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ABSTRACT A comprehensive study of the B cell response against SARS-CoV-2 could
be significant for understanding the immune response and developing therapeutical
antibodies and vaccines. To define the dynamics and characteristics of the antibody
repertoire following SARS-CoV-2 infection, we analyzed the mRNA transcripts of im-
munoglobulin heavy chain (IgH) repertoires of 24 peripheral blood samples collected
between 3 and 111 days after symptom onset from 10 COVID-19 patients. Massive
clonal expansion of naive B cells with limited somatic hypermutation (SHM) was observed
in the second week after symptom onset. The proportion of low-SHM IgG clones strongly
correlated with spike-specific IgG antibody titers, highlighting the significant activation of
naive B cells in response to a novel virus infection. The antibody isotype switching land-
scape showed a transient IgA surge in the first week after symptom onset, followed by a
sustained IgG elevation that lasted for at least 3 months. SARS-CoV-2 infection elicited
poly-germ line reactive antibody responses. Interestingly, 17 different IGHV germ line genes
recombined with IGHJ6 showed significant clonal expansion. By comparing the IgH reper-
toires that we sequenced with the 774 reported SARS-CoV-2–reactive monoclonal antibod-
ies (MAbs), 13 shared spike-specific IgH clusters were found. These shared spike-specific IgH
clusters are derived from the same lineage of several recently published neutralizing MAbs,
including CC12.1, CC12.3, C102, REGN10977, and 4A8. Furthermore, identical spike-specific
IgH sequences were found in different COVID-19 patients, suggesting a highly convergent
antibody response to SARS-CoV-2. Our analysis based on sequencing antibody repertoires
from different individuals revealed key signatures of the systemic B cell response induced
by SARS-CoV-2 infection.

IMPORTANCE Although the canonical delineation of serum antibody responses fol-
lowing SARS-CoV-2 infection has been well established, the dynamics of antibody
repertoire at the mRNA transcriptional level has not been well understood, especially
the correlation between serum antibody titers and the antibody mRNA transcripts. In
this study, we analyzed the IgH transcripts and characterized the B cell clonal expansion
and differentiation, isotype switching, and somatic hypermutation in COVID-19 patients.
This study provided insights at the repertoire level for the B cell response after SARS-CoV-2
infection.
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The outbreak of COVID-19 caused by severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) presents a great threat to the current global public health due to

its rapid transmission and high mortality rates (1, 2). Although suppression of the host
immune response was found in the early cases, infection of SARS-CoV-2 will induce the
activation of B and T cells, and inflammatory cytokines during the acute infection. There
are rapid SARS-CoV-2 nucleocapsid protein (N)- and spike protein (S)-specific antibody
responses in both mild and severe cases in the first week after infection (3). The robust B
cell responses have accelerated the identification of multiple monoclonal antibodies from
patients (4–6), and the development of vaccines to combat the SARS-CoV-2 pandemic (7).

The development of B cells includes the recombination of immunoglobulin (Ig) genes to
form naive B cell receptor (BCR) repertoire followed by the elimination of self-reactive B cells
in the bone marrow (8). After antigen stimulation, B cells undergo isotype switching from
IgM to IgA/IgE/IgG (9, 10). In the germinal centers, the variable (V) genes of antibodies expe-
rience somatic hypermutation (SHM) to diversify and enhance BCR affinity and specificity
(11). Isotype switching events have been identified based on the analysis of the BCR reper-
toire of autoimmune disease and HIV-1 infection (12, 13), but a detailed isotype switching
profile of SARS-CoV-2 patients remains unknown. Another important aspect of repertoire
studies is the search for shared clusters between different individuals after viral infection.
Convergent antibody evolution has been found in Ebola virus-infected survivors (14), Ebola
vaccine receivers (15), and chronic HIV-1 patients (16). The dynamic landscape of immune
repertoires could be visualized by longitudinal analysis of B cell samples from the same
patient (17, 18). Furthermore, combined repertoire sequencing with antigen-specific single-
cell sequencing could identify virus-specific antibodies (19, 20). Therefore, analysis of anti-
body repertoires can provide information on the characteristics of the humoral response
and facilitate the identification of neutralizing antibodies after infection or vaccination.

Although many studies have characterized the kinetics of serum antibody titers following
SARS-CoV-2 infection, B cell clonal expansion and differentiation, isotype switching, and SHM
rates remain undefined. We and others recently studied the BCR and T cell receptor repertoire
of COVID-19 patients and found that the percentage of TCR-beta could be a signature for dis-
ease recovery. In addition, there is a transient IgA surge in the early infection (18, 21). In the
present study, we sequenced BCR repertoires of 24 blood samples collected from day 3 to
3 months after SARS-CoV-2 infection. We characterized clonal expansion, clonal differentiation,
antibody isotype switching, and somatic hypermutation. We also attempted to identify the
shared cluster clonotypes that may be present among COVID-19 patients.

RESULTS
Study design and bioinformatics analysis pipeline of IgH repertoires in COVID-19

patients. To take an overview of the B cell responses induced by SARS-CoV-2 infection, a
total of 24 peripheral blood mononuclear cell (PBMC) samples containing about 2,000,000
cells each were collected from 10 COVID-19 patients between 3 days and 3 months after
symptom onset (Fig. 1A; Table 1). Longitudinal PBMC samples from eight patients were col-
lected, covering at least two different time points. Four patients (PtL, PtZ, PtK, and PtS) were
followed for 10 to 111 days after symptom onset to investigate the dynamics of antibody
development against SARS-CoV-2. All of the patients showed mild or moderate symptoms,
with an average hospitalization time of 19 6 4 days (Table 1). Based on the time course of
the disease, we divided these samples into four time points: T1 (week 1), 1–7 days after
symptom onset (n = 4); T2 (week 2), 8–14 days after symptom onset (n = 6); T3 (week 3),
15–24 days after symptom onset (n = 10), in which all of the patients were SARS-CoV-2 neg-
ative, and the samples were collected before discharge from hospital; T4 (near month 4),
and 103–111 days after symptom onset (n = 4), when the patients were revisiting the hospi-
tal. Blood samples from four healthy individuals were also included in this study for compari-
son (Table 1).

The mRNA transcripts of antibody IgH repertoire were amplified using unbiased
arm-PCR and sequenced. There were 99.14 million raw IgH sequences considering all of the
samples. On average, 3.546 0.12 (mean6 SE) million IgH sequences were obtained for each
sample. After pipeline processing, we obtained 4.82 million unique clones for all 10 COVID-19
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FIG 1 Analysis of antibody response to SARS-CoV-2 infection. (A) Pipeline for antibody repertoire analysis. The process contains serological
analysis with serum samples as well as bioinformatic analysis of high-throughput sequencing. (B) Kinetics of S-specific and N-specific IgM, IgG,

(Continued on next page)
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patients and a total of 1.62 million unique clones across four healthy donors (Table 1). Five
principal bioinformatic analyses were performed on the IgH repertoire to identify key signa-
tures in SARS-CoV-2 infected patients: (1) clonal expansion and diversification; (2) antibody iso-
type switching; (3) somatic hypermutation (SHM); (4) IGHV/IGHJ gene usage and heavy chain
complementarity determining region 3 (HCDR3) length; and (5) identification of shared SARS-
CoV-2-specific clusters, which use the same inferred V and J genes with over 80% identity in
HCDR3 and present in at least three different COVID-19 patients (Fig. 1A).

SARS-CoV-2 infection induced rapid antibody clonal expansion and diversification.
We first determined the antibodies against SARS-CoV-2 spike protein (S) and nucleocapsid
protein (N) using enzyme-linked immunosorbent assay (ELISA). As we reported previously
(3), S-specific and N-specific IgG and IgM antibodies were detectable as early as the first
week after symptom onset in some patients. IgM and IgG antibody titers continued to
increase in the T2 and T3 time points, with all of the patients showing S-specific and N-spe-
cific IgG positive in T2 and T3. IgM antibodies showed a sharp decline in the T4 time point
back to the level of healthy donors. In contrast, IgG antibodies remained at a relatively high
level by 3 months after hospital discharge, consistent with recent findings that S-specific IgG
antibodies declined but maintained a stable level for at least 8 months (22, 23). S-specific

TABLE 1 Demographics and characteristics of patients infected with SARS-CoV-2

Donor Age Gender
Days of
hospital stay

Days post
symptom onset

No. of
filtered reads

No. of
clonotypes

No. of unique
clonotypes

PtQ 59 Female 25 3 2,958,647 177,320 4,093,950
5 3,520,710 235,681

PtP 34 Male 17 5 3,461,811 231,672
14 3,604,579 284,486

PtF 33 Female 24 7 3,851,775 141,569
14 4,423,777 191,436
19 5,253,040 243,644
22 4,017,839 180,847

PtL 38 Female 10 10 3,001,974 105,857
12 3,064,636 126,992
108 3,756,174 245,183

PtZ 70 Male 16 10 3,245,689 139,437
19 3,385,858 244,927
108 4,586,379 300,163

PtG 67 Male 17 13 3,560,827 147,388
15 3,396,033 221,269
20 3,548,310 342,194

PtW 59 Female 21 16 4,235,101 301,947
21 3,263,512 165,967
24 4,446,688 345,782

PtK 51 Female 23 17 1,675,653 44,648
111 3,369,465 292,884

PtH 53 Male 23 15 3,090,228 171,743
PtS 68 Female 18 103 3,266,776 330,103
H1 58 Male / / 2,971,932 97,862 1,621,485
H2 28 Male / / 3,300,640 122,146
H3 32 Female / / 3,263,761 209,286
H4 28 Male / / 3,618,997 144,998

FIG 1 Legend (Continued)
and IgA antibody ELISA titers of 24 blood samples from 10 COVID-19 patients. T1 (week 1), 1-7 days after symptom onset (n = 4); T2 (week 2), 8–
14 days after symptom onset (n = 6); T3 (week 3), 15–24 days after symptom onset (n = 10), in which all patients were SARS-CoV-2 negative; T4,
103-111 days after symptom onset (n = 4). Plasma samples from healthy individuals (H) were used for comparison (n = 4). P values were
calculated by t test; *, P , 0.05; **, P , 0.01; ***, P , 0.001. (C) Vertex Gini index plotted against cluster Gini index for 24 COVID-19 patient
samples and 4 healthy individual samples. (D) Vertex Gini index and cluster Gini index of global IgH repertoires in different phases. (E–F)
Treemap for top 10,000 IgH clones in a representative healthy donor (H1) and a representative COVID-19 patient (PtL) on day 10, day 12, and
day 108 after symptom onset. For treemap, each rectangle represents a unique V-J-CDR3 sequence. The size of each rectangle reflects the
relative proportion of a unique V-J-CDR3 sequence in the treemap. The color of each rectangle was randomly assigned rather than matching to
each unique sequence. Each plot showed the top 10,000 most frequent V-J-CDR3 sequences of each IgH repertoire.
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IgA antibodies had a similar trend as S-specific IgM in T1–T3 and decreased about 50% by
the T4 time point (Fig. 1B).

To characterize the clonal signatures of different phases in the IgH repertoires of
COVID-19 patients and healthy individuals, we calculated the vertex Gini index and
cluster Gini index of IgH repertoires as previously described (12, 24). These two indices
measure the unevenness of clone and cluster size distribution in the IGH repertoire
and reflect the clonal expansion and diversification of B cells (Fig. 1A). We found that
the two indexes of the COVID-19 patients in the infection course (T1–T3) and healthy
individuals (H) have a distinct distribution. At 3 months after recovery (T4), the index of
COVID-19 patients gradually approaches the index of healthy donors (Fig. 1C). The IgH
repertoires of COVID-19 patients showed increased clonal expansion and diversifica-
tion during the infection course (T1–T3), with a peak at T2 (Fig. 1D), demonstrating an
active B cell response during the second week after symptom onset. Three months af-
ter hospital discharge (T4), such clonal expansion and diversification showed a signifi-
cant decrease but was still higher than in uninfected healthy people, indicating that
the peripheral B cell response was en route to a quiescent state (Fig. 1D). Furthermore,
the increase of clonal expansion in the repertoires is mostly due to the expansion of
naive IgM1 B cells. In contrast, the elevated clonal diversification is mainly due to the
diversity of IgG1 B cells (Fig. 2A and B).

We used treemaps to illustrate the IgH clonal distribution in the repertoire of COVID-19
patients as reported previously in analyzing a Zika virus-infected patient (17). The IgH reper-
toires of all four healthy donors comprised evenly distributed and no dominant antibody
clones, demonstrating that the B cell repertoires are in a relative steady-state equilibrium
(Fig. 1E; Fig. 2C). In contrast, the IgH repertoires showed a skewed distribution with increased
large or dominant clones in all COVID-19 patients after symptom onset (Fig. 1F; Fig. 2C).
Furthermore, these large or dominant IgH clones can be observed in samples collected as
early as 7 days after symptom onset, suggesting a rapid activation and clonal expansion of
activated B cells. Notably, most large or dominant clones disappeared in T4 (3 months after
hospital discharge), indicating that the activated B cells have retreated from their clonal
expansion, as the viruses have been cleared from the body and the patients recovered from
the disease (Fig. 2C). Therefore, the B cells showed a rapid increase of clonal expansion and
clonal diversification in responding to SARS-CoV-2 infection.

