data
WBC 109/L mean (SD) 6,252 (2,653) 5,834 (1,880) 5,963 (1,962) 0.865
Lymphocytes 109/L mean (SD) 1,211 (616) 1,511 (628) 1,481 (630) 0.347
CRP mg/dL mean (SD) 1.16 (0.91) 0.57 (0.72) 0.67 (0.78) 0.143
Creatinine mg/dL mean (SD) 0.96 (0.29) 0.76 (0.13) 0.80 (0.18) 0.194
ALT U/L mean (SD) 46.8 (22.8) 26.6 (13.9) 30.6 (17.5) 0.018
LDH U/L mean (SD) 258.8 (60.3) 214.2 (42.4) 224.4 (49.3) 0.074

Antiviral agentb 4 (80) 7 (35) 11 (44) 0.096
Immune modulatorc 4 (80) 13 (65) 17 (68) 0.475
Steroid 2 (40) 1 (5) 3 (12) 0.091
aData are presented as number of patients (%) unless otherwise indicated.
bAmong pneumonia cases, 2 had lopinavir, 1 had both lopinavir and remdesivir, and 1 had oseltamivir. Among
nonpneumonia cases, 6 had oseltamivir, and 1 had lopinavir.

cHydroxychloroquine had been used in 4 pneumonia cases and 12 nonpneumonia cases. Colchicine had been
used in 1 pneumonia case and 1 nonpneumonia case.
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frequency of 1.3%6 1.2% of peripheral B cells and were detected on day 196 7 (6 to 33) after
the onset of illness (Table S2). Among 20 samples (from 20 patients) tested, five were collected
less than 2 weeks after the onset of illness, and three of them (60%) had no detectable memory
B cell response; in contrast, only one from another 15 samples (7%) that were collected more

FIG 1 Anti-spike antibody response to natural infection with SARS-CoV-2. (A) Spike-binding, RBD-binding, hemagglutination, and
ACE2-blocking activity of serum samples from COVID-19 adult patients (n = 25). Each point represents peak serological activity for each
patient, and the red line represents mean 6 standard error of mean. Spike- and RBD-binding activities were measured by flow cytometry-
based binding assay, and the activity was determined by the percentage of antibody-bound spike (or RBD)-expressing cells of serum
minus the percentage of antibody-bound cells of PBS control. Healthy adult serum samples collected in 2017 were included as serum
control. Spike (or RBD)-binding activity that was above two standard deviations plus the mean of healthy adult serum samples (dashed
line) was positive. Anti-flu H3 and anti-SARS-CoV-2 spike human monoclonal antibodies were included as controls in the binding assay. For
hemagglutination (HAT) assay, a serological titer of 1:20 or more was considered to be positive. Samples with a reciprocal titer of less than
20 were assigned a value of 10. The ACE2-blocking titer was expressed as the reciprocal of the serum dilution, giving 50% inhibition of
signal compared to maximum signal. The original, undiluted serum that failed to inhibit ACE2-RBD interaction was scored as negative. (B)
Spike- and RBD-binding serological activities during the course of COVID-19 in 25 patients. There were 5, 11, 12, and 20 serum samples
collected in the 1st, 2nd, 3rd, and over the 4th week of illness, respectively. The mean 6 standard error of mean of days after onset for
each group was indicated. The significance between serological activities at different time points was determined using one-way ANOVA
with post hoc Tukey’s test. *, P , 0.05; **, P , 0.01; ns, not significant. (C) Magnitude and kinetics of serological response for four COVID-
19 pneumonia patients. (D) Magnitude and kinetics of serological response for 10 COVID-19 patients with mild upper respiratory tract
illness. RBD, receptor-binding domain; D, day after onset.
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than 2 weeks after the onset of illness failed to develop amemory B cell response (Fisher’s exact
test, P = 0.02) (Table S2). Although SARS-CoV-2 infection elicited a spike-specific B cell response,
IgMmemory B cells were predominantly induced, followed by IgG and IgA B cells (Fig. 2B).

Upon natural infection, the spike-specific memory B cell response was significantly
correlated with the peak spike-binding and ACE2-blocking serological response, indi-
cating a critical role of the B cell response in the development of antibody immunity
upon SARS-CoV-2 infection (Fig. 2C).

Relationship of antibody response and clinical severity. Primary infection with
SARS-CoV-2 can cause mild to severe clinical symptoms. In this study, fever duration did not
correlate with the peak viral load in the respiratory sample (see Fig. S2A in the supplemental
material). However, the fever duration was significantly correlated with the magnitude of
spike-binding, RBD-binding antibody responses, and functional hemagglutination titers
(Fig. S2B). Patients who experienced fever had a significantly stronger RBD-binding antibody
response, hemagglutination titer, and spike-specific IgM B cell response than patients with-
out fever (Fig. 3B). Patients who developed pneumonia showed significantly stronger anti-
spike antibody and B cell responses than patients without pneumonia (Fig. 3A).

Longevity of the antibody response. The follow-up serum samples were collected
from a subset of patients at least 7 months after infection (Table S1). Between enrollment
and follow-up, no reinfection with SARS-CoV-2 was found among the patients. The spike-
binding antibody response and functional hemagglutination titer waned at 11 6 3 (7 to
15) months after infection (see Fig. S3 in the supplemental material). A substantial portion
of the patients tested (75%, 6 of 8) had no detectable hemagglutination serological titer
during follow-up, and an 8- to 16-fold reduction in titer was noted in the remaining patients.

FIG 2 Anti-spike memory B cell response to natural infection with SARS-CoV-2. (A) Enzyme-linked
immunosorbent spot showing SARS-CoV-2 spike-specific IgG, IgM, and IgA memory B cell in the peripheral
blood upon natural infection. Circulating total IgG, IgM, and IgA memory B cells were also measured. A
total of 200,000 cultured cells were added into each of the anti-spike B cell wells, and 5,000 cultured cells
were added into each of the total B cell wells. Donor 1 (day 27) was a 55-year-old woman with severe
COVID-19 with pneumonia. Donor 6 (day 21) was a 43-year-old man with moderate COVID-19 and
pneumonia. Donor 8 (day 18) was a 22-year-old woman with mild COVID-19 and a running nose. (B)
Frequency of spike-specific IgG, IgM, and IgA memory B cells in the peripheral blood (n = 20). The frequency
is defined as the percentage of spike-specific IgG (IgM or IgA) B cells in the total IgG (IgM or IgA) B cells.
Each point represents memory B cell frequency for each patient, and the red line represents mean 6
standard error of mean. One-way ANOVA with post hoc Tukey’s test was used to compare the difference
among groups. *, P , 0.05; **, P , 0.01. ns, not significant. (C) Relationship of spike-specific memory B cell
frequency (IgG 1 IgM 1 IgA) and spike-binding and RBD-binding serological activity among COVID-19
patients. Linear regression was used to model the relationship between two variables. MBC, memory B cell.
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An average of 2.6 6 1.0 (1.0 to 3.5)-fold reduction in the spike-binding antibody response
was also detected, which was in accordance with the decline in the functional serological titer.