IgH repertoires showed a significant isotype switching from IgM to IgG and a
transient increase of IgA after SARS-CoV-2 infection.We next investigated the patterns
of antibody isotype distribution in COVID-19 patients. IgM is abundantly expressed, nearly
;60% in the antibody repertoires of healthy donors (Fig. 3A). In response to SARS-CoV-2
infection, IgG transcripts steadily increased over time, whereas IgM decreased throughout
T1–T3 but regained in T4 (Fig. 3A). Notably, there was a transient increase of IgA transcripts
in the first week post symptom onset (T1), but decreased subsequently. The relative IgG
and IgA abundance coincided with a reduction of relative IgM abundance, indicating that
the naive B cells undergo isotype switching and clonal expansion of switched IgG and IgA
repertoires (Fig. 3A).

To further characterize the isotype switching or class-switching recombination (CSR) pro-
file in COVID-19 patients, we assessed the progression of CSR between any two Ig isotypes
by quantifying the frequency of unique clonotypes shared by two isotypes (Fig. 1A). Based
on the order of the IgH constant region loci on the chromosome, isotype switches are irre-
versible and must proceed from upstream isotypes of IGHM to downstream isotypes, IGHG,
IGHA, and IGHE, while the variable VDJ gene remains the same in this progress (Fig. 3B). We
devised an algorithm that counts switches between isotypes and calculates the relative fre-
quency of switching between every pair of isotypes (Fig. 1A). We first determined a baseline
using the frequency of CSR events in healthy individuals (Fig. 3C). In healthy donors, IgM has
a low level of direct switch to IgG1/IgG2 or IgA1/IgA2. Indirect switching (also referred to as
sequential switching) pathways from IgG3 to downstream isotypes (IgG1/IgG2, IgA1/IgA2) is
rare (Fig. 3C). CSR event differences between isotypes usually corresponded to the dynamic
changes in isotype proportion (Fig. 3A, C, and D). Compared with healthy donors, the repre-
sentation of IgA1 and IgA2 transcripts dramatically increased. Because the sequencing result
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FIG 2 B cell clonal expansion and differentiation detailed to global IgH repertoires and different isotypes. (A–B) Vertex Gini index and cluster Gini index of
each isotype in different phases. P values were calculated by t test; *, P , 0.05; **, P , 0.01; ***, P , 0.001. (C) Treemaps for all IgH repertoires sequenced
in this study. Treemaps for healthy individuals and COVID-19 patients with different sampling time points. Each rectangle represents a unique V-J-CDR3
sequence. The size of each rectangle reflects the relative proportion of a unique V-J-CDR3 sequence in treemap. The color of each rectangle was randomly
assigned rather than matching to each unique sequence. Each plot shows the top 10,000 most frequent V-J-CDR3 sequences of each IgH repertoire.
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FIG 3 SARS-CoV-2 infection altered isotype proportions and class switching patterns. (A) Proportion of each isotype in different phases of SARS-CoV-2
infection and healthy donors. (B) IgH chain consists of variable region (V, D, J genes) and constant region (C genes). Different Ig subclasses are

(Continued on next page)
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could not distinguish IgA1 and IgA2 transcripts, we used IgA1/IgA2 to represent total IgA,
although the switch regions of IgA1 and IgA2 are located upstream and downstream of
IgG2, respectively. The switching from IgG3 to IgA1/IgA2 was significantly enhanced in T1
following infection. In parallel with the observation of elevated IgG transcripts, we found a
continuous increase of switches from IgM to IgG1/IgG2 or from IgA1 to IgG2. Notably, the
switch from IgA1 to IgG2 was still active in T4, indicating that antibodies continue to have
isotype switching even 3 months after acute infection (Fig. 3C and D). Therefore, this system-
atic analysis of CSR events in COVID-19 patients illustrates disease-specific isotype profiles,
revealing a transient increase of IgA transcripts and a steady increase of IgG transcripts in
the repertoires.

Naïve B cells were expanded with low SHM in response to SARS-CoV-2 infection.
SHM introduces point mutations in the antibody variable region that encodes the antigen-
binding sites, thus promoting affinity maturation. In healthy donors, IgM is usually expressed
by naive B cells with low SHM, whereas the switched isotype IgG or IgA showed higher SHM
(IgM: 2.83 6 0.23%, IgG: 7.24 6 0.07%, IgA: 8.37 6 0.23%). Interestingly, COVID-19 patients
exhibited significantly lower SHM than healthy individuals (Fig. 4A). The mean SHM of IgM
transcripts increased in T1 and T2, then the mean SHM dropped in T3 and recovered to nor-
mal level at T4 (Fig. 4A). The mean SHM of total IgG transcripts was unchanged in T1, but
became significantly lower in T2 and T3, and then recovered to the average level at T4. The
mean SHM of total IgA transcripts also dropped in T2 and T3 time points, and recovered to
the normal level at the T4 time point (Fig. 4A). We used a Ridgeline plot to visualize the dis-
tribution of IgH transcripts with different SHM. It revealed a remarkable skewing of the
SHMs distribution triggered by SARS-CoV-2 infection, with distinct dynamic patterns across
different isotypes (Fig. 4B). Bursts of IgG clones with low SHM in T2 and T3 were observed,
indicating SARS-CoV-2-specific IgG clones derived from naive B cells were expanded in T2
and T3. Although to a lesser extent, IgA clones showed a trend similar to IgG (Fig. 4B).

We next defined the low-SHM clones with ,2% as a cutoff. The proportion of IgG
and IgA low-SHM clones steadily increased during T1 to T3 (Fig. 4C). Notably, the low-SHM
IgG expressing B cells increased rapidly over time, from 10.676 3.30% in T1 to 32.556 6.35%
in T2 and 45.176 3.15% in T3 (Fig. 4C). Furthermore, we found a strong correlation between
the proportion of low-SHM IgG sequences and the antibody titers of S-IgG and N-IgG (Fig. 5A
and B). Overall, the skew toward low SHM in COVID-19 patients indicates that SARS-CoV-2
infection massively recruited naive B cells. We next compiled a list of SARS-CoV-2-targeted
MAbs from the literature and found that the mean SHM of 717 SARS-CoV-2-targeted antibod-
ies is only 2.64% (Fig. 5C). Similarly, most published MAbs targeting other acute infections
(such as SARS-CoV, Ebola virus, and Zika virus) also carried limited SHMs, with mean SHMs
ranging from 3.42% to 7.46%. However, most MAbs identified from chronic HIV infection have
a significantly higher level of SHM than MAbs against acute infections (Fig. 5C). Collectively,
the activation of the SARS-CoV-2-specific antibody response is generated rapidly without
extensive somatic mutations.

SARS-CoV-2 infection induced a poly-germ line antibody response and a preferential
usage of IGHJ6, leading to increased HCDR3 length. To discover potential germ line genes
associated with the response to SARS-CoV-2 infection, we first compared the frequency of
IGHV genes between healthy individuals and COVID-19 patients. Consistent with previous
studies (25), there is a natural frequency of IGHV gene usage in healthy people (Fig. 6A).
During SARS-CoV-2 infection, the usage of several IGHV genes was significantly enriched in
COVID-19 samples, including IGHV3-9, IGHV3-30, IGHV3-43, and IGHV4-31 (Fig. 6A). Consistent
with the germ line gene frequency of reported SARS-CoV-2–reactive MAbs, IGHV3-30 was
most frequently found in the IgH repertoire, especially in T2 (Fig. 6A and 5D). In fact, the

FIG 3 Legend (Continued)
encoded by corresponding C genes. CSR happens in constant region with specific C gene segments looping out. (C) CSR patterns for COVID-19 patients in
each disease phase. Each circle represents an Ig subclass; the size of circle reflects the relative percentage of each Ig subclass in all class-switched sequences;
arrow represents the direction of class switching; the thickness of arrow is determined by the proportion of class-switched sequences in all sequences of an Ig
subclass; and colors of arrows indicate that the proportion is significantly higher (red), significantly lower (blue), or not significantly changed (black) compared to
healthy individuals. (D) Proportion of class-switched antibodies. Bars represent the proportion of class-switched antibody occupying in upstream isotype. P value
was calculated by t test; *, P , 0.05; **, P , 0.01; ***, P , 0.001. P , 0.05 was used to determine the significance for class switching.
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IGHV3-30 germ line gene is commonly enlisted during different viral infections, including
SARS-CoV, Ebola virus, Zika virus, and HIV-1 (13, 14, 17, 25–69). Certain IGHV germ line genes
appeared to be preferentially used in response to a given virus (Fig. 5D). Notably, we found
a preferential usage of IGHJ6 in the repertoires of T2, T3, and T4 (Fig. 6B). Analysis of pub-
lished literatures revealed that IGHJ6 is also preferentially used in neutralizing antibodies for
the Ebola virus and HIV-1 (Fig. 5E).

To provide a more detailed landscape of germ line gene expression, we further deter-
mined the IGHV/IGHJ-combination usage. The IGHV/IGHJ-combination usage showed a sig-
nificantly different landscape in COVID-19 patients compared to healthy donors (Fig. 6C and
D). A total of 32 unique IGHV/IGHJ combinations were found to have significantly higher
expression in COIVD-19 patients than in healthy donors (Fig. 6D). Among these 32 increased

FIG 4 Analysis of somatic hypermutation (SHM) rates in IgH repertoires. (A) Mean SHM rates of IgH
repertoire for each isotype were compared among different disease phases. (B) Density distribution of
SHM rates for each isotype in different disease phases. Height of peak indicates frequency for a given
SHM rate. The vertical red-dotted lines represent median SHM rate. (C) Proportion of low-SHM (, 2%)
clones for each isotype in different phases. P values were calculated by t test; *, P , 0.05; **, P , 0.01;
***, P , 0.001.
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FIG 5 SHM rates and germ line gene usage. (A–B) Correlation between proportion of low-SHM antibody (SHM rate , 2%) and ELISA titer for IgM, IgG, and IgA binding
to SARS-CoV-2 spike protein (A) and SARS-CoV-2 nucleocapsid protein (B). (C) Somatic hypermutation rates of specific MAbs for SARS-CoV-2, SARS-CoV, Ebola virus, Zika
virus, and HIV were compared. (D–E) IGHV gene usage (D) and IGHJ gene usage (E) of specific MAbs for SARS-CoV-2, SARS-CoV, Ebola virus, Zika virus, and HIV were
compared. Dashed lines represent the gene usage of VH and JH in healthy individuals. P values were calculated by t test; *, P , 0.05; **, P , 0.01; ***, P , 0.001.
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FIG 6 Analysis of global frequencies of IGHV/IGHJ gene usage in the IgH repertoires. (A) Global frequencies of IGHV gene usage in healthy
donors and different phases of SARS-CoV-2 infection in COVID-19 patients. IGHV genes are ordered by the frequencies of healthy individuals.

(Continued on next page)
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IGHV/IGHJ combinations, the usage of IGHV1-18/IGHJ6, IGHV1-46/IGHJ6, IGHV3-7/IGHJ6,
IGHV3-21/IGHJ6, IGHV3-30/IGHJ6, IGHV3-33/IGHJ6, IGHV3-48/IGHJ6, IGHV3-74/IGHJ6, and
IGHV4-39/IGHJ5 increased in at least two time points (Fig. 6D). Intriguingly, these increased
IGHV/IGHJ combinations commonly involve the IGHJ6 germ line gene. In fact, 17 of 44 IGHV
genes combined with IGHJ6 showed elevated usage in at least one time point, suggesting
that the IGHJ6 gene was dramatically engaged by SARS-CoV-2 infection. Overall, a subset of
germ line genes was preferentially enlisted during SARS-CoV-2 infection.

Given that IGHJ6 has 3 to 5 more amino acids than the other five IGHJ genes (Fig. 7A), it is
likely that the increased usage of IGHJ6 contributes to a longer HCDR3 length. Indeed, we
found that the mean HCDR3 length in COVID-19 patients increased dramatically during the
second week after symptom onset, but decreased at 3 months after recovery (Fig. 7B and C).
Notably, the HCDR3 length of the IgG antibodies increased by 2 to 3 amino acids at the T2
and T3 time points following SARS-CoV-2 infection. The HCDR3 length of the IgM and IgA also
had a slight increase at the T2 and T3 time points (Fig. 7B). Therefore, the selective usage of
the IGHJ6 may contribute to the increased HCDR3 length in IgG repertoires during the T2 and
T3 time points. At the T4 time point, the usage of IGHJ6 and the length of HCDR3 returned to
nearly the same level as the uninfected healthy people (Fig. 6C and D; Fig. 7C).

Convergent SARS-CoV-2-specific antibodies are commonly present among COVID-19
patients. To investigate the potential convergent antibody response elicited by SARS-CoV-2
infection, we performed a shared cluster analysis. Here, we defined an antibody cluster by
the HCDR3 amino acid sequence identity of at least 80% with the same inferred IGHV and
IGHJ genes, and a public cluster that was shared among at least three COVID-19 patients. A
total of 3,447 shared clusters were identified from 10 COVID-19 donors (Fig. 8A). Among
them, 2,829 (82.07%) shared clusters were also found in healthy donors, suggesting the
high prevalence of shared antibodies among human naive B cell repertoires.