Infection-induced anti-spike antibodies against emerging variants. The neutrali-
zation activity of convalescent and follow-up serum samples was then tested against the
Beta, Delta, and Omicron variant pseudoviruses. The results showed that infection-induced
anti-spike antibodies had greatly reduced activities against Beta, Delta, and Omicron variants
in both convalescent and follow-up serum samples (Fig. 4). The convalescent and follow-up
serum samples showed 83 6 82 (15 to 306)- and 165 6 167 (12 to 456)-fold reductions in
the neutralization activity against the Omicron variant, respectively, suggesting a substantial
effect of multiple mutations in the Omicron spike on the antibody response upon natural
infection.

There was a positive relationship between spike-binding antibody response and neutraliz-
ing activity in the convalescent-phase serum samples, but this trend did not reach statistical
significance (see Fig. S4 in the supplemental material).

DISCUSSION

SARS-CoV-2 belongs to the large family of coronaviruses, which includes viruses causing
common cold (229E, NL63, OC43, and HKU1), Middle East respiratory syndrome coronavirus,
and severe acute respiratory syndrome coronavirus. The process of antibody production is
assumed to be similar to that against other seasonal coronaviruses. During SARS-CoV-2
infection, antibodies of the IgM class may be detected approximately 6 days after infection,
and IgG may be detected after 8 days; concentrations of the antibodies may then decline
over several months, allowing subsequent infection (17, 18). In this study, we clearly demon-
strated that the anti-SARS-CoV-2 spike antibody level surged as early as the first week after
symptom onset, continued to rise between the second and third weeks, and reached a
plateau by 3 weeks during the convalescence period, in line with the findings of previous
studies. Antibodies that recognize the RBD have been considered the most important
component of immunity against SARS-CoV-2 in humans (6, 17–19). In this study, the RBD-
binding antibody response, with its functional activities measured using hemagglutination

FIG 3 Comparison of anti-spike antibody and B cell responses between patients with (n = 5) and without (n = 20) pneumonia (A)
and patients with (n = 14) and without (n = 11) fever (B). Each point represents antibody or B cell response for each patient, and
the red line represents mean 6 standard error of mean. Unpaired two-tailed t test was used to compare the difference between
two groups. *, P , 0.05; **, P , 0.01; ***, P , 0.001. ns, not significant. HAT, hemagglutination titer.
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and the ACE2-blocking assay, was detectable simultaneously as spike-binding antibodies were
elicited. This implied that the detected anti-RBD antibodies following natural infection
with wild-type SARS-CoV-2 might be neutralizing. This was further corroborated in this study by
serological neutralizing activity against viruses bearing the wild-type and variant spike proteins.

Memory B cells circulate throughout the body in a quiescent state and are critical in
an accelerated secondary immune response upon reexposure to the pathogen (20, 21).
Therefore, development of the memory B cell response to the spike protein constitutes a
major part of humoral immunity against SARS-CoV-2. A previous study reported that the
size of RBD-specific memory B cells may remain stable nearly 6 months after natural
infection with SARS-CoV-2 and that these memory cells could further display clonal turn-
over, and the derived antibodies exhibit resistance to RBD mutations (22, 23). Here, our
results demonstrated that the spike-specific memory B cell response was detectable 3 weeks
after the onset of illness and that the memory B cell response significantly correlated with
peak spike-binding and ACE2-blocking serological response, indicating a critical role of B cell
response. Although, the role of T cell-mediated immune response was not explored in this
study, the generation of virus-specific memory B cells after SARS-CoV-2 infection could be
dependent on the presence of CD41 T helper cells (10, 24).

Primary infection with SARS-CoV-2 causes mild to severe clinical symptoms. In previous
studies, patients with severe COVID-19 developed a stronger antibody response than those
with mild illness (18, 25). Consistently, we observed that patients who experienced fever
had a significantly stronger RBD-binding antibody response, hemagglutination titer, and
spike-specific IgM B cell response than those without fever. Patients who developed pneumo-
nia showed significantly stronger anti-spike antibody and B cell responses than patients with-
out pneumonia. While these results are compatible with the findings of previous studies
(18, 25), the mechanisms underlying the relationship between the magnitude of anti-spike
antibody or B cell response and the disease severity remains largely unclear. Current evidence
suggests that the elicitation of anti-spike antibodies would contribute to protective immunity
against subsequent infection rather than an increased risk of antibody-dependent enhance-
ment (26), but further studies on immunity waning and the possible existence of antibody-
dependent enhancement are required in the future.

The magnitude of the spike-binding antibody level was more than 2-fold lower after
an average of 11 months than that in the convalescent stage of infection. Thus, passive

FIG 4 Effect of SARS-CoV-2 variants on anti-spike antibody response to natural infection. Neutralization
activities of convalescent-phase serum samples (n = 12, left) and follow-up serum samples (n = 8, right)
against wild type, Beta variant, Delta variant, and Omicron variant pseudoviruses. All serum samples were
tested with a starting dilution of 1:10 (cutoff, dashed line), and those that failed to neutralize virus at the
starting dilution were recorded as half-maximal inhibitory concentration (IC50) titer 5. Each point represents
IC50 titer for each sample, and the red line represents mean 6 standard error of mean. One-way
ANOVA with post hoc Tukey’s test was used to compare the difference among groups. *, P , 0.05;
****, P , 0.0001; ns, not significant.
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reimmunization through vaccination could be beneficial to boost anti-spike antibody
level among individuals with prior infection.

Emerging SARS-CoV-2 variants could spread quickly and become the dominant strains
during outbreaks (27). For example, the Beta (B.1.351) and Delta (B.1.617.2) variants were
designated as variants of concern (VOCs) in 2021 (28). At the end of 2021, the Omicron var-
iant (B.1.1.529) emerged and rapidly cocirculated with the Delta variant (29, 30). Recently,
the Omicron variant has become prevalent worldwide (31). These variants have several
mutations in the spike protein, with the Omicron (B.1.1.529) clade displaying over 30 changes,
15 of which are located in the RBD (32). Further evidence indicates that spike mutations in
emerging variants may enhance transmissibility and contribute to the escape of viruses from
humoral immunity (33, 34). Recent research has demonstrated that convalescent-phase serum
samples do not provide cross-protection against new Omicron variants (35, 36). Congruously,
our study demonstrated decreased neutralization activity, with more than 80- and 160-fold
reduction against the Omicron variant in convalescent and follow-up serum samples, respec-
tively. It has been shown that a booster immunization may elicit a prominent neutralization ti-
ter against the variant, which may reduce the risk of breakthrough infection (36, 37).