To verify whether these shared clusters are SARS-CoV-2–reactive, we first performed a
sequence comparison of 774 published SARS-CoV-2-specific MAbs with our IgH repertoires.
One hundred sixty-eight published MAbs were found to have similar IgH sequences with
the same IGHV genes and at least 80% HCDR3 amino acid sequence identity in our repertoires
(Fig. 9). Among these MAbs, 61 antibodies can neutralize SARS-CoV-2 (Fig. 8B). Notably, the
exact same HCDR3 of 23 reported MAbs, which were derived from 8 IGHV genes, could be
identified in our repertoires. This observation indicated the convergent evolution of SARS-
CoV-2-specific antibodies in the cohorts (Fig. 10). Among these 61 neutralizing MAbs, 40 can
be matched to 13 shared clusters, which are highly similar to published neutralizing MAbs,
including CC12.1, CC12.3, C102, REGN10977, and 4A8 (5, 6, 70, 71) (Fig. 8B and C; Table S1).
Four of 13 shared clusters were derived from the IGHV3-30 germ line gene, and 3 of 13 shared
clusters were derived from the IGHV3-53 germ line gene (Fig. 8C). Interestingly, 8 of 13 shared
clusters were also present in healthy people's repertoires but at a much lower level of abun-
dance (Fig. 8D). The dynamic of these 13 SARS-CoV-2-specific shared clusters echoes the dy-
namics of serum titers, isotype proportion, and CSR events. Some of them appeared in the sec-
ond week after symptom onset, but most peaked in the third week after symptom onset (T3).
Notably, although the overall abundance decreased, 9 of them were still present 3 months af-
ter recovery, demonstrating the persistence of SARS-CoV-2–responsive B cells in the peripheral
blood (Fig. 8D).

DISCUSSION

Understanding the human antibody response to SARS-CoV-2 infection has great impli-
cations for managing the COVID-19 pandemic. Mining the antibody repertoire provides a
valuable perspective on how the antibodies respond to viral infection and gives insights

FIG 6 Legend (Continued)
(B) Frequencies of IGHJ gene usage in healthy donors and different phases of SARS-CoV-2 infection in COVID-19 patients. IGHJ genes are
ordered by the frequencies of healthy individuals. * in both (A) and (B) indicates significant change (P , 0.05) in gene usage frequency. (C)
Frequencies of IGHV/IGHJ gene combination usage in healthy donors and different disease phases of COVID-19 patients. (D) Significant
changes of IGHV/IGHJ gene combination usage compared with healthy individuals. White indicates no significant changes. Light and deep red
indicate significantly higher, with P value lower than 0.05 and 0.005, respectively. Light and deep blue indicate significantly lower, with P value lower
than 0.05 and 0.005 respectively. P values were calculated by t test.

Zhang et al. Journal of Virology

February 2022 Volume 96 Issue 4 e01600-21 jvi.asm.org 12

https://jvi.asm.org


into vaccine design and evaluation. Our study provides a global visualization of the anti-
body landscape in COVID-19 patients. First, patients with COVID-19 showed a transient IgA
increase and steady IgG activation in antibody transcripts and serological titers. Second, a
holistic view of the kinetics of antibody response showed a rapid clonal expansion and dif-
ferentiation in the first 3 weeks after symptom onset, characterized by dominant clones
and low diversity. Our results revealed that the proliferating or transcriptionally activated B
cells were mainly from the naive B cell population instead of the antigen-experienced part,
as evidenced by the sharply increased proportion of low-SHM IgH sequences upon SARS-
CoV-2 infection. Third, a convergent antibody response that engaged multiple clonotypes
was found in COVID-19 patients. The major shared clusters with convergent IGHV usages
were clones identified by matching reported receptor-binding domain- (RBD)-targeted

FIG 7 Analysis of HCDR3 length in IgH repertoires. (A) Amino acid sequences of six HJ germ line
genes. (B) Mean HCDR3 length of IgH repertoire for each isotype were compared among different
disease phases. (C) Count distribution of HCDR3 length for each isotype in different disease phases.
The vertical red-dotted line represents mean HCDR3 length. P values were calculated by t test; *,
P , 0.05; **, P , 0.01; ***, P , 0.001.
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FIG 8 Identification of shared clonotype clusters among COVID-19 patients. (A) The number of shared clusters in COVID-19 patients or in both COVID-19
patients and healthy individuals. (B) Points represent clonotypes from repertoires of COVID-19 patients that are more than 80% similar to known

(Continued on next page)
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MAbs with no or low SHM. These clonotypes flourished during acute infection, and most
of them were still detectable 3 months after discharge from hospitalization. Some clono-
types could also be found in healthy donors, suggesting that precoded antibodies are
poised for rapid response to SARS-CoV-2 infection in some people, which may help them
confer better early defense.

Analysis of antibody repertoires of COVID-19 patients revealed a burst of IgG and IgA
clones with low SHM in T2 and T3, indicating SARS-CoV-2-specific IgG and IgA clones
derived from naive B cells in these time points. This finding is in line with our analysis that
the mean SHM rate of 774 published SARS-CoV-2-targeted antibodies is only 2.64%. This
appears to be the lowest SHM rate among all of the other antibodies targeting other acute
infections. The published MAbs against other infections such as SARS-CoV, Ebola virus, and
Zika virus also have limited SHM, with a mean SHM ranging from 3.42% to 7.46%. In con-
trast, most antibodies induced by chronic HIV infection have a significantly higher level of
mean SHM (14.53%) than antibodies against acute infections (Fig. 5C). Collectively, the acti-
vation of the SARS-CoV-2-specific antibody response is generated rapidly without extensive
somatic mutations.

The global immunoglobulin CSR events in the repertoires could be visualized at the
transcriptomic level. Other investigators and we have observed early and extensive
CSR to IgA with no or low SHM in the first week after infection, highlighting the effect
of IgA antibodies in the respiratory mucosa to combat virus infection (7, 21). Of note,
IGHA switching to IGHG1/IGHG2 events persisted for 3 months after virus clearance. A
recent report also showed that IgM and IgG antibody titers against the spike protein
decreased over time while IgA was less affected 6 months after infection (72). Thus, IgA
antibodies may provide an important protection mechanism against SARS-CoV-2 in
the respiratory tract.

Preferential germ line gene usages were observed in the antibody repertoires of
Zika virus-infected patients, H7N9 avian influenza-infected patients, and rVSV-ZEBOV immu-
nized individuals (15, 25, 73). We found a preferential usage of IGHV3-9, IGHV3-30, IGHV3-43,
IGHV4-31, and IGHJ6 germ line genes in COVID-19 patients. Furthermore, 17 IGHV genes
combined with IGHJ6 increased in COVID-19 samples, highlighting the critical role of IGHJ6
in the SARS-COV-2-elicited antibody responses. This observation coincided with a recent
study showing a salient preference for IGHV3 genes rearranged with IGHJ6 in COVID-19 rep-
ertoires (74). These germ line genes were also frequently seen in SARS-CoV-2-specific MAbs
(3). Unveiling the structural mechanism of these IGHJ6-preferred antibodies binding to spike
protein may guide the vaccine design. Vaccines aimed at eliciting a specific subset of anti-
bodies may offer rapid and effective protection.

Previous studies have found the induction of shared antibodies in some virus infections,
such as EBOV, HIV-1, influenza, and dengue virus (15, 75–77). Recent studies also found
shared clusters in COVID-19 patients (21, 78, 79). However, it is not clear whether these
shared clusters are specifically elicited by SARS-CoV-2 infection. If they are specific, it also
remains to be elucidated how long these specific shared clusters will last and how their
expression levels change over time. This study identified 13 shared clusters that were highly
relevant with known neutralizing antibodies isolated from COVID-19 patients. Recent reports
showed that IGHV3-53 and IGHV3-30 encode convergent antibodies targeting the RBD of
spike protein (5, 72, 80–82). These results supported that SARS-CoV-2 induced convergent
antibody response across different patients, which can be identified by querying antibody
sequencing repertoires. Furthermore, we tracked the dynamic of the shared SARS-CoV-2-
specific clusters and their changes over time. The shared SARS-CoV-2-specific clusters
increased at 2–3 weeks after symptom onset, suggesting they take part in the initial infec-
tion control. Notably, a significant number of shared SARS-CoV-2-responsive clusters were

FIG 8 Legend (Continued)
neutralizing antibodies in HCDR3 amino acid sequences. Size of point indicates the number of patients that share the given antibody. (C) Sequence logos
for HCDR3 amino acid sequences of the 13 shared clusters that all contain known neutralizing antibody sequences. Height of letter reflects conservation of
that locus. (D) Distribution of all clonotypes of 13 shared clusters in healthy state and different phases of SARS-CoV-2 infection. Color of point is assigned
by individuals. Size of point indicates the extent to which that clonotype has expanded.

Analysis of Antibody Repertoires in COVID-19 Patients Journal of Virology

February 2022 Volume 96 Issue 4 e01600-21 jvi.asm.org 15

https://jvi.asm.org


still present in the antibody repertoire at 3 months after patients were virus-free. Although
this finding supports the view that SARS-CoV-2 infection induces the generation of long-
lived plasma cells or memory B cells at the antibody repertoire level, it remains unknown if
the magnitude of these B populations effectively prevents secondary infections. One limita-
tion of this analysis is that only four patients were followed up to 3 months. The dynamic of
antibody responses induced by SARS-CoV-2 infection requires more systematic and in-depth
research on a larger cohort over a longer period. Antibodies identified from these shared

FIG 9 Searching similar IgH sequences in the repertoires for the known SARS-CoV-2-specific antibody sequences. Number of donors
(size of points) with antibody heavy chain sequences with same V gene, same J gene, same HCDR3 length, and HCDR3 identity (x
axis) of at least 80% to a set of known SARS-Cov-2-specific antibodies (y axis).
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FIG 10 Characterization of antibodies exactly matched with 23 known SARS-CoV-2-specific antibodies.
IgH profile of 23 reported SARS-CoV-2-specific antibodies with identical HCDR3 amino acids sequences
in the cohorts.
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spike-specific clusters possess binding and neutralizing activities, as demonstrated in our
recent report that synthesized a repertoire-deduced IGHV3-53-encoded heavy chain paired
with a common IGKV1-9 light chain were successfully expressed in transfected HEK293 cells
and showed RBD binding and virus-neutralizing activities (82).

Another interesting finding is that 8 shared SARS-CoV-2-specific clusters were found at a
low level of abundance in the repertoires of several healthy individuals. Our finding coincided
with a report that SARS-CoV-2-specific B cells can be identified among healthy individuals and
cancer patients without prior SARS-CoV-2 exposure (78, 83). These findings highlight the exis-
tence of antibody precursor sequences targeting SARS-CoV-2 in human antibody repertoires.
Certain germ line genes are preferentially enlisted to generate convergent SARS-CoV-2-specific
antibodies in different people. These rapidly generated antibodies are characterized by no or
minimal SHM, likely without the need to undergo affinity maturation process in the germinal
center. Therefore, we propose that the human antibody repertoire is poised to prompt rapid
responses to infections of SARS-CoV-2 and likely some other pathogens.

MATERIALS ANDMETHODS
Serum binding assay. The 96-well plates were coated with SARS-CoV-2 Spike (S) protein (Sino biological)

at 1mg/mL in DPBS overnight, and then blocked with 5% nonfat milk. Serum samples were used with a 2-fold
serial dilution starting at 1:50 in 1� PBS, and 100 mL of each sample was applied to coated ELISA plates and
incubated for 2 h at 37°C. Plates were then washed, and each well was incubated in 100 mL with HRP-labeled
antihuman IgM (Sigma-Aldrich, MI, USA), IgG (Beyotime), or IgA (Abcam), diluted to 1:2,000, 1:5,000, and
1:8,000 in 5% nonfat milk in 1� PBS at 37°C for 1 h. Following extensive washing, plates were developed with
TMB/E substrate (Merck Millipore, MA, USA) at room temperature for 15 min. Finally, the reaction was stopped
with 1 M H2SO4, and the optical density values at 450 nm were read. Negative serum control was run each
time the assay was performed. The cutoff value for seropositive samples was set as the mean value at OD450
for the five negative serum samples plus three standard deviations.

IgH library preparation. This study was approved by the Ethics Committee of Guangzhou Eighth
People's Hospital (202012145). PBMCs were isolated from blood samples, and total RNA was extracted
using TRIzol LS reagent according to the manufacturer's protocol (Life Technologies). ARMS-PCR using
multiplex primers (iRepertoire, Inc, Huntsville, AL, USA) was performed to amplify the IgH repertoire
sequences as described previously (18). Briefly, multiplex primers covering the human IGHV genes (for-
ward primers) and constant region primers (reverse primers) were designed. The forward primers Fi (for-
ward-in) and reverse primers Ri (reverse-in) also included Illumina paired-end sequencing communal pri-
mers B and A, respectively (Illumina, San Diego, CA, USA). Unique barcodes introduced in the first round
by the constant region primers were used to distinguish the samples.

Sequencing and barcode filtering. After gel purification using a QIAquick gel extraction kit (Cat.
No. 28704; Qiagen), the product was pooled and sequenced on Illumina NovaSeq 6000 with paired-end
250 bp read mode (Novogene, China). Raw sequencing results were filtered for base quality (39 ends of read
sequences with quality scores over 20 were retained) using Trimmomatic v0.36 (84). After filtering, the paired-
end reads were separated based on the unique barcodes at the 59 end of the reads. The separated reads were
merged using FLASH v1.2.11 (85) if their overlapping regions were more than 30 bp. Finally, the whole-length
antibody sequences with 300 bp–470 bp were annotated within the V(D)J germ line genes using MIXCR v3.0.3
(86), and the reference V(D)J sequences were downloaded from the IMGT database (http://www.imgt.org/).