Some limitations may exist in the study. First, this was a single-center observational study,
the number of patients was small, and the time points of blood sampling varied among
patients. In the study, a total of 48 convalescent-phase serum samples were collected from
25 patients with COVID-19 during hospitalization. While 11 patients provided samples at a
single time point, 14 patients provided multiple samples during hospitalization (see Table
S1 in the supplemental material). Magnitude and kinetics of serological response for these
14 patients have been shown in Fig. 2. After discharge, follow-up was arranged, but 17
patients were lost to follow-up or declined to provide the blood sample. Finally, eight follow-
up serum samples were collected from eight patients (see Tables S1 and S2 in the supple-
mental material). Thus, there is limited information about anti-spike antibody response dur-
ing the follow-up period. Second, anti-spike antibody response was undetectable in four
patients. Most of them did not have risk factors, i.e., immunocompromised status, obesity,
and age over 65 years, that may affect immunological responses (38, 39). However, all four
patients had a mild illness, and one of them provided samples within the first week of ill-
ness. Third, a flow cytometry-based binding assay was used on the basis of testing a single
dilution of serum to quantify the level of spike- and RBD-binding antibodies elicited by acute
SARS-CoV-2 infection in the study. A similar assay and sample dilution have been used to
test anti-spike antibody response in a previous study (19, 40–42). We did not perform serum
titrations to acquire the end-points in our binding assay, and our data were obtained from
the percentage of antibody-bound spike (or RBD)-expressing cells at a single serum dilution
(1:100). Although the focus of the present study was to examine the kinetics and magnitude
of spike-specific antibody response, and not to define antibody titer as a correlating factor
of immune protection, our findings on spike- and RBD-binding activities in the serum need
to be interpreted with caution. Fourth, a longitudinal follow-up of memory B cell responses
was not performed, as only serum samples were available then. Previous research has
revealed that the size of antigen-specific memory B cell repertoire may show a trajectory
pattern, and a long-term observation might be required to assess the dynamics of anti-spike
memory B cell populations in the near future (17, 18, 22, 23, 25). Finally, we did not identify
the viral strains of these 25 patients; thus, whether any of them may be infected with VOCs
is not known. Wuhan strain is the reasonable one based on the epidemiology studies
between February and September 2020 in Taiwan and worldwide (43, 44).

In conclusion, this study confirmed that acute SARS-CoV-2 infection elicits a rapid and
robust spike-binding and ACE2-blocking antibody response, which wanes approximately
11 months after infection. Serological responses correlate with the frequency of spike-specific
memory B cell responses to natural infections. Patients with fever and pneumonia develop
significantly higher spike-binding, ACE2-blocking, and memory B cell responses. However,
spike-specific antibody responses are greatly affected by spike mutations in emerging var-
iants, especially the Beta and Omicron variants. These results warrant continued surveillance
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of the spike-specific antibody response to natural infection and suggest the maintenance
of functional anti-spike antibodies through vaccination.

MATERIALS ANDMETHODS
Ethics statement. The study protocol and informed consent form were approved by the ethics com-

mittee of Chang Gung Medical Foundation and Taoyuan General Hospital, Ministry of Health and Welfare.
Written informed consent was obtained from each participant before inclusion in the study. The study and
all associated methods were performed in accordance with the approved protocol, the principles of the
Declaration of Helsinki, and Good Clinical Practice guidelines.

Patient enrollment and sample collection. Patients who were diagnosed with acute SARS-CoV-2
infection (COVID-19) using real-time reverse transcriptase-PCR (rRT-PCR) analysis of oropharyngeal swab samples
between January and September 2020 were enrolled. Patients were hospitalized in a negative-pressure isolation
room according to the regulations of the Taiwan Centers for Disease Control. Convalescent blood samples were
collected from the enrolled patients during hospitalization. Patients were discharged from hospital when they
had three consecutive negative rRT-PCR test results and resolved symptoms. Thereafter, the patients underwent
follow-up care in the outpatient clinics and provided follow-up blood samples. The serum samples were stored
at220°C before testing.

Collection of respiratory samples and measurement of viral load. Briefly, 300 mL of oropharyn-
geal swab samples were subjected to nucleic acid extraction using the LabTurbo kit (Taigen Bioscience,
Taipei, Taiwan) on a LabTurbo 48 compact system (Taigen Bioscience, Taipei, Taiwan) (45). The isolated nucleic
acids were eluted in 50 mL of elution buffer. RT-PCR was performed using the LightCycler Multiplex RNA virus
master kit (Roche Diagnostics, Mannheim, Germany) on a Cobas z480 analyzer (Roche Diagnostics, Mannheim,
Germany), targeting envelope (E), nucleocapsid (N), and RNA-dependent RNA polymerase (RdRp) genes (46)
along with an internal control. The specific primers and probes were from the ModularDx kit (Tib Molbiol,
Berlin, Germany). Negative samples had cycle threshold (CT) values higher than 37 in the reactions of both E
and RdRp genes.

Flow cytometry. Flow cytometry-based binding assay was used to examine serological anti-spike
and anti-RBD-binding activity. To perform a flow cytometry-based binding assay, transduced MDCK-SIAT1 cells
expressing Wuhan-Hu-1 RBD (MDCK-RBD) or spike (MDCK-spike) were prepared (19). In brief, each serum sample
was tested in duplicate at a dilution of 1:100 in phosphate-buffered saline (PBS)-3% bovine serum albumin (BSA),
and 100mL of sample was incubated with 3� 105 MDCK-RBD or MDCK-spike cells at 4°C for 30 min. After wash-
ing with PBS, the cells were incubated with fluorescein isothiocyanate (FITC)-conjugated anti-human IgG second-
ary antibody at 4°C for 30 min. After washing with PBS, the cells were analyzed using a BD FACSCanto II flow cy-
tometer. The cells in forward scatter (FSC)/side scatter (SSC) gate were selected, and FITC-positive cells were
further identified and gated. At least 5,000 events were acquired for the analysis. For each experiment, the cells
incubated with only PBS-3%BSA were included as a negative control. Other controls included cells incubated
with anti-influenza H3 human IgG antibody BS-1A (1mg/mL) (produced in-house) and with anti-SARS-CoV-2 RBD
human IgG antibody EY-6A (1 mg/mL) or FI-3A (1 mg/mL) (6). Serological anti-spike binding activity was deter-
mined by the percentage of antibody-bound (FITC-positive) spike-expressing cells in serumminus the percentage
of antibody-bound (FITC-positive) spike-expressing cells in PBS control. Serological anti-RBD-binding activity was
determined by the percentage of antibody-bound (FITC-positive) RBD-expressing cells in serum minus the per-
centage of antibody-bound (FITC-positive) RBD-expressing cells in PBS control.