Clonotype analysis. Clustering highly similar antibody sequences is an effective way to mitigate
PCR and sequencing errors (87). Therefore, we defined antibody clonotype by the same V gene, the
same J gene, the same HCDR3 length, and identical HCDR3 amino acid sequences. The reads in each
unique clonotype were considered as the clonotype size. Clonotypes containing only one read were
considered to result from sequencing bias and were removed before the subsequent analysis. In addi-
tion, clonotype size was normalized to the number of reads for a clonotype per 10,000 reads in each IgH
repertoire to modify the bias of sequencing depth between different samples.

Isotype frequencies, somatic hypermutation, HCDR3 length, and IGHV/IGHJ gene usage. We
calculated isotype usage, mean somatic hypermutation, HCDR3 length, and IGHV/IGHJ gene usage by
normalized clonotypes to mitigate the potential sequencing biases from differential RNA per cell.

Clonal index analysis. The clonal index analysis was performed as described by Bashford-Rogers et
al. (24). Clonal expansion index was calculated with all of the clones ordered by the number of reads in each
clone, and a clonal diversification index was calculated with all clusters ordered by the number of unique
clonotypes in each cluster. In addition, the index of specific cell types or isotypes was calculated within the
subsets of B cells.

The equation for calculating the clonal index is

Clonal index ¼
XN

i¼1

ri2 i=N
� �� �

N

where ri is any object of R = {r1, r2, . . ., rn}, a set of the accumulative size of clones or clusters ordered
from the largest to the smallest. N is the number of clones or clusters.
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CSR events analysis. A B cell encoding a unique clonotype that exists in more than one isotype is
reckoned to have undergone CSR from the upstream isotype to the downstream isotype along the C
gene order in the Ig heavy chain. Therefore, for each isotype, there is a certain number of defined class-
switched clonotypes that come from or flow to other isotypes at a certain time point. The frequency of
CSR between any two isotypes is calculated as the proportion of clonotypes they share in all class-
switched clonotypes of the upstream isotype. Here, we assume the CSR event is simply restricted to two
isotypes despite the indirect pathway. In other words, when some clonotypes are found in three isotypes
(IgX, IgY, IgZ, for example), the three possible modes of CSR event are equally considered mode (a), shown in
the class-switching recombination part of the antigen-driven antibody affinity maturation section (Fig. 1A).
Furthermore, the two subclasses of IgA (IgA1 and IgA2) and IgG (IgG1 and IgG2) are respectively grouped into
IgA and IgG1/IgG2 due to their undistinguishable sequencing segment as a primer.

Shared cluster analysis. To analyze shared clusters, the unique clonotype from 14 donors (10
COVID-19 patients and 4 healthy donors) was identified. Clonotypes with at least 5 reads were used for
further analysis, avoiding potential biases caused by sequencing. Here, we defined a cluster by the
HCDR3 amino acid sequence identity of at least 80% and the same inferred V and J genes. In addition, if
a cluster was shared among at least 3 COVID-19 patients, it was considered a shared cluster.

Comparison of IgH-Seq data to known SARS-CoV-2 neutralizing antibodies. A list of known
SARS-CoV-2 neutralizing antibodies was curated manually from the recent studies (3–6, 26, 70, 71, 80,
81, 88–93). Requirements for collecting sequences were (i) definitely inferred V gene and complete
HCDR3 sequences and (ii) the nucleotide sequence of the antibody heavy chain. The nucleotide
sequence was processed via MiXCR v3.0.3 (86). Highly similar clonotypes were amino acid sequence-
based at an 80% HCDR3 identity threshold, with the same inferred V(J) genes found in known SARS-
CoV-2 neutralizing antibodies.

Statistics. Statistical analysis was performed in R. To characterize changes among healthy individuals
(H) and COVID-19 patients in different infection periods (T1–T4), Student's t-test was performed as mentioned
in figure legends. To assess the correlation between the proportion of low-SHM antibody (SHM rate , 2%)
and ELISA titer for IgM, IgG, and IgA binding to SARS-CoV-2 spike protein and SARS-CoV-2 nucleocapsid pro-
tein, Pearson correlation analysis was performed, and linear models were fitted. In all of the bar plots, mean6
standard deviation was depicted. P values were considered to be significant when, 0.05.

Data availability. All raw IgH repertoire data used in this study have been deposited at the National
Genomics Data Center (https://bigd.big.ac.cn/) under accession number PRJCA007067.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.02 MB.

ACKNOWLEDGMENTS
We thank the patients and their families for participating in this study and donating

their blood for research. We thank Zhixia Li and Yichu Liu for their excellent technical
assistance.

This work was supported by the National Natural Science Foundation of China
(82041014, 32170941, and 82061138006), the Chinese Academy of Sciences Pilot
Strategic Science and Technology Projects (XDB29050701), the Zhongnanshan Medical
Foundation of Guangdong Province (ZNSA-2020001), and China Evergrande Group funding
for SARS-CoV-2 (2020GIRHHMS22).

L.C. and X.N. designed and initiated the project. L.C., F.H., X.N., and P.L. recruited the
patients. P.L., Z.C., R.H., Y.F., Y.J., H.Y., P.H., X.L., Q.W., Y.D., and H.L. conducted the experiments.
Q.Y., Y.Z., K.L., and Z.C. performed the bioinformatics analysis. L.C., X.N., L.Q., L.F., and Z.C.
analyzed the data, L.C., X.N., Y.Z., Q.Y., and K.L. wrote the manuscript, and L.C., X.N., and Q.Y.
revised and improved themanuscript.

We declare no conflict of interest.

REFERENCES
1. Guan WJ, Ni ZY, Hu Y, Liang WH, Ou CQ, He JX, Liu L, Shan H, Lei CL, Hui

DSC, Du B, Li LJ, Zeng G, Yuen KY, Chen RC, Tang CL, Wang T, Chen PY,
Xiang J, Li SY, Wang JL, Liang ZJ, Peng YX, Wei L, Liu Y, Hu YH, Peng P,
Wang JM, Liu JY, Chen Z, Li G, Zheng ZJ, Qiu SQ, Luo J, Ye CJ, Zhu SY,
Zhong NS, 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.

2. 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.

3. Sun B, Feng Y, Mo X, Zheng P, Wang Q, Li P, Peng P, Liu X, Chen Z, Huang
H, Zhang F, Luo W, Niu X, Hu P, Wang L, Peng H, Huang Z, Feng L, Li F, Zhang
F, Li F, Zhong N, Chen L. 2020. Kinetics of SARS-CoV-2 specific IgM and IgG
responses in COVID-19 patients. Emerg Microbes Infect 9:940–948. https://doi
.org/10.1080/22221751.2020.1762515.

4. Ju B, Zhang Q, Ge J, Wang R, Sun J, Ge X, Yu J, Shan S, Zhou B, Song S,
Tang X, Yu J, Lan J, Yuan J, Wang H, Zhao J, Zhang S, Wang Y, Shi X, Liu L,
Zhao J, Wang X, Zhang Z, Zhang L. 2020. Human neutralizing antibodies

Analysis of Antibody Repertoires in COVID-19 Patients Journal of Virology

February 2022 Volume 96 Issue 4 e01600-21 jvi.asm.org 19

https://bigd.big.ac.cn/
https://doi.org/10.1056/NEJMoa2002032
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1080/22221751.2020.1762515
https://doi.org/10.1080/22221751.2020.1762515
https://jvi.asm.org


elicited by SARS-CoV-2 infection. Nature 584:115–119. https://doi.org/10
.1038/s41586-020-2380-z.

5. Robbiani DF, Gaebler C, Muecksch F, Lorenzi JCC, Wang Z, Cho A, Agudelo M,
Barnes CO, Gazumyan A, Finkin S, Hagglof T, Oliveira TY, Viant C, Hurley A,
Hoffmann HH, Millard KG, Kost RG, Cipolla M, Gordon K, Bianchini F, Chen ST,
Ramos V, Patel R, Dizon J, Shimeliovich I, Mendoza P, Hartweger H, Nogueira L,
Pack M, Horowitz J, Schmidt F, Weisblum Y, Michailidis E, Ashbrook AW,
Waltari E, Pak JE, Huey-Tubman KE, Koranda N, Hoffman PR, West AP, Jr, Rice
CM, Hatziioannou T, Bjorkman PJ, Bieniasz PD, Caskey M, Nussenzweig MC.
2020. Convergent antibody responses to SARS-CoV-2 in convalescent individ-
uals. Nature 584:437–442. https://doi.org/10.1038/s41586-020-2456-9.

6. Chi X, Yan R, Zhang J, Zhang G, Zhang Y, Hao M, Zhang Z, Fan P, Dong Y,
Yang Y, Chen Z, Guo Y, Zhang J, Li Y, Song X, Chen Y, Xia L, Fu L, Hou L, Xu
J, Yu C, Li J, Zhou Q, Chen W. 2020. A neutralizing human antibody binds
to the N-terminal domain of the Spike protein of SARS-CoV-2. Science
369:650–655. https://doi.org/10.1126/science.abc6952.

7. Feng L, Wang Q, Shan C, Yang C, Feng Y, Wu J, Liu X, Zhou Y, Jiang R, Hu
P, Liu X, Zhang F, Li P, Niu X, Liu Y, Zheng X, Luo J, Sun J, Gu Y, Liu B, Xu Y,
Li C, Pan W, Zhao J, Ke C, Chen X, Xu T, Zhong N, Guan S, Yuan Z, Chen L.
2020. An adenovirus-vectored COVID-19 vaccine confers protection from
SARS-COV-2 challenge in rhesus macaques. Nat Commun 11:4207.
https://doi.org/10.1038/s41467-020-18077-5.

8. Nemazee D. 2017. Mechanisms of central tolerance for B cells. Nat Rev
Immunol 17:281–294. https://doi.org/10.1038/nri.2017.19.

9. Stavnezer J, Schrader CE. 2014. IgH chain class switch recombination: mecha-
nism and regulation. J Immunol 193:5370–5378. https://doi.org/10.4049/
jimmunol.1401849.

10. Pan-Hammarstrom Q, Zhao Y, Hammarstrom L. 2007. Class switch recom-
bination: a comparison between mouse and human. Adv Immunol 93:
1–61. https://doi.org/10.1016/S0065-2776(06)93001-6.

11. De Silva NS, Klein U. 2015. Dynamics of B cells in germinal centres. Nat
Rev Immunol 15:137–148. https://doi.org/10.1038/nri3804.

12. Bashford-Rogers RJM, Bergamaschi L, McKinney EF, Pombal DC, Mescia F,
Lee JC, Thomas DC, Flint SM, Kellam P, Jayne DRW, Lyons PA, Smith KGC.
2019. Analysis of the B cell receptor repertoire in six immune-mediated dis-
eases. Nature 574:122–126. https://doi.org/10.1038/s41586-019-1595-3.

13. Jia M, Liberatore RA, Guo Y, Chan KW, Pan R, Lu H, Waltari E, Mittler E,
Chandran K, Finzi A, Kaufmann DE, Seaman MS, Ho DD, Shapiro L, Sheng
Z, Kong XP, Bieniasz PD, Wu X. 2020. VSV-displayed HIV-1 envelope iden-
tifies broadly neutralizing antibodies class-switched to IgG and IgA. Cell
Host Microbe 27:963–975.e5. https://doi.org/10.1016/j.chom.2020.03.024.

14. Davis CW, Jackson KJL, McElroy AK, Halfmann P, Huang J, Chennareddy C,
Piper AE, Leung Y, Albarino CG, Crozier I, Ellebedy AH, Sidney J, Sette A,
Yu T, Nielsen SCA, Goff AJ, Spiropoulou CF, Saphire EO, Cavet G, Kawaoka
Y, Mehta AK, Glass PJ, Boyd SD, Ahmed R. 2019. Longitudinal analysis of
the human B cell Response to Ebola virus infection. Cell 177:1566–1582.e17.
https://doi.org/10.1016/j.cell.2019.04.036.

15. Ehrhardt SA, Zehner M, Krahling V, Cohen-Dvashi H, Kreer C, Elad N,
Gruell H, Ercanoglu MS, Schommers P, Gieselmann L, Eggeling R, Dahlke
C, Wolf T, Pfeifer N, Addo MM, Diskin R, Becker S, Klein F. 2019. Polyclonal
and convergent antibody response to Ebola virus vaccine rVSV-ZEBOV.
Nat Med 25:1589–1600. https://doi.org/10.1038/s41591-019-0602-4.

16. Wu X, Zhang Z, Schramm CA, Joyce MG, Kwon YD, Zhou T, Sheng Z,
Zhang B, O'Dell S, McKee K, Georgiev IS, Chuang GY, Longo NS, Lynch RM,
Saunders KO, Soto C, Srivatsan S, Yang Y, Bailer RT, Louder MK, Program NCS,
Mullikin JC, Connors M, Kwong PD, Mascola JR, Shapiro L. 2015. Maturation
and diversity of the VRC01-antibody lineage over 15 years of chronic HIV-1
infection. Cell 161:470–485. https://doi.org/10.1016/j.cell.2015.03.004.