Hemagglutination assay. The RBD-binding activity of serum samples was analyzed using a hemag-
glutination assay in 96-well U-bottom plates. Serial dilutions of serum samples or monoclonal antibodies
(200 mg/mL) beginning at 1:20 dilution in PBS were mixed with VHH(IH4)-RBD (47) at room temperature.
Thereafter, human type O erythrocytes in PBS at 1:40 dilution were added to the mixture in each well and incu-
bated at room temperature for another 60 min. The plate was tilted at 45° for at least 30 s and then examined.
Anti-RBD antibodies in the serum react with VHH(IH4)-RBD and facilitate cross-linking of erythrocytes and
agglutination occurs. The endpoint was defined as the final dilution producing visible agglutination. Controls
included anti-SARS-CoV-2 RBD human IgG antibody EY-6A or FI-3A (19, 47). A hemagglutination titer of 1:20 or
more was considered to be positive. Samples with a reciprocal titer less than 20 were assigned a value of 10.

ACE2-blocking assay. A flow cytometry-based assay was used to analyze the RBD-ACE2-blocking ac-
tivity of the serum samples (19). Two-fold serial dilutions of original serum samples in PBS were mixed
with biotinylated RBD at room temperature. The mixture was then incubated with human ACE2-express-
ing MDCK-SIAT1 (MDCK-ACE2) cells at 4°C for 30 min. After washing, the ExtrAvidin-R-phycoerythrin pro-
tein was incubated with the cells at 4°C for 30 min. After washing, the cells were analyzed using a BD
FACSCanto II flow cytometer. At least 5,000 events of RBD-bound (phycoerythrin-positive) cells were
acquired for the analysis. The PBS-biotinylated RBD mixture was used to obtain maximum signal, and
PBS only was used to determine background. The original, undiluted serum that failed to inhibit ACE2-
RBD interaction was scored as negative. The ACE2-blocking titer is expressed as the reciprocal of the se-
rum dilution presenting 50% inhibition of signal compared to the maximum signal.

Pseudovirus neutralization assay. HEK293T cells stably expressing human ACE2 were seeded in a
96-well plate and incubated overnight. Serial dilutions of heat-inactivated serum samples were prepared
and mixed with pretitrated pseudotyped lentiviruses expressing the wild-type Wuhan-1, Beta variant, Delta vari-
ant, or Omicron variant spike proteins at 37°C for 1 h. They were then inoculated into the preseeded cells at 37°C,
and incubated for another 16 h. The culture medium was then replaced with fresh Dulbecco's modified Eagle
medium (DMEM) supplemented with 1% fetal bovine serum and 100 U/mL penicillin/streptomycin. After incubat-
ing for another 48 h, luciferase activity was measured using the Bright-Glo luciferase assay system (Promega,
United States). A virus control was included for each assay. The inhibitory activity at each serum dilution was
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determined according to the relative light unit value as follows: [(relative light unitControl 2 relative light unitserum)/
relative light unitControl]� 100.

Memory B cell assay. Peripheral blood mononuclear cells (PBMCs) were separated using Ficoll lym-
phocyte separation medium. Resuspended PBMCs were cultured in complete medium containing poke-
weed mitogen (PWM), Staphylococcus aureus Cowan I, and CpG at 37°C for 5 days. Cultured PBMCs were
collected, washed, and resuspended for the ELISpot assay. The ELISpot assay was used to detect spike-
binding IgG-, IgM-, and IgA-secreting cells. Briefly, a 96-well Millipore plate was coated with SARS-CoV-2
spike or anti-human IgG at 4°C overnight. After washing, the plates were blocked with 2% dry skim milk
at 37°C for 2 h. After washing, resuspended cultured cells were added to the wells and incubated at
37°C for 16 h. After washing, the wells were incubated with anti-human IgG, IgM, or IgA secondary anti-
bodies conjugated with alkaline phosphatase at room temperature for 2 h. After washing, the wells
were developed using an alkaline phosphatase substrate kit at room temperature for 2 to 5 min. The
spot-forming cells were counted using an automated ELISpot plate reader (48).

Statistical analyses. Statistical analyses were performed using GraphPad Prism or Excel. The unpaired
t test was used to determine the differences between independent groups. A one-way analysis of variance was
used to determine the differences among three or more independent groups, and Tukey’s test was used for post
hoc analysis. The chi-squared test was used to analyze the relationships between categorical variables. Linear regres-
sion was used to evaluate the correlation between variables. Statistical significance was set at a P of,0.05.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.2 MB.

ACKNOWLEDGMENTS
We acknowledge Alain Townsend, Tiong Kit Tan, Pramila Rijal, and Lisa Schimanski for

the support of VHH(IH4)-RBD. We also thank the patients and the care team of the COVID-19-
designated wards at Taoyuan General Hospital, Ministry of Health andWelfare.

We report no potential conflict of interest.
This work was mainly supported by a grant (BMRPE22) from the Chang Gung Memorial

Hospital and a grant (MOST 110-2628-B-182-013) fromMinistry of Science and Technology of
Taiwan to Kuan-Ying A. Huang.

Conceptualization, Cheng-Pin Chen, Kuan-Ying A. Huang, and Shu-Hsing Cheng; data
curation, Cheng-Pin Chen, Kuan-Ying A. Huang, Yi-Chun Lin, Chien-Yu Cheng, and Shu-
Hsing Cheng; formal analysis, Kuan-Ying A. Huang, Shin-Ru Shih, and Shu-Hsing Cheng;
funding acquisition, Kuan-Ying A. Huang; investigation, Cheng-Pin Chen, Kuan-Ying A.
Huang, and Shu-Hsing Cheng; methodology, Kuan-Ying A. Huang and Shin-Ru Shih; project
administration, Kuan-Ying A. Huang and Shu-Hsing Cheng; resources, Kuan-Ying A. Huang
and Shu-Hsing Cheng; software, Kuan-Ying A. Huang; supervision, Yhu-Chering Huang and
Tzou-Yien Lin; validation, Cheng-Pin Chen, Kuan-Ying A. Huang, and Shu-Hsing Cheng;
visualization, Cheng-Pin Chen and Kuan-Ying A. Huang; writing – original draft, Cheng-
Pin Chen, Kuan-Ying A. Huang, and Shu-Hsing Cheng; writing – review and editing,
Cheng-Pin Chen, Kuan-Ying A. Huang, Shin-Ru Shih, Yi-Chun Lin, Chien-Yu Cheng, Yhu-
Chering Huang, Tzou-Yien Lin, and Shu-Hsing Cheng.

REFERENCES
1. Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, Zhang L, Fan G, Xu J, Gu X,

Cheng Z, Yu T, Xia J, Wei Y, WuW, Xie X, Yin W, Li H, Liu M, Xiao Y, Gao H, Guo
L, Xie J, Wang G, Jiang R, Gao Z, Jin Q, Wang J, Cao B. 2020. Clinical features of
patients infected with 2019 novel coronavirus in Wuhan, China. Lancet 395:
497–506. https://doi.org/10.1016/S0140-6736(20)30183-5.

2. World Health Organization. 2020. Statement on the second meeting of
the International Health Regulations (2005) Emergency Committee regarding
the outbreak of novel coronavirus (2019-nCoV). World Health Organization,
Geneva, Switzerland. https://www.who.int/groups/covid-19-ihr-emergency
-committee. Accessed 6 February 2022.

3. Done E, Du I, Garder L. 2022. COVID-19 dashboard by the Centre for Systems
Science and Engineering (CSSE) at Johns Hopkins University (JHU). John Hopkins
University, Baltimore,MD. https://coronavirus.jhu.edu. Accessed 6 February 2022.

4. Coronaviridae Study Group of the International Committee on Taxonomy
of Viruses. 2020. The species severe acute respiratory syndrome-related
coronavirus: classifying 2019-nCoV and naming it SARS-CoV-2. Nat Micro-
biol 5:536–544. https://doi.org/10.1038/s41564-020-0695-z.

5. Hoffmann M, Kleine-Weber H, Schroeder S, Krüger N, Herrler T, Erichsen S,
Schiergens TS, Herrler G, Wu N-H, Nitsche A, Müller MA, Drosten C,
Pöhlmann S. 2020. SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2
and is blocked by a clinically proven protease inhibitor. Cell 181:271–280.
https://doi.org/10.1016/j.cell.2020.02.052.

6. Zhou D, Duyvesteyn HME, Chen C-P, Huang C-G, Chen T-H, Shih S-R, Lin Y-C,
Cheng C-Y, Cheng S-H, Huang Y-C, Lin T-Y, Ma C, Huo J, Carrique L, Malinauskas
T, Ruza RR, Shah PNM, Tan TK, Rijal P, Donat RF, Godwin K, Buttigieg KR, Tree JA,
Radecke J, Paterson NG, Supasa P, Mongkolsapaya J, Screaton GR, Carroll MW,
Gilbert-Jaramillo J, Knight ML, James W, Owens RJ, Naismith JH, Townsend AR,
Fry EE, Zhao Y, Ren J, Stuart DI, Huang K-YA. 2020. Structural basis for the neu-
tralization of SARS-CoV-2 by an antibody from a convalescent patient. Nat Struct
Mol Biol 27:950–958. https://doi.org/10.1038/s41594-020-0480-y.

7. Fehr AR, Perlman S. 2015. Coronaviruses: an overview of their replication
and pathogenesis. Methods Mol Biol 1282:1–23. https://doi.org/10.1007/
978-1-4939-2438-7_1.

8. Guan W-J, Ni Z-Y, Hu Y, Liang W-H, Ou C-Q, He J-X, Liu L, Shan H, Lei C-L,
Hui DSC, Du B, Li L-J, Zeng G, Yuen K-Y, Chen R-C, Tang C-L, Wang T, Chen

Anti-Spike Antibody to SARS-CoV-2 and the Variants Microbiology Spectrum

July/August 2022 Volume 10 Issue 4 10.1128/spectrum.00743-22 10

https://doi.org/10.1016/S0140-6736(20)30183-5
https://www.who.int/groups/covid-19-ihr-emergency-committee
https://www.who.int/groups/covid-19-ihr-emergency-committee
https://coronavirus.jhu.edu
https://doi.org/10.1038/s41564-020-0695-z
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1038/s41594-020-0480-y
https://doi.org/10.1007/978-1-4939-2438-7_1
https://doi.org/10.1007/978-1-4939-2438-7_1
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00743-22


P-Y, Xiang J, Li S-Y, Wang J-L, Liang Z-J, Peng Y-X, Wei L, Liu Y, Hu Y-H,
Peng P, Wang J-M, Liu J-Y, Chen Z, Li G, Zheng Z-J, Qiu S-Q, Luo J, Ye C-J,
Zhu S-Y, Zhong N-S, China Medical Treatment Expert Group for Covid-19.
2020. Clinical characteristics of coronavirus disease 2019 in China. N Engl
J Med 382:1708–1720. https://doi.org/10.1056/NEJMoa2002032.

9. Goyal P, Choi JJ, Pinheiro LC, Schenck EJ, Chen R, Jabri A, Satlin MJ,
Campion TR, Nahid M, Ringel JB, Hoffman KL, Alshak MN, Li HA, Wehmeyer
GT, Rajan M, Reshetnyak E, Hupert N, Horn EM, Martinez FJ, Gulick RM, Safford
MM. 2020. Clinical characteristics of COVID-19 in New York City. N Engl J Med
382:2372–2374. https://doi.org/10.1056/NEJMc2010419.

10. Cox RJ, Brokstad KA. 2020. Not just antibodies: B cells and T cells mediate
immunity to COVID-19. Nat Rev Immunol 20:581–582. https://doi.org/10
.1038/s41577-020-00436-4.

11. Fotis C, Meimetis N, Tsolakos N, Politou M, Akinosoglou K, Pliaka V, Minia
A, Terpos E, Trougakos IP, Mentis A, Marangos M, Panayiotakopoulos G,
Dimopoulos MA, Gogos C, Spyridonidis A, Alexopoulos LG. 2021. Accurate
SARS-CoV-2 seroprevalence surveys require robust multi-antigen assays. Sci
Rep 11:6614. https://doi.org/10.1038/s41598-021-86035-2.

12. Hall VJ, Foulkes S, Charlett A, Atti A, Monk EJM, Simmons R, Wellington E,
Cole MJ, Saei A, Oguti B, Munro K, Wallace S, Kirwan PD, Shrotri M, Vusirikala
A, Rokadiya S, Kall M, Zambon M, Ramsay M, Brooks T, Brown CS, Chand MA,
Hopkins S, SIREN Study Group. 2021. SARS-CoV-2 infection rates of antibody-
positive compared with antibody-negative health-care workers in England: a
large, multicentre, prospective cohort study (SIREN). Lancet 397:1459–1469.
https://doi.org/10.1016/S0140-6736(21)00675-9.

13. Feng S, Phillips DJ, White T, Sayal H, Aley PK, Bibi S, Dold C, Fuskova M,
Gilbert SC, Hirsch I, Humphries HE, Jepson B, Kelly EJ, Plested E, Shoemaker K,
Thomas KM, Vekemans J, Villafana TL, Lambe T, Pollard AJ, Voysey M, Oxford
COVID Vaccine Trial Group. 2021. Correlates of protection against symptomatic
and asymptomatic SARS-CoV-2 infection. Nat Med 27:2032–2040. https://doi
.org/10.1038/s41591-021-01540-1.

14. Poland GA, Ovsyannikova IG, Kennedy RB. 2020. SARS-CoV-2 immunity: review
and applications to phase 3 vaccine candidates. Lancet 396:1595–1606. https://
doi.org/10.1016/S0140-6736(20)32137-1.