17. Niu X, Yan Q, Yao Z, Zhang F, Qu L, Wang C, Wang C, Lei H, Chen C, Liang
R, Luo J, Wang Q, Zhao L, Zhang Y, Luo K, Wang L, Wu H, Liu T, Li P, Zheng
Z, Tan YJ, Feng L, Zhang Z, Han J, Zhang F, Chen L. 2020. Longitudinal
analysis of the antibody repertoire of a Zika virus-infected patient
revealed dynamic changes in antibody response. Emerg Microbes Infect
9:111–123. https://doi.org/10.1080/22221751.2019.1701953.

18. Niu X, Li S, Li P, Pan W, Wang Q, Feng Y, Mo X, Yan Q, Ye X, Luo J, Qu L,
Weber D, Byrne-Steele ML, Wang Z, Yu F, Li F, Myers RM, Lotze MT, Zhong
N, Han J, Chen L. 2020. Longitudinal analysis of T and B cell receptor repertoire
transcripts reveal dynamic immune response in COVID-19 patients. Front
Immunol 11:582010. https://doi.org/10.3389/fimmu.2020.582010.

19. Horns F, Dekker CL, Quake SR. 2020. Memory B cell activation, broad anti-
influenza antibodies, and bystander activation revealed by single-cell
transcriptomics. Cell Rep 30:905–913.e6. https://doi.org/10.1016/j.celrep
.2019.12.063.

20. Setliff I, Shiakolas AR, Pilewski KA, Murji AA, Mapengo RE, Janowska K,
Richardson S, Oosthuysen C, Raju N, Ronsard L, Kanekiyo M, Qin JS,
Kramer KJ, Greenplate AR, McDonnell WJ, Graham BS, Connors M,
Lingwood D, Acharya P, Morris L, Georgiev IS. 2019. High-throughput
mapping of B cell receptor sequences to antigen specificity. Cell 179:
1636–1646.e15. https://doi.org/10.1016/j.cell.2019.11.003.

21. Nielsen SCA, Yang F, Jackson KJL, Hoh RA, Roltgen K, Jean GH, Stevens
BA, Lee JY, Rustagi A, Rogers AJ, Powell AE, Hunter M, Najeeb J, Otrelo-
Cardoso AR, Yost KE, Daniel B, Nadeau KC, Chang HY, Satpathy AT, Jardetzky
TS, Kim PS, Wang TT, Pinsky BA, Blish CA, Boyd SD. 2020. Human B cell clonal
expansion and convergent antibody responses to SARS-CoV-2. Cell Host
Microbe 28:516–525.e5. https://doi.org/10.1016/j.chom.2020.09.002.

22. Roltgen K, Powell AE, Wirz OF, Stevens BA, Hogan CA, Najeeb J, Hunter M,
Wang H, Sahoo MK, Huang C, Yamamoto F, Manohar M, Manalac J,
Otrelo-Cardoso AR, Pham TD, Rustagi A, Rogers AJ, Shah NH, Blish CA,
Cochran JR, Jardetzky TS, Zehnder JL, Wang TT, Narasimhan B, Gombar S,
Tibshirani R, Nadeau KC, Kim PS, Pinsky BA, Boyd SD. 2020. Defining the
features and duration of antibody responses to SARS-CoV-2 infection
associated with disease severity and outcome. Sci Immunol 5:eabe0240.
https://doi.org/10.1126/sciimmunol.abe0240.

23. 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.
Immunological memory to SARS-CoV-2 assessed for up to 8 months after
infection. Science 371:eabf4063. https://doi.org/10.1126/science.abf4063.

24. Bashford-Rogers RJ, Palser AL, Huntly BJ, Rance R, Vassiliou GS, Follows
GA, Kellam P. 2013. Network properties derived from deep sequencing of
human B-cell receptor repertoires delineate B-cell populations. Genome
Res 23:1874–1884. https://doi.org/10.1101/gr.154815.113.

25. Stettler K, Beltramello M, Espinosa DA, Graham V, Cassotta A, Bianchi S,
Vanzetta F, Minola A, Jaconi S, Mele F, Foglierini M, Pedotti M, Simonelli L,
Dowall S, Atkinson B, Percivalle E, Simmons CP, Varani L, Blum J, Baldanti F,
Cameroni E, Hewson R, Harris E, Lanzavecchia A, Sallusto F, Corti D. 2016.
Specificity, cross-reactivity, and function of antibodies elicited by Zika virus
infection. Science 353:823–826. https://doi.org/10.1126/science.aaf8505.

26. Pinto D, Park YJ, Beltramello M, Walls AC, Tortorici MA, Bianchi S, Jaconi S,
Culap K, Zatta F, De Marco A, Peter A, Guarino B, Spreafico R, Cameroni E,
Case JB, Chen RE, Havenar-Daughton C, Snell G, Telenti A, Virgin HW,
Lanzavecchia A, Diamond MS, Fink K, Veesler D, Corti D. 2020. Cross-neu-
tralization of SARS-CoV-2 by a human monoclonal SARS-CoV antibody.
Nature 583:290–295. https://doi.org/10.1038/s41586-020-2349-y.

27. van den Brink EN, Ter Meulen J, Cox F, Jongeneelen MA, Thijsse A, Throsby M,
Marissen WE, Rood PM, Bakker AB, Gelderblom HR, Martina BE, Osterhaus AD,
Preiser W, Doerr HW, de Kruif J, Goudsmit J. 2005. Molecular and biological
characterization of human monoclonal antibodies binding to the spike and
nucleocapsid proteins of severe acute respiratory syndrome coronavirus. J
Virol 79:1635–1644. https://doi.org/10.1128/JVI.79.3.1635-1644.2005.

28. ter Meulen J, van den Brink EN, Poon LL, Marissen WE, Leung CS, Cox F,
Cheung CY, Bakker AQ, Bogaards JA, van Deventer E, Preiser W, Doerr HW,
Chow VT, de Kruif J, Peiris JS, Goudsmit J. 2006. Human monoclonal antibody
combination against SARS coronavirus: synergy and coverage of escape
mutants. PLoSMed 3:e237. https://doi.org/10.1371/journal.pmed.0030237.

29. Coughlin M, Lou G, Martinez O, Masterman SK, Olsen OA, Moksa AA,
Farzan M, Babcook JS, Prabhakar BS. 2007. Generation and characteriza-
tion of human monoclonal neutralizing antibodies with distinct binding
and sequence features against SARS coronavirus using XenoMouse. Virol-
ogy 361:93–102. https://doi.org/10.1016/j.virol.2006.09.029.

30. Bornholdt ZA, Turner HL, Murin CD, Li W, Sok D, Souders CA, Piper AE,
Goff A, Shamblin JD, Wollen SE, Sprague TR, Fusco ML, Pommert KB, Cavacini
LA, Smith HL, Klempner M, Reimann KA, Krauland E, Gerngross TU, Wittrup
KD, Saphire EO, Burton DR, Glass PJ, Ward AB, Walker LM. 2016. Isolation of
potent neutralizing antibodies from a survivor of the 2014 Ebola virus out-
break. Science 351:1078–1083. https://doi.org/10.1126/science.aad5788.

31. Corti D, Misasi J, Mulangu S, Stanley DA, Kanekiyo M, Wollen S, Ploquin A,
Doria-Rose NA, Staupe RP, Bailey M, Shi W, Choe M, Marcus H, Thompson
EA, Cagigi A, Silacci C, Fernandez-Rodriguez B, Perez L, Sallusto F,
Vanzetta F, Agatic G, Cameroni E, Kisalu N, Gordon I, Ledgerwood JE,
Mascola JR, Graham BS, Muyembe-Tamfun JJ, Trefry JC, Lanzavecchia A,
Sullivan NJ. 2016. Protective monotherapy against lethal Ebola virus
infection by a potently neutralizing antibody. Science 351:1339–1342.
https://doi.org/10.1126/science.aad5224.

32. Flyak AI, Shen X, Murin CD, Turner HL, David JA, Fusco ML, Lampley R,
Kose N, Ilinykh PA, Kuzmina N, Branchizio A, King H, Brown L, Bryan C,
Davidson E, Doranz BJ, Slaughter JC, Sapparapu G, Klages C, Ksiazek TG,

Zhang et al. Journal of Virology

February 2022 Volume 96 Issue 4 e01600-21 jvi.asm.org 20

https://doi.org/10.1038/s41586-020-2380-z
https://doi.org/10.1038/s41586-020-2380-z
https://doi.org/10.1038/s41586-020-2456-9
https://doi.org/10.1126/science.abc6952
https://doi.org/10.1038/s41467-020-18077-5
https://doi.org/10.1038/nri.2017.19
https://doi.org/10.4049/jimmunol.1401849
https://doi.org/10.4049/jimmunol.1401849
https://doi.org/10.1016/S0065-2776(06)93001-6
https://doi.org/10.1038/nri3804
https://doi.org/10.1038/s41586-019-1595-3
https://doi.org/10.1016/j.chom.2020.03.024
https://doi.org/10.1016/j.cell.2019.04.036
https://doi.org/10.1038/s41591-019-0602-4
https://doi.org/10.1016/j.cell.2015.03.004
https://doi.org/10.1080/22221751.2019.1701953
https://doi.org/10.3389/fimmu.2020.582010
https://doi.org/10.1016/j.celrep.2019.12.063
https://doi.org/10.1016/j.celrep.2019.12.063
https://doi.org/10.1016/j.cell.2019.11.003
https://doi.org/10.1016/j.chom.2020.09.002
https://doi.org/10.1126/sciimmunol.abe0240
https://doi.org/10.1126/science.abf4063
https://doi.org/10.1101/gr.154815.113
https://doi.org/10.1126/science.aaf8505
https://doi.org/10.1038/s41586-020-2349-y
https://doi.org/10.1128/JVI.79.3.1635-1644.2005
https://doi.org/10.1371/journal.pmed.0030237
https://doi.org/10.1016/j.virol.2006.09.029
https://doi.org/10.1126/science.aad5788
https://doi.org/10.1126/science.aad5224
https://jvi.asm.org


Saphire EO, Ward AB, Bukreyev A, Crowe JE, Jr. 2016. Cross-reactive and
potent neutralizing antibody responses in human survivors of natural Ebolavi-
rus infection. Cell 164:392–405. https://doi.org/10.1016/j.cell.2015.12.022.

33. Rijal P, Elias SC, Machado SR, Xiao J, Schimanski L, O'Dowd V, Baker T,
Barry E, Mendelsohn SC, Cherry CJ, Jin J, Labbe GM, Donnellan FR,
Rampling T, Dowall S, Rayner E, Findlay-Wilson S, Carroll M, Guo J, Xu XN,
Huang KA, Takada A, Burgess G, McMillan D, Popplewell A, Lightwood DJ,
Draper SJ, Townsend AR. 2019. Therapeutic monoclonal antibodies for
Ebola virus infection derived from vaccinated humans. Cell Rep 27:
172–186.e7. https://doi.org/10.1016/j.celrep.2019.03.020.

34. Collins MH, Tu HA, Gimblet-Ochieng C, Liou GA, Jadi RS, Metz SW, Thomas A,
McElvany BD, Davidson E, Doranz BJ, Reyes Y, Bowman NM, Becker-Dreps S,
Bucardo F, Lazear HM, Diehl SA, de Silva AM. 2019. Human antibody response
to Zika targets type-specific quaternary structure epitopes. JCI Insight 4:
e124588. https://doi.org/10.1172/jci.insight.124588.

35. Bailey MJ, Duehr J, Dulin H, Broecker F, Brown JA, Arumemi FO, Bermudez
Gonzalez MC, Leyva-Grado VH, Evans MJ, Simon V, Lim JK, Krammer F, Hai
R, Palese P, Tan GS. 2018. Human antibodies targeting Zika virus NS1 pro-
vide protection against disease in a mouse model. Nat Commun 9:4560.
https://doi.org/10.1038/s41467-018-07008-0.

36. Dejnirattisai W, Wongwiwat W, Supasa S, Zhang X, Dai X, Rouvinski A,
Jumnainsong A, Edwards C, Quyen NTH, Duangchinda T, Grimes JM, Tsai
WY, Lai CY, Wang WK, Malasit P, Farrar J, Simmons CP, Zhou ZH, Rey FA,
Mongkolsapaya J, Screaton GR. 2015. A new class of highly potent, broadly
neutralizing antibodies isolated from viremic patients infectedwith dengue vi-
rus. Nat Immunol 16:170–177. https://doi.org/10.1038/ni.3058.

37. Robbiani DF, Bozzacco L, Keeffe JR, Khouri R, Olsen PC, Gazumyan A,
Schaefer-Babajew D, Avila-Rios S, Nogueira L, Patel R, Azzopardi SA, Uhl
LFK, SaeedM, Sevilla-Reyes EE, Agudelo M, Yao KH, Golijanin J, Gristick HB, Lee
YE, Hurley A, Caskey M, Pai J, Oliveira T, Wunder EA, Jr, Sacramento G, Nery N,
Jr, Orge C, Costa F, Reis MG, Thomas NM, Eisenreich T, Weinberger DM, de
Almeida ARP, West AP, Jr, Rice CM, Bjorkman PJ, Reyes-Teran G, Ko AI,
MacDonald MR, Nussenzweig MC. 2017. Recurrent potent human neutralizing
antibodies to Zika virus in Brazil and Mexico. Cell 169:597–609.e11. https://doi
.org/10.1016/j.cell.2017.04.024.