15. Addetia A, Crawford KHD, Dingens A, Zhu H, Roychoudhury P, Huang M-
L, Jerome KR, Bloom JD, Greninger AL. 2020. Neutralizing antibodies cor-
relate with protection from SARS-CoV-2 in humans during a fishery vessel
outbreak with a high attack rate. J Clin Microbiol 58:e02107-20. https://doi
.org/10.1128/JCM.02107-20.

16. Khoury DS, Cromer D, Reynaldi A, Schlub TE, Wheatley AK, Juno JA, Subbarao
K, Kent SJ, Triccas JA, Davenport MP. 2021. Neutralizing antibody levels are
highly predictive of immune protection from symptomatic SARS-CoV-2 infec-
tion. Nat Med 27:1205–1211. https://doi.org/10.1038/s41591-021-01377-8.

17. Iyer AS, Jones FK, Nodoushani A, Kelly M, Becker M, Slater D, Mills R, Teng
E, Kamruzzaman M, Garcia-Beltran WF, Astudillo M, Yang D, Miller TE, Oliver E,
Fischinger S, Atyeo C, Iafrate AJ, Calderwood SB, Lauer SA, Yu J, Li Z, Feldman
J, Hauser BM, Caradonna TM, Branda JA, Turbett SE, LaRocque RC, Mellon G,
Barouch DH, Schmidt AG, Azman AS, Alter G, Ryan ET, Harris JB, Charles RC.
2020. Persistence and decay of human antibody responses to the receptor
binding domain of SARS-CoV-2 spike protein in COVID-19 patients. Sci Immu-
nol 5:eabe0367. https://doi.org/10.1126/sciimmunol.abe0367.

18. Chvatal-Medina M, Mendez-Cortina Y, Patiño PJ, Velilla PA, Rugeles MT.
2021. Antibody responses in COVID-19: a review. Front Immunol 12:
633184. https://doi.org/10.3389/fimmu.2021.633184.

19. Huang K-YA, Tan TK, Chen T-H, Huang C-G, Harvey R, Hussain S, Chen C-P,
Harding A, Gilbert-Jaramillo J, Liu X, Knight M, Schimanski L, Shih S-R, Lin
Y-C, Cheng C-Y, Cheng S-H, Huang Y-C, Lin T-Y, Jan J-T, Ma C, James W,
Daniels RS, McCauley JW, Rijal P, Townsend AR. 2021. Breadth and func-
tion of antibody response to acute SARS-CoV-2 infection in humans. PLoS
Pathog 17:e1009352. https://doi.org/10.1371/journal.ppat.1009352.

20. Tong P, Gautam A, Windsor IW, Travers M, Chen Y, Garcia N, Whiteman
NB, McKay LGA, Storm N, Malsick LE, Honko AN, Lelis FJN, Habibi S, Jenni
S, Cai Y, Rennick LJ, Duprex WP, McCarthy KR, Lavine CL, Zuo T, Lin J,
Zuiani A, Feldman J, MacDonald EA, Hauser BM, Griffths A, Seaman MS,
Schmidt AG, Chen B, Neuberg D, Bajic G, Harrison SC, Wesemann DR.
2021. Memory B cell repertoire for recognition of evolving SARS-CoV-2
spike. Cell 184:4969–4980. https://doi.org/10.1016/j.cell.2021.07.025.

21. Kreer C, Zehner M, Weber T, Ercanoglu MS, Gieselmann L, Rohde C, Halwe
S, Korenkov M, Schommers P, Vanshylla K, Di Cristanziano V, Janicki H,
Brinker R, Ashurov A, Krähling V, Kupke A, Cohen-Dvashi H, Koch M,
Eckert JM, Lederer S, Pfeifer N, Wolf T, Vehreschild MJGT, Wendtner C,
Diskin R, Gruell H, Becker S, Klein F. 2020. Longitudinal isolation of potent
near-germline SARS-CoV-2-neutralizing antibodies from COVID-19 patients.
Cell 182:1663–1673. https://doi.org/10.1016/j.cell.2020.08.046.

22. Dan JM, Mateus J, Kato Y, Hastie KM, Yu ED, Faliti CE, Grifoni A, Ramirez SI,
Haupt S, Frazier A, Nakao C, Rayaprolu V, Rawlings SA, Peters B, Krammer
F, Simon V, Saphire EO, Smith DM, Weiskopf D, Sette A, Crotty S. 2021. Immu-
nological memory to SARS-CoV-2 assessed for up to 8 months after infection.
Science 371:eabf4063. https://doi.org/10.1126/science.abf4063.

23. Gaebler C, Wang Z, Lorenzi JCC, Muecksch F, Finkin S, Tokuyama M, Cho
A, Jankovic M, Schaefer-Babajew D, Oliveira TY, Cipolla M, Viant C, Barnes
CO, Bram Y, Breton G, Hägglöf T, Mendoza P, Hurley A, Turroja M, Gordon
K, Millard KG, Ramos V, Schmidt F, Weisblum Y, Jha D, Tankelevich M,
Martinez-Delgado G, Yee J, Patel R, Dizon J, Unson-O'Brien C, Shimeliovich I,
Robbiani DF, Zhao Z, Gazumyan A, Schwartz RE, Hatziioannou T, Bjorkman
PJ, Mehandru S, Bieniasz PD, Caskey M, Nussenzweig MC. 2021. Evolution of
antibody immunity to SARS-CoV-2. Nature 591:639–644. https://doi.org/10
.1038/s41586-021-03207-w.

24. Pušnik J, Richter E, Schulte B, Dolscheid-Pommerich R, Bode C, Putensen
C, Hartmann G, Alter G, Streeck H. 2021. Memory B cells targeting SARS-
CoV-2 spike protein and their dependence on CD41 T cell help. Cell Rep
35:109320. https://doi.org/10.1016/j.celrep.2021.109320.

25. Rijkers G, Murk J-L, Wintermans B, van Looy B, van den Berge M, Veenemans
J, Stohr J, Reusken C, van der Pol P, Reimerink J. 2020. Differences in antibody
kinetics and functionality between severe and mild severe acute respiratory
syndrome coronavirus 2 infections. J Infect Dis 222:1265–1269. https://doi
.org/10.1093/infdis/jiaa463.

26. Liu L, Wei Q, Lin Q, Fang J, Wang H, Kwok H, Tang H, Nishiura K, Peng J,
Tan Z, Wu T, Cheung K-W, Chan K-H, Alvarez X, Qin C, Lackner A, Perlman
S, Yuen K-Y, Chen Z. 2019. Anti-spike IgG causes severe acute lung injury
by skewing macrophage responses during acute SARS-CoV infection. JCI
Insight 4:e123158. https://doi.org/10.1172/jci.insight.123158.

27. Krause PR, Fleming TR, Longini IM, Peto R, Briand S, Heymann DL, Beral V,
Snape MD, Rees H, Ropero A-M, Balicer RD, Cramer JP, Muñoz-Fontela C,
Gruber M, Gaspar R, Singh JA, Subbarao K, Van Kerkhove MD, Swaminathan
S, Ryan MJ, Henao-Restrepo A-M. 2021. SARS-CoV-2 variants and vaccines. N
Engl J Med 385:179–186. https://doi.org/10.1056/NEJMsr2105280.