38. Sapparapu G, Fernandez E, Kose N, Bin C, Fox JM, Bombardi RG, Zhao H,
Nelson CA, Bryan AL, Barnes T, Davidson E, Mysorekar IU, Fremont DH,
Doranz BJ, Diamond MS, Crowe JE. 2016. Neutralizing human antibodies
prevent Zika virus replication and fetal disease in mice. Nature 540:
443–447. https://doi.org/10.1038/nature20564.

39. Wang Q, Yang H, Liu X, Dai L, Ma T, Qi J, Wong G, Peng R, Liu S, Li J, Li S,
Song J, Liu J, He J, Yuan H, Xiong Y, Liao Y, Li J, Yang J, Tong Z, Griffin BD,
Bi Y, Liang M, Xu X, Qin C, Cheng G, Zhang X, Wang P, Qiu X, Kobinger G,
Shi Y, Yan J, Gao GF. 2016. Molecular determinants of human neutralizing
antibodies isolated from a patient infected with Zika virus. Sci Transl Med
8:369ra179. https://doi.org/10.1126/scitranslmed.aai8336.

40. Wu Y, Li S, Du L, Wang C, Zou P, Hong B, Yuan M, Ren X, Tai W, Kong Y,
Zhou C, Lu L, Zhou X, Jiang S, Ying T. 2017. Neutralization of Zika virus by
germline-like human monoclonal antibodies targeting cryptic epitopes
on envelope domain III. Emerg Microbes Infect 6:e89. https://doi.org/10
.1038/emi.2017.79.

41. Bonsignori M, Zhou T, Sheng Z, Chen L, Gao F, Joyce MG, Ozorowski G,
Chuang G-Y, Schramm CA, Wiehe K, Alam SM, Bradley T, Gladden MA,
Hwang K-K, Iyengar S, Kumar A, Lu X, Luo K, Mangiapani MC, Parks RJ,
Song H, Acharya P, Bailer RT, Cao A, Druz A, Georgiev IS, Kwon YD, Louder
MK, Zhang B, Zheng A, Hill BJ, Kong R, Soto C, Mullikin JC, Douek DC,
Montefiori DC, Moody MA, Shaw GM, Hahn BH, Kelsoe G, Hraber PT,
Korber BT, Boyd SD, Fire AZ, Kepler TB, Shapiro L, Ward AB, Mascola JR,
Liao H-X, Kwong PD, Haynes BF. 2016. Maturation pathway from germline
to broad HIV-1 neutralizer of a CD4-mimic antibody. Cell 165:449–463.
https://doi.org/10.1016/j.cell.2016.02.022.

42. Cale EM, Gorman J, Radakovich NA, Crooks ET, Osawa K, Tong T, Li J,
Nagarajan R, Ozorowski G, Ambrozak DR, Asokan M, Bailer RT, Bennici AK,
Chen X, Doria-Rose NA, Druz A, Feng Y, Joyce MG, Louder MK, O'Dell S, Oliver
C, Pancera M, Connors M, Hope TJ, Kepler TB, Wyatt RT, Ward AB, Georgiev IS,
Kwong PD, Mascola JR, Binley JM. 2017. Virus-like particles identify an HIV
V1V2 apex-binding neutralizing antibody that lacks a protruding loop. Immu-
nity 46:777–791.e10. https://doi.org/10.1016/j.immuni.2017.04.011.

43. Corti D, Langedijk JP, Hinz A, Seaman MS, Vanzetta F, Fernandez-
Rodriguez BM, Silacci C, Pinna D, Jarrossay D, Balla-Jhagjhoorsingh S,
Willems B, Zekveld MJ, Dreja H, O'Sullivan E, Pade C, Orkin C, Jeffs SA,
Montefiori DC, Davis D, Weissenhorn W, McKnight A, Heeney JL, Sallusto
F, Sattentau QJ, Weiss RA, Lanzavecchia A. 2010. Analysis of memory B
cell responses and isolation of novel monoclonal antibodies with

neutralizing breadth from HIV-1-infected individuals. PLoS One 5:e8805.
https://doi.org/10.1371/journal.pone.0008805.

44. Doria-Rose NA, Schramm CA, Gorman J, Moore PL, Bhiman JN, DeKosky
BJ, Ernandes MJ, Georgiev IS, Kim HJ, Pancera M, Staupe RP, Altae-Tran HR,
Bailer RT, Crooks ET, Cupo A, Druz A, Garrett NJ, Hoi KH, Kong R, Louder MK,
Longo NS, McKee K, Nonyane M, O'Dell S, Roark RS, Rudicell RS, Schmidt SD,
Sheward DJ, Soto C, Wibmer CK, Yang Y, Zhang Z, Program NCS, Mullikin JC,
Binley JM, Sanders RW, Wilson IA, Moore JP, Ward AB, Georgiou G, Williamson
C, Abdool Karim SS, Morris L, Kwong PD, Shapiro L, Mascola JR. 2014. Develop-
mental pathway for potent V1V2-directed HIV-neutralizing antibodies. Nature
509:55–62. https://doi.org/10.1038/nature13036.

45. Doria-Rose NA, Bhiman JN, Roark RS, Schramm CA, Gorman J, Chuang GY,
Pancera M, Cale EM, Ernandes MJ, Louder MK, Asokan M, Bailer RT, Druz
A, Fraschilla IR, Garrett NJ, Jarosinski M, Lynch RM, McKee K, O'Dell S,
Pegu A, Schmidt SD, Staupe RP, Sutton MS, Wang K, Wibmer CK, Haynes
BF, Abdool-Karim S, Shapiro L, Kwong PD, Moore PL, Morris L, Mascola JR.
2016. New member of the V1V2-directed CAP256-VRC26 lineage that
shows increased breadth and exceptional potency. J Virol 90:76–91.
https://doi.org/10.1128/JVI.01791-15.

46. Falkowska E, Le KM, Ramos A, Doores KJ, Lee JH, Blattner C, Ramirez A,
Derking R, van Gils MJ, Liang CH,McBride R, von Bredow B, Shivatare SS, Wu CY,
Chan-Hui PY, Liu Y, Feizi T, Zwick MB, Koff WC, Seaman MS, Swiderek K, Moore
JP, Evans D, Paulson JC, Wong CH, Ward AB, Wilson IA, Sanders RW, Poignard P,
Burton DR. 2014. Broadly neutralizing HIV antibodies define a glycan-depend-
ent epitope on the prefusion conformation of gp41 on cleaved envelope
trimers. Immunity 40:657–668. https://doi.org/10.1016/j.immuni.2014.04.009.

47. Gao F, Bonsignori M, Liao HX, Kumar A, Xia SM, Lu X, Cai F, Hwang KK,
Song H, Zhou T, Lynch RM, Alam SM, Moody MA, Ferrari G, Berrong M,
Kelsoe G, Shaw GM, Hahn BH, Montefiori DC, Kamanga G, Cohen MS,
Hraber P, Kwong PD, Korber BT, Mascola JR, Kepler TB, Haynes BF. 2014.
Cooperation of B cell lineages in induction of HIV-1-broadly neutralizing
antibodies. Cell 158:481–491. https://doi.org/10.1016/j.cell.2014.06.022.

48. Gristick HB, von Boehmer L, West AP, Jr, Schamber M, Gazumyan A,
Golijanin J, Seaman MS, Fatkenheuer G, Klein F, Nussenzweig MC,
Bjorkman PJ. 2016. Natively glycosylated HIV-1 Env structure reveals new
mode for antibody recognition of the CD4-binding site. Nat Struct Mol
Biol 23:906–915. https://doi.org/10.1038/nsmb.3291.

49. Huang J, Kang BH, Pancera M, Lee JH, Tong T, Feng Y, Imamichi H,
Georgiev IS, Chuang GY, Druz A, Doria-Rose NA, Laub L, Sliepen K, van
Gils MJ, de la Pena AT, Derking R, Klasse PJ, Migueles SA, Bailer RT, Alam
M, Pugach P, Haynes BF, Wyatt RT, Sanders RW, Binley JM, Ward AB,
Mascola JR, Kwong PD, Connors M. 2014. Broad and potent HIV-1 neutral-
ization by a human antibody that binds the gp41-gp120 interface. Nature
515:138–142. https://doi.org/10.1038/nature13601.

50. Huang J, Ofek G, Laub L, Louder MK, Doria-Rose NA, Longo NS, Imamichi
H, Bailer RT, Chakrabarti B, Sharma SK, Alam SM, Wang T, Yang Y, Zhang
B, Migueles SA, Wyatt R, Haynes BF, Kwong PD, Mascola JR, Connors M.
2012. Broad and potent neutralization of HIV-1 by a gp41-specific human
antibody. Nature 491:406–412. https://doi.org/10.1038/nature11544.

51. Kong R, Xu K, Zhou T, Acharya P, Lemmin T, Liu K, Ozorowski G, Soto C,
Taft JD, Bailer RT, Cale EM, Chen L, Choi CW, Chuang GY, Doria-Rose NA,
Druz A, Georgiev IS, Gorman J, Huang J, Joyce MG, Louder MK, Ma X,
McKee K, O'Dell S, Pancera M, Yang Y, Blanchard SC, Mothes W, Burton
DR, Koff WC, Connors M, Ward AB, Kwong PD, Mascola JR. 2016. Fusion
peptide of HIV-1 as a site of vulnerability to neutralizing antibody. Science
352:828–833. https://doi.org/10.1126/science.aae0474.

52. Landais E, Murrell B, Briney B, Murrell S, Rantalainen K, Berndsen ZT,
Ramos A, Wickramasinghe L, Smith ML, Eren K, de Val N, Wu M, Cappelletti A,
Umotoy J, Lie Y, Wrin T, Algate P, Chan-Hui PY, Karita E, Ward AB, Wilson IA,
Burton DR, Smith D, Pond SLK, Poignard P. 2017. HIV envelope glycoform heter-
ogeneity and localized diversity govern the initiation and maturation of a V2
apex broadly neutralizing antibody lineage. Immunity 47:990–1003.e9. https://
doi.org/10.1016/j.immuni.2017.11.002.

53. Liao HX, Lynch R, Zhou T, Gao F, Alam SM, Boyd SD, Fire AZ, Roskin KM,
Schramm CA, Zhang Z, Zhu J, Shapiro L, Program NCS, Mullikin JC,
Gnanakaran S, Hraber P, Wiehe K, Kelsoe G, Yang G, Xia SM, Montefiori
DC, Parks R, Lloyd KE, Scearce RM, Soderberg KA, Cohen M, Kamanga G,
Louder MK, Tran LM, Chen Y, Cai F, Chen S, Moquin S, Du X, Joyce MG,
Srivatsan S, Zhang B, Zheng A, Shaw GM, Hahn BH, Kepler TB, Korber BT,
Kwong PD, Mascola JR, Haynes BF. 2013. Co-evolution of a broadly neu-
tralizing HIV-1 antibody and founder virus. Nature 496:469–476. https://
doi.org/10.1038/nature12053.

54. Longo NS, Sutton MS, Shiakolas AR, Guenaga J, Jarosinski MC, Georgiev
IS, McKee K, Bailer RT, Louder MK, O'Dell S, Connors M, Wyatt RT, Mascola

Analysis of Antibody Repertoires in COVID-19 Patients Journal of Virology

February 2022 Volume 96 Issue 4 e01600-21 jvi.asm.org 21

https://doi.org/10.1016/j.cell.2015.12.022
https://doi.org/10.1016/j.celrep.2019.03.020
https://doi.org/10.1172/jci.insight.124588
https://doi.org/10.1038/s41467-018-07008-0
https://doi.org/10.1038/ni.3058
https://doi.org/10.1016/j.cell.2017.04.024
https://doi.org/10.1016/j.cell.2017.04.024
https://doi.org/10.1038/nature20564
https://doi.org/10.1126/scitranslmed.aai8336
https://doi.org/10.1038/emi.2017.79
https://doi.org/10.1038/emi.2017.79
https://doi.org/10.1016/j.cell.2016.02.022
https://doi.org/10.1016/j.immuni.2017.04.011
https://doi.org/10.1371/journal.pone.0008805
https://doi.org/10.1038/nature13036
https://doi.org/10.1128/JVI.01791-15
https://doi.org/10.1016/j.immuni.2014.04.009
https://doi.org/10.1016/j.cell.2014.06.022
https://doi.org/10.1038/nsmb.3291
https://doi.org/10.1038/nature13601
https://doi.org/10.1038/nature11544
https://doi.org/10.1126/science.aae0474
https://doi.org/10.1016/j.immuni.2017.11.002
https://doi.org/10.1016/j.immuni.2017.11.002
https://doi.org/10.1038/nature12053
https://doi.org/10.1038/nature12053
https://jvi.asm.org


JR, Doria-Rose NA. 2016. Multiple antibody lineages in one donor target
the glycan-V3 supersite of the HIV-1 envelope glycoprotein and display a
preference for quaternary binding. J Virol 90:10574–10586. https://doi.org/10
.1128/JVI.01012-16.

55. MacLeod DT, Choi NM, Briney B, Garces F, Ver LS, Landais E, Murrell B,
Wrin T, Kilembe W, Liang CH, Ramos A, Bian CB, Wickramasinghe L, Kong L,
Eren K, Wu CY, Wong CH, Kosakovsky Pond SL, Wilson IA, Burton DR, Poignard
P. 2016. Early antibody lineage diversification and independent limb matura-
tion lead to broad HIV-1 neutralization targeting the Env high-mannose patch.
Immunity 44:1215–1226. https://doi.org/10.1016/j.immuni.2016.04.016.

56. Rudicell RS, Kwon YD, Ko SY, Pegu A, Louder MK, Georgiev IS, Wu X, Zhu J,
Boyington JC, Chen X, Shi W, Yang ZY, Doria-Rose NA, McKee K, O'Dell S,
Schmidt SD, Chuang GY, Druz A, Soto C, Yang Y, Zhang B, Zhou T, Todd
JP, Lloyd KE, Eudailey J, Roberts KE, Donald BR, Bailer RT, Ledgerwood J,
Program NCS, Mullikin JC, Shapiro L, Koup RA, Graham BS, Nason MC,
Connors M, Haynes BF, Rao SS, Roederer M, Kwong PD, Mascola JR, Nabel
GJ. 2014. Enhanced potency of a broadly neutralizing HIV-1 antibody in
vitro improves protection against lentiviral infection in vivo. J Virol 88:
12669–12682. https://doi.org/10.1128/JVI.02213-14.

57. Sajadi MM, Dashti A, Rikhtegaran Tehrani Z, Tolbert WD, Seaman MS,
Ouyang X, Gohain N, Pazgier M, Kim D, Cavet G, Yared J, Redfield RR,
Lewis GK, DeVico AL. 2018. Identification of near-pan-neutralizing anti-
bodies against HIV-1 by deconvolution of plasma humoral responses. Cell
173:1783–1795.e14. https://doi.org/10.1016/j.cell.2018.03.061.

58. Scheid JF, Mouquet H, Ueberheide B, Diskin R, Klein F, Oliveira TY,
Pietzsch J, Fenyo D, Abadir A, Velinzon K, Hurley A, Myung S, Boulad F,
Poignard P, Burton DR, Pereyra F, Ho DD, Walker BD, Seaman MS,
Bjorkman PJ, Chait BT, Nussenzweig MC. 2011. Sequence and structural
convergence of broad and potent HIV antibodies that mimic CD4 bind-
ing. Science 333:1633–1637. https://doi.org/10.1126/science.1207227.

59. Schoofs T, Barnes CO, Suh-Toma N, Golijanin J, Schommers P, Gruell H,
West AP, Jr, Bach F, Lee YE, Nogueira L, Georgiev IS, Bailer RT, Czartoski J,
Mascola JR, Seaman MS, McElrath MJ, Doria-Rose NA, Klein F, Nussenzweig
MC, Bjorkman PJ. 2019. Broad and potent neutralizing antibodies recognize
the silent face of the HIV envelope. Immunity 50:1513–1529.e9. https://doi
.org/10.1016/j.immuni.2019.04.014.

60. Simonich CA, Williams KL, Verkerke HP, Williams JA, Nduati R, Lee KK,
Overbaugh J. 2016. HIV-1 neutralizing antibodies with limited hypermutation
from an infant. Cell 166:77–87. https://doi.org/10.1016/j.cell.2016.05.055.

61. Walker LM, Huber M, Doores KJ, Falkowska E, Pejchal R, Julien JP, Wang
SK, Ramos A, Chan-Hui PY, Moyle M, Mitcham JL, Hammond PW, Olsen
OA, Phung P, Fling S, Wong CH, Phogat S, Wrin T, Simek MD, Protocol GPI,
Koff WC, Wilson IA, Burton DR, Poignard P. 2011. Broad neutralization cov-
erage of HIV by multiple highly potent antibodies. Nature 477:466–470.
https://doi.org/10.1038/nature10373.

62. Walker LM, Phogat SK, Chan-Hui PY, Wagner D, Phung P, Goss JL, Wrin T,
Simek MD, Fling S, Mitcham JL, Lehrman JK, Priddy FH, Olsen OA, Frey
SM, Hammond PW, Protocol GPI, Kaminsky S, Zamb T, Moyle M, Koff WC,
Poignard P, Burton DR. 2009. Broad and potent neutralizing antibodies
from an African donor reveal a new HIV-1 vaccine target. Science 326:
285–289. https://doi.org/10.1126/science.1178746.

63. Williams LD, Ofek G, Schatzle S, McDaniel JR, Lu X, Nicely NI, Wu L,
Lougheed CS, Bradley T, Louder MK, McKee K, Bailer RT, O'Dell S,
Georgiev IS, Seaman MS, Parks RJ, Marshall DJ, Anasti K, Yang G, Nie X,
Tumba NL, Wiehe K, Wagh K, Korber B, Kepler TB, Munir Alam S, Morris L,
Kamanga G, Cohen MS, Bonsignori M, Xia SM, Montefiori DC, Kelsoe G,
Gao F, Mascola JR, Moody MA, Saunders KO, Liao HX, Tomaras GD,
Georgiou G, Haynes BF. 2017. Potent and broad HIV-neutralizing antibod-
ies in memory B cells and plasma. Sci Immunol 2:eaal2200. https://doi
.org/10.1126/sciimmunol.aal2200.

64. Wu X, Yang ZY, Li Y, Hogerkorp CM, Schief WR, Seaman MS, Zhou T,
Schmidt SD, Wu L, Xu L, Longo NS, McKee K, O'Dell S, Louder MK, Wycuff
DL, Feng Y, Nason M, Doria-Rose N, Connors M, Kwong PD, Roederer M,
Wyatt RT, Nabel GJ, Mascola JR. 2010. Rational design of envelope identi-
fies broadly neutralizing human monoclonal antibodies to HIV-1. Science
329:856–861. https://doi.org/10.1126/science.1187659.

65. Wu X, Zhou T, Zhu J, Zhang B, Georgiev I, Wang C, Chen X, Longo NS,
Louder M, McKee K, O'Dell S, Perfetto S, Schmidt SD, Shi W, Wu L, Yang Y,
Yang ZY, Yang Z, Zhang Z, Bonsignori M, Crump JA, Kapiga SH, Sam NE,
Haynes BF, Simek M, Burton DR, Koff WC, Doria-Rose NA, Connors M,
Program NCS, Mullikin JC, Nabel GJ, Roederer M, Shapiro L, Kwong PD,
Mascola JR. 2011. Focused evolution of HIV-1 neutralizing antibodies
revealed by structures and deep sequencing. Science 333:1593–1602.
https://doi.org/10.1126/science.1207532.

66. Zhang MY, Yuan T, Li J, Rosa Borges A, Watkins JD, Guenaga J, Yang Z,
Wang Y, Wilson R, Li Y, Polonis VR, Pincus SH, Ruprecht RM, Dimitrov DS.
2012. Identification and characterization of a broadly cross-reactive HIV-1
human monoclonal antibody that binds to both gp120 and gp41. PLoS
One 7:e44241. https://doi.org/10.1371/journal.pone.0044241.

67. Zhou T, Lynch RM, Chen L, Acharya P, Wu X, Doria-Rose NA, Joyce MG,
Lingwood D, Soto C, Bailer RT, Ernandes MJ, Kong R, Longo NS, Louder MK,
McKee K, O'Dell S, Schmidt SD, Tran L, Yang Z, Druz A, Luongo TS, Moquin S,
Srivatsan S, Yang Y, Zhang B, Zheng A, Pancera M, Kirys T, Georgiev IS, Gindin
T, Peng H-P, Yang A-S, Mullikin JC, GrayMD, Stamatatos L, Burton DR, Koff WC,
Cohen MS, Haynes BF, Casazza JP, Connors M, Corti D, Lanzavecchia A,
Sattentau QJ, Weiss RA, West AP, Bjorkman PJ, Scheid JF, Nussenzweig MC,
Shapiro L, Mascola JR, Kwong PD. 2015. Structural repertoire of HIV-1-neutral-
izing antibodies targeting the CD4 supersite in 14 donors. Cell 161:1280–1292.
https://doi.org/10.1016/j.cell.2015.05.007.

68. Zhou T, Zheng A, Baxa U, Chuang GY, Georgiev IS, Kong R, O'Dell S,
Shahzad-Ul-Hussan S, Shen CH, Tsybovsky Y, Bailer RT, Gift SK, Louder
MK, McKee K, Rawi R, Stevenson CH, Stewart-Jones GBE, Taft JD, Waltari E,
Yang Y, Zhang B, Shivatare SS, Shivatare VS, Lee CD, Wu CY, Program
NCS, Mullikin JC, Bewley CA, Burton DR, Polonis VR, Shapiro L, Wong CH,
Mascola JR, Kwong PD, Wu X. 2018. A neutralizing antibody recognizing
primarily N-linked glycan targets the silent face of the HIV envelope. Im-
munity 48:500–513.e6. https://doi.org/10.1016/j.immuni.2018.02.013.

69. van Gils MJ, van den Kerkhof TL, Ozorowski G, Cottrell CA, Sok D, Pauthner
M, Pallesen J, de Val N, Yasmeen A, de Taeye SW, Schorcht A, Gumbs S,
Johanna I, Saye-Francisco K, Liang CH, Landais E, Nie X, Pritchard LK, Crispin M,
Kelsoe G, Wilson IA, Schuitemaker H, Klasse PJ, Moore JP, Burton DR, Ward AB,
Sanders RW. 2016. An HIV-1 antibody from an elite neutralizer implicates the
fusion peptide as a site of vulnerability. Nat Microbiol 2:16199. https://doi.org/
10.1038/nmicrobiol.2016.199.

70. Rogers TF, Zhao F, Huang D, Beutler N, Burns A, He WT, Limbo O, Smith C,
Song G, Woehl J, Yang L, Abbott RK, Callaghan S, Garcia E, Hurtado J, Parren
M, Peng L, Ramirez S, Ricketts J, Ricciardi MJ, Rawlings SA, Wu NC, Yuan M,
Smith DM, Nemazee D, Teijaro JR, Voss JE, Wilson IA, Andrabi R, Briney B,
Landais E, Sok D, Jardine JG, Burton DR. 2020. Isolation of potent SARS-CoV-2
neutralizing antibodies and protection from disease in a small animal model.
Science 369:956–963. https://doi.org/10.1126/science.abc7520.

71. Hansen J, Baum A, Pascal KE, Russo V, Giordano S, Wloga E, Fulton BO,
Yan Y, Koon K, Patel K, Chung KM, Hermann A, Ullman E, Cruz J, Rafique A,
Huang T, Fairhurst J, Libertiny C, Malbec M, Lee WY, Welsh R, Farr G,
Pennington S, Deshpande D, Cheng J, Watty A, Bouffard P, Babb R, Levenkova
N, Chen C, Zhang B, Romero Hernandez A, Saotome K, Zhou Y, Franklin M,
Sivapalasingam S, Lye DC, Weston S, Logue J, Haupt R, Frieman M, Chen G,
Olson W, Murphy AJ, Stahl N, Yancopoulos GD, Kyratsous CA. 2020. Studies in
humanized mice and convalescent humans yield a SARS-CoV-2 antibody
cocktail. Science 369:1010–1014. https://doi.org/10.1126/science.abd0827.

72. Gaebler C, Wang Z, Lorenzi JCC, Muecksch F, Finkin S, Tokuyama M,
Ladinsky M, Cho A, Jankovic M, Schaefer-Babajew D, Oliveira TY, Cipolla M,
Viant C, Barnes CO, Hurley A, Turroja M, Gordon K, Millard KG, Ramos V,
Schmidt F, Weisblum Y, Jha D, Tankelevich M, Yee J, Shimeliovich I, Robbiani
DF, Zhao Z, Gazumyan A, Hatziioannou T, Bjorkman PJ, Mehandru S, Bieniasz
PD, Caskey M, Nussenzweig MC. 2020. Evolution of antibody immunity to
SARS-CoV-2. bioRxiv https://doi.org/10.1101/2020.11.03.367391.

73. Hou D, Ying T, Wang L, Chen C, Lu S, Wang Q, Seeley E, Xu J, Xi X, Li T, Liu
J, Tang X, Zhang Z, Zhou J, Bai C, Wang C, Byrne-Steele M, Qu J, Han J,
Song Y. 2016. Immune repertoire diversity correlated with mortality in
avian influenza A (H7N9) virus infected patients. Sci Rep 6:33843. https://
doi.org/10.1038/srep33843.

74. Schultheiß C, Paschold L, Simnica D, Mohme M, Willscher E, von Wenserski L,
Scholz R, Wieters I, Dahlke C, Tolosa E, Sedding DG, Ciesek S, Addo M, Binder
M. 2020. Next-generation sequencing of T and B cell receptor repertoires from
COVID-19 patients showed signatures associated with severity of disease. Im-
munity 53:442–455.e4. https://doi.org/10.1016/j.immuni.2020.06.024.