28. World Health Organization. 2022. Tracking SARS-CoV-2 variants. World
Health Organization, Geneva, Switzerland. https://www.who.int/en/activities/
tracking-SARS-CoV-2-variants. Accessed 6 February 2022.

29. CDC COVID-19 Response Team. 2021. SARS-CoV-2 B.1.1.529 (Omicron)
variant in United States, 2021 December 1. MMWR Morb Mortal Wkly Rep
70:1731–1734. https://doi.org/10.15585/mmwr.mm7050e1.

30. Karim SSA, KarimQA. 2021. Omicron SARS-CoV-2 variant: a new chapter in the
COVID-19 pandemic. Lancet 398:2126–2128. https://doi.org/10.1016/S0140
-6736(21)02758-6.

31. World Health Organization. 2022. Enhancing response to Omicron SARS-
CoV-2 variant. World Health Organization, Geneva, Switzerland. https://www
.who.int/publications/m/item/enhancing-readiness-for-omicron-(b.1.1.529)-
technical-brief-and-priority-actions-for-member-states. Accessed 6 February
2022.

32. Network of Genomic Surveillance in South Africa (NGS-SA). 2021. SARS-CoV-2
sequencing update. NGS-SA, Durban, South Africa. https://www.gisaid.org/.
Accessed 6 February 2022.

33. Schmidt F, Muecksch F, Weisblum Y, Da Silva J, Bednarski E, Cho A, Wang
Z, Gaebler C, Caskey M, Nussenzweig MC, Hatziioannou T, Bieniasz PD.
2021. Plasma neutralization of the SARS-CoV-2 Omicron variant. N Engl J
Med 386:599–601. https://doi.org/10.1056/NEJMc2119641.

34. Greaney AJ, Starr TN, Gilchuk P, Zost SJ, Binshtein E, Loes AN, Hilton SK,
Huddleston J, Eguia R, Crawford KHD, Dingens AS, Nargi RS, Sutton RE,
Suryadevara N, Rothlauf PW, Liu Z, Whelan SPJ, Carnahan RH, Crowe JE,
Bloom JD. 2021. Complete mapping of mutations to the SARS-CoV-2 spike re-
ceptor-binding domain that escape antibody recognition. Cell Host Microbe
29:44–57. https://doi.org/10.1016/j.chom.2020.11.007.

35. Rossler A, Riepler L, Bante D, von LD, Kimpel J. 2022. SARS-CoV-2 Omicron
variant neutralization in serum from vaccinated and convalescent per-
sons. N Engl J Med 386:698–700. https://doi.org/10.1056/NEJMc2119236.

36. Zhang L, Li Q, Liang Z, Li T, Liu S, Cui Q, Nie J, Wu Q, Qu X, Huang W, Wang Y.
2022. The significant immune escape of pseudotyped SARS-CoV-2 variant
Omicron. Emerg Microbes Infect 11:1–5. https://doi.org/10.1080/22221751.2021
.2017757.

37. Ai J, Zhang H, Zhang Y, Lin K, Zhang Y, Wu J, Wan Y, Huang Y, Song J, Fu
Z, Wang H, Guo J, Jiang N, Fan M, Zhou Y, Zhao Y, Zhang Q, Liu Q, Lv J, Li P,
Qiu C, Zhang W. 2022. Omicron variant showed lower neutralizing sensitivity
than other SARS-CoV-2 variants to immune sera elicited by vaccines after
boost. Emerg Microbes Infect 11:337–343. https://doi.org/10.1080/22221751
.2021.2022440.

Anti-Spike Antibody to SARS-CoV-2 and the Variants Microbiology Spectrum

July/August 2022 Volume 10 Issue 4 10.1128/spectrum.00743-22 11

https://doi.org/10.1056/NEJMoa2002032
https://doi.org/10.1056/NEJMc2010419
https://doi.org/10.1038/s41577-020-00436-4
https://doi.org/10.1038/s41577-020-00436-4
https://doi.org/10.1038/s41598-021-86035-2
https://doi.org/10.1016/S0140-6736(21)00675-9
https://doi.org/10.1038/s41591-021-01540-1
https://doi.org/10.1038/s41591-021-01540-1
https://doi.org/10.1016/S0140-6736(20)32137-1
https://doi.org/10.1016/S0140-6736(20)32137-1
https://doi.org/10.1128/JCM.02107-20
https://doi.org/10.1128/JCM.02107-20
https://doi.org/10.1038/s41591-021-01377-8
https://doi.org/10.1126/sciimmunol.abe0367
https://doi.org/10.3389/fimmu.2021.633184
https://doi.org/10.1371/journal.ppat.1009352
https://doi.org/10.1016/j.cell.2021.07.025
https://doi.org/10.1016/j.cell.2020.08.046
https://doi.org/10.1126/science.abf4063
https://doi.org/10.1038/s41586-021-03207-w
https://doi.org/10.1038/s41586-021-03207-w
https://doi.org/10.1016/j.celrep.2021.109320
https://doi.org/10.1093/infdis/jiaa463
https://doi.org/10.1093/infdis/jiaa463
https://doi.org/10.1172/jci.insight.123158
https://doi.org/10.1056/NEJMsr2105280
https://www.who.int/en/activities/tracking-SARS-CoV-2-variants
https://www.who.int/en/activities/tracking-SARS-CoV-2-variants
https://doi.org/10.15585/mmwr.mm7050e1
https://doi.org/10.1016/S0140-6736(21)02758-6
https://doi.org/10.1016/S0140-6736(21)02758-6
https://www.who.int/publications/m/item/enhancing-readiness-for-omicron-(b.1.1.529)-technical-brief-and-priority-actions-for-member-states
https://www.who.int/publications/m/item/enhancing-readiness-for-omicron-(b.1.1.529)-technical-brief-and-priority-actions-for-member-states
https://www.who.int/publications/m/item/enhancing-readiness-for-omicron-(b.1.1.529)-technical-brief-and-priority-actions-for-member-states
https://www.gisaid.org/
https://doi.org/10.1056/NEJMc2119641
https://doi.org/10.1016/j.chom.2020.11.007
https://doi.org/10.1056/NEJMc2119236
https://doi.org/10.1080/22221751.2021.2017757
https://doi.org/10.1080/22221751.2021.2017757
https://doi.org/10.1080/22221751.2021.2022440
https://doi.org/10.1080/22221751.2021.2022440
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00743-22


38. Márquez EJ, Trowbridge J, Kuchel GA, Banchereau J, Ucar D. 2020. The le-
thal sex gap: COVID-19. Immun Ageing 17:13. https://doi.org/10.1186/
s12979-020-00183-z.