75. Setliff I, McDonnell WJ, Raju N, Bombardi RG, Murji AA, Scheepers C, Ziki
R, Mynhardt C, Shepherd BE, Mamchak AA, Garrett N, Karim SA, Mallal SA,
Crowe JE, Jr, Morris L, Georgiev IS. 2018. Multi-donor longitudinal anti-
body repertoire sequencing reveals the existence of public antibody clo-
notypes in HIV-1 infection. Cell Host Microbe 23:845–854.e6. https://doi
.org/10.1016/j.chom.2018.05.001.

76. Parameswaran P, Liu Y, Roskin KM, Jackson KKL, Dixit VP, Lee JY, Artiles
KL, Zompi S, Vargas MJ, Simen BB, Hanczaruk B, McGowan KR, Tariq MA,
Pourmand N, Koller D, Balmaseda A, Boyd SD, Harris E, Fire AZ. 2013. Con-
vergent antibody signatures in human dengue. Cell Host Microbe 13:
691–700. https://doi.org/10.1016/j.chom.2013.05.008.

Zhang et al. Journal of Virology

February 2022 Volume 96 Issue 4 e01600-21 jvi.asm.org 22

https://doi.org/10.1128/JVI.01012-16
https://doi.org/10.1128/JVI.01012-16
https://doi.org/10.1016/j.immuni.2016.04.016
https://doi.org/10.1128/JVI.02213-14
https://doi.org/10.1016/j.cell.2018.03.061
https://doi.org/10.1126/science.1207227
https://doi.org/10.1016/j.immuni.2019.04.014
https://doi.org/10.1016/j.immuni.2019.04.014
https://doi.org/10.1016/j.cell.2016.05.055
https://doi.org/10.1038/nature10373
https://doi.org/10.1126/science.1178746
https://doi.org/10.1126/sciimmunol.aal2200
https://doi.org/10.1126/sciimmunol.aal2200
https://doi.org/10.1126/science.1187659
https://doi.org/10.1126/science.1207532
https://doi.org/10.1371/journal.pone.0044241
https://doi.org/10.1016/j.cell.2015.05.007
https://doi.org/10.1016/j.immuni.2018.02.013
https://doi.org/10.1038/nmicrobiol.2016.199
https://doi.org/10.1038/nmicrobiol.2016.199
https://doi.org/10.1126/science.abc7520
https://doi.org/10.1126/science.abd0827
https://doi.org/10.1101/2020.11.03.367391
https://doi.org/10.1038/srep33843
https://doi.org/10.1038/srep33843
https://doi.org/10.1016/j.immuni.2020.06.024
https://doi.org/10.1016/j.chom.2018.05.001
https://doi.org/10.1016/j.chom.2018.05.001
https://doi.org/10.1016/j.chom.2013.05.008
https://jvi.asm.org


77. Jackson KJ, Liu Y, Roskin KM, Glanville J, Hoh RA, Seo K, Marshall EL, Gurley
TC, Moody MA, Haynes BF, Walter EB, Liao HX, Albrecht RA, Garcia-Sastre A,
Chaparro-Riggers J, Rajpal A, Pons J, Simen BB, Hanczaruk B, Dekker CL,
Laserson J, Koller D, Davis MM, Fire AZ, Boyd SD. 2014. Human responses to
influenza vaccination show seroconversion signatures and convergent anti-
body rearrangements. Cell Host Microbe 16:105–114. https://doi.org/10.1016/j
.chom.2014.05.013.

78. Paschold L, Simnica D, Willscher E, Vehreschild MJGT, Dutzmann J,
Sedding DG, Schultheiss C, Binder M. 2021. SARS-CoV-2-specific antibody
rearrangements in prepandemic immune repertoires of risk cohorts and
patients with COVID-19. J Clin Invest 131:e142966. https://doi.org/10
.1172/JCI142966.

79. Galson JD, Schaetzle S, Bashford-Rogers RJM, Raybould MIJ, Kovaltsuk A,
Kilpatrick GJ, Minter R, Finch DK, Dias J, James LK, Thomas G, Lee W-YJ,
Betley J, Cavlan O, Leech A, Deane CM, Seoane J, Caldas C, Pennington DJ,
Pfeffer P, Osbourn J. 2020. Deep sequencing of B cell receptor repertoires
from COVID-19 patients reveals strong convergent immune signatures. Front
Immunol 11:605170. https://doi.org/10.3389/fimmu.2020.605170.

80. Cao YL, Su B, Guo XH, Sun WJ, Deng YQ, Bao LL, Zhu QY, Zhang X, Zheng
YH, Geng CY, Chai XR, He RS, Li XF, Lv Q, Zhu H, Deng W, Xu YF, Wang YJ,
Qiao LX, Tan YF, Song LY, Wang GP, Du XX, Gao N, Liu JN, Xiao JY, Su XD,
Du ZM, Feng YM, Qin C, Qin CF, Jin RH, Xie XS. 2020. Potent neutralizing
antibodies against SARS-CoV-2 identified by high-throughput single-cell
sequencing of convalescent patients' B cells. Cell 182:73–84.e16. https://
doi.org/10.1016/j.cell.2020.05.025.

81. Brouwer PJM, Caniels TG, van der Straten K, Snitselaar JL, Aldon Y, Bangaru S,
Torres JL, Okba NMA, Claireaux M, Kerster G, Bentlage AEH, van Haaren MM,
Guerra D, Burger JA, Schermer EE, Verheul KD, van der Velde N, van der Kooi A,
van Schooten J, van Breemen MJ, Bijl TPL, Sliepen K, Aartse A, Derking R,
Bontjer I, Kootstra NA, Wiersinga WJ, Vidarsson G, Haagmans BL, Ward AB, de
Bree GJ, Sanders RW, van Gils MJ. 2020. Potent neutralizing antibodies from
COVID-19 patients definemultiple targets of vulnerability. Science 369:643–650.
https://doi.org/10.1126/science.abc5902.

82. Yan Q, He P, Huang X, Luo K, Zhang Y, Yi H, Wang Q, Li F, Hou R, Fan X, Li
P, Liu X, Liang H, Deng Y, Chen Z, Chen Y, Mo X, Feng L, Xiong X, Li S, Han
J, Qu L, Niu X, Chen L. 2021. Germline IGHV3-53-encoded RBD-targeting
neutralizing antibodies are commonly present in the antibody repertoires
of COVID-19 patients. Emerg Microbes Infect 10:1097–1111. https://doi
.org/10.1080/22221751.2021.1925594.

83. Wec AZ, Wrapp D, Herbert AS, Maurer DP, Haslwanter D, Sakharkar M,
Jangra RK, Dieterle ME, Lilov A, Huang D, Tse LV, Johnson NV, Hsieh C-L,
Wang N, Nett JH, Champney E, Burnina I, Brown M, Lin S, Sinclair M,
Johnson C, Pudi S, Bortz R, Wirchnianski AS, Laudermilch E, Florez C, Fels
JM, O'Brien CM, Graham BS, Nemazee D, Burton DR, Baric RS, Voss JE,
Chandran K, Dye JM, McLellan JS, Walker LM. 2020. Broad neutralization
of SARS-related viruses by human monoclonal antibodies. Science 369:
731–736. https://doi.org/10.1126/science.abc7424.

84. Bolger AM, Lohse M, Usadel B. 2014. Trimmomatic: a flexible trimmer for
Illumina sequence data. Bioinformatics 30:2114–2120. https://doi.org/10
.1093/bioinformatics/btu170.

85. Magoc T, Salzberg SL. 2011. FLASH: fast length adjustment of short reads
to improve genome assemblies. Bioinformatics 27:2957–2963. https://doi
.org/10.1093/bioinformatics/btr507.

86. Bolotin DA, Poslavsky S, Mitrophanov I, Shugay M, Mamedov IZ, Putintseva
EV, Chudakov DM. 2015. MiXCR: software for comprehensive adaptive immu-
nity profiling. Nat Methods 12:380–381. https://doi.org/10.1038/nmeth.3364.

87. Friedensohn S, Khan TA, Reddy ST. 2017. Advanced methodologies in
high-throughput sequencing of immune repertoires. Trends Biotechnol
35:203–214. https://doi.org/10.1016/j.tibtech.2016.09.010.

88. Shi R, Shan C, Duan XM, Chen ZH, Liu PP, Song JW, Song T, Bi XS, Han C,
Wu LA, Gao G, Hu X, Zhang YA, Tong Z, Huang WJ, Liu WJ, Wu GZ, Zhang B,
Wang L, Qi JX, Feng H, Wang FS, Wang QH, Gao GF, Yuan ZM, Yan JH. 2020. A
human neutralizing antibody targets the receptor-binding site of SARS-CoV-2.
Nature 584:120–124. https://doi.org/10.1038/s41586-020-2381-y.

89. Wu Y, Wang FR, Shen CG, Peng WY, Li DL, Zhao C, Li ZH, Li SH, Bi YH, Yang
Y, Gong YH, Xiao HX, Fan Z, Tan SG, Wu GZ, Tan WJ, Lu XC, Fan CF, Wang QH,
Liu YX, Zhang C, Qi JX, Gao GF, Gao F, Liu L. 2020. A noncompeting pair of
human neutralizing antibodies block COVID-19 virus binding to its receptor
ACE2. Science 368:1274–1278. https://doi.org/10.1126/science.abc2241.

90. Seydoux E, Homad LJ, MacCamy AJ, Parks KR, Hurlburt NK, Jennewein MF,
Akins NR, Stuart AB, Wan YH, Feng J, Whaley RE, Singh S, Boeckh M, Cohen
KW, McElrath MJ, Englund JA, Chu HY, Pancera M, McGuire AT, Stamatatos L.
2020. Analysis of a SARS-CoV-2-infected individual reveals development of
potent neutralizing antibodies with limited somatic mutation. Immunity 53:
98–105.e5. https://doi.org/10.1016/j.immuni.2020.06.001.

91. 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, Krahling V, Kupke A, Cohen-Dvashi H, Koch M,
Eckert JM, Lederer S, Pfeifer N, Wolf T, Vehreschild M, 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 182:843–854.e12. https://doi.org/10.1016/j.cell.2020.06.044.

92. Zost SJ, Gilchuk P, Chen RE, Case JB, Reidy JX, Trivette A, Nargi RS, Sutton
RE, Suryadevara N, Chen EC, Binshtein E, Shrihari S, Ostrowski M, Chu HY, Didier
JE, MacRenaris KW, Jones T, Day S, Myers L, Eun-Hyung Lee F, Nguyen DC, Sanz
I, Martinez DR, Rothlauf PW, Bloyet LM, Whelan SPJ, Baric RS, Thackray LB,
DiamondMS, Carnahan RH, Crowe JE. Jr, 2020. Rapid isolation and profiling of a
diverse panel of humanmonoclonal antibodies targeting the SARS-CoV-2 spike
protein. Nat Med 26:1422–1427. https://doi.org/10.1038/s41591-020-0998-x.

93. YuanM,WuNC, Zhu X, Lee CD, So RTY, Lv H,Mok CKP,Wilson IA. 2020. A highly
conserved cryptic epitope in the receptor binding domains of SARS-CoV-2 and
SARS-CoV. Science 368:630–633. https://doi.org/10.1126/science.abb7269.

Analysis of Antibody Repertoires in COVID-19 Patients Journal of Virology

February 2022 Volume 96 Issue 4 e01600-21 jvi.asm.org 23

https://doi.org/10.1016/j.chom.2014.05.013
https://doi.org/10.1016/j.chom.2014.05.013
https://doi.org/10.1172/JCI142966
https://doi.org/10.1172/JCI142966
https://doi.org/10.3389/fimmu.2020.605170
https://doi.org/10.1016/j.cell.2020.05.025
https://doi.org/10.1016/j.cell.2020.05.025
https://doi.org/10.1126/science.abc5902
https://doi.org/10.1080/22221751.2021.1925594
https://doi.org/10.1080/22221751.2021.1925594
https://doi.org/10.1126/science.abc7424
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1038/nmeth.3364
https://doi.org/10.1016/j.tibtech.2016.09.010
https://doi.org/10.1038/s41586-020-2381-y
https://doi.org/10.1126/science.abc2241
https://doi.org/10.1016/j.immuni.2020.06.001
https://doi.org/10.1016/j.cell.2020.06.044
https://doi.org/10.1038/s41591-020-0998-x
https://doi.org/10.1126/science.abb7269
https://jvi.asm.org

	RESULTS
	Study design and bioinformatics analysis pipeline of IgH repertoires in COVID-19 patients.
	SARS-CoV-2 infection induced rapid antibody clonal expansion and diversification.
	IgH repertoires showed a significant isotype switching from IgM to IgG and a transient increase of IgA after SARS-CoV-2 infection.
	Naïve B cells were expanded with low SHM in response to SARS-CoV-2 infection.
	SARS-CoV-2 infection induced a poly-germ line antibody response and a preferential usage of IGHJ6, leading to increased HCDR3 length.
	Convergent SARS-CoV-2-specific antibodies are commonly present among COVID-19 patients.

	DISCUSSION
	MATERIALS AND METHODS
	Serum binding assay.
	IgH library preparation.
	Sequencing and barcode filtering.
	Clonotype analysis.
	Isotype frequencies, somatic hypermutation, HCDR3 length, and IGHV/IGHJ gene usage.
	Clonal index analysis.
	CSR events analysis.
	Shared cluster analysis.
	Comparison of IgH-Seq data to known SARS-CoV-2 neutralizing antibodies.
	Statistics.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