39. Mohammad S, Aziz R, Al Mahri S, Malik SS, Haji E, Khan AH, Khatlani TS,
Bouchama A. 2021. Obesity and COVID-19: what makes obese host so vulner-
able? Immun Ageing 18:1. https://doi.org/10.1186/s12979-020-00212-x.

40. Lau EHY, Tsang OTY, Hui DSC, Kwan MYW, Chan W-H, Chiu SS, Ko RLW,
Chan KH, Cheng SMS, Perera RAPM, Cowling BJ, Poon LLM, Peiris M. 2021.
Neutralizing antibody titres in SARS-CoV-2 infections. Nat Commun 12:63.
https://doi.org/10.1038/s41467-020-20247-4.

41. Phipps WS, SoRelle JA, Li Q-Z, Mahimainathan L, Araj E, Markantonis J,
Lacelle C, Balani J, Parikh H, Solow EB, Karp DR, Sarode R, Muthukumar A.
2020. SARS-CoV-2 antibody responses do not predict COVID-19 disease sever-
ity. Am J Clin Pathol 154:459–465. https://doi.org/10.1093/ajcp/aqaa123.

42. Jugwanth S, Gededzha MP, Mampeule N, Zwane N, David A, Burgers WA,
Blackburn JM, Grove JS, George JA, Sanne I, Scott L, Stevens W, Mayne ES.
2022. Performance of the Abbott SARS-CoV-2 IgG serological assay in
South African 2 patients. PLoS One 17:e0262442. https://doi.org/10.1371/
journal.pone.0262442.

43. Li J, Lai S, Gao GF, Shi W. 2021. The emergence, genomic diversity and
global spread of SARS-CoV-2. Nature 600:408–418. https://doi.org/10.1038/
s41586-021-04188-6.

44. Gong Y-N, Tsao K-C, Hsiao M-J, Huang C-G, Huang P-N, Huang P-W, Lee K-
M, Liu Y-C, Yang S-L, Kuo R-L, Chen K-F, Liu Y-C, Huang S-Y, Huang H-I, Liu
M-T, Yang J-R, Chiu C-H, Yang C-T, Chen G-W, Shih S-R. 2020. SARS-CoV-2
genomic surveillance in Taiwan revealed novel ORF8-deletion mutant and

clade possibly associatedwith infections inMiddle East. EmergMicrobes Infect
9:1457–1466. https://doi.org/10.1080/22221751.2020.1782271.

45. LabTurbo. 2020. LabTurbo-48-compact user manual HV-2020–10-17-ENCE.
LabTurbo, Princeton, NJ. https://labturbo.com/wp-content/uploads/2021/
08/LabTurbo-48-Compact-user-manual-HV-2020-10-17-ENCE.pdf. Accessed
6 February 2022.

46. Corman VM, Landt O, Kaiser M, Molenkamp R, Meijer A, Chu DK, Bleicker
T, Brünink S, Schneider J, Schmidt ML, Mulders DG, Haagmans BL, van der
Veer B, van den Brink S, Wijsman L, Goderski G, Romette JL, Ellis J, ZambonM,
Peiris M, Goossens H, Reusken C, Koopmans MP, Drosten C. 2020. Detection
of 2019 novel coronavirus (2019-nCoV) by real-time RT-PCR. Euro Surveill 25:
2000045. https://doi.org/10.2807/1560-7917.ES.2020.25.3.2000045.

47. Townsend A, Rijal P, Xiao J, Tan TK, Huang K-YA, Schimanski L, Huo J, Gupta N,
Rahikainen R, Matthews PC, Crook D, Hoosdally S, Dunachie S, Barnes E, Street
T, Conlon CP, Frater J, Arancibia-Cárcamo CV, Rudkin J, Stoesser N, Karpe F,
Neville M, Ploeg R, Oliveira M, Roberts DJ, Lamikanra AA, Tsang HP, Bown A,
Vipond R, Mentzer AJ, Knight JC, Kwok AJ, Screaton GR, Mongkolsapaya J,
Dejnirattisai W, Supasa P, Klenerman P, Dold C, Baillie JK, Moore SC,
Openshaw PJM, Semple MG, Turtle LCW, Ainsworth M, Allcock A, Beer S,
Bibi S, Skelly D, Stafford L, Jeffrey K, et al. 2021. A haemagglutination test for
rapid detection of antibodies to SARS-CoV-2. Nat Commun 12:1951. https://
doi.org/10.1038/s41467-021-22045-y.

48. Huang K-YA, Li CK-F, Clutterbuck E, Chui C, Wilkinson T, Gilbert A, Oxford J,
Lambkin-Williams R, Lin T-Y, McMichael AJ, Xu X-N. 2014. Virus-specific anti-
body secreting cell, memory B-cell, and sero-antibody responses in the human
influenza challenge model. J Infect Dis 209:1354–1361. https://doi.org/10
.1093/infdis/jit650.

Anti-Spike Antibody to SARS-CoV-2 and the Variants Microbiology Spectrum

July/August 2022 Volume 10 Issue 4 10.1128/spectrum.00743-22 12

https://doi.org/10.1186/s12979-020-00183-z
https://doi.org/10.1186/s12979-020-00183-z
https://doi.org/10.1186/s12979-020-00212-x
https://doi.org/10.1038/s41467-020-20247-4
https://doi.org/10.1093/ajcp/aqaa123
https://doi.org/10.1371/journal.pone.0262442
https://doi.org/10.1371/journal.pone.0262442
https://doi.org/10.1038/s41586-021-04188-6
https://doi.org/10.1038/s41586-021-04188-6
https://doi.org/10.1080/22221751.2020.1782271
https://labturbo.com/wp-content/uploads/2021/08/LabTurbo-48-Compact-user-manual-HV-2020-10-17-ENCE.pdf
https://labturbo.com/wp-content/uploads/2021/08/LabTurbo-48-Compact-user-manual-HV-2020-10-17-ENCE.pdf
https://doi.org/10.2807/1560-7917.ES.2020.25.3.2000045
https://doi.org/10.1038/s41467-021-22045-y
https://doi.org/10.1038/s41467-021-22045-y
https://doi.org/10.1093/infdis/jit650
https://doi.org/10.1093/infdis/jit650
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00743-22

	RESULTS
	Clinical manifestations and spectrum of natural SARS-CoV-2 infection.
	Anti-spike antibody response.
	B cell response.
	Relationship of antibody response and clinical severity.
	Longevity of the antibody response.
	Infection-induced anti-spike antibodies against emerging variants.

	DISCUSSION
	MATERIALS AND METHODS
	Ethics statement.
	Patient enrollment and sample collection.
	Collection of respiratory samples and measurement of viral load.
	Flow cytometry.
	Hemagglutination assay.
	ACE2-blocking assay.
	Pseudovirus neutralization assay.
	Memory B cell assay.
	Statistical analyses.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

