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INTRODUCTION 
mRNA-based COVID-19 vaccines demonstrated a high de-

gree of protective efficacy against the original SARS-CoV-2 
Wuhan-1 strain in clinical studies (1, 2). However, waning 
vaccine-induced immunity combined with the continued 
emergence of resistant SARS-CoV-2 variants has significantly 
undermined vaccine effectiveness (3–5). In particular, the 
Omicron variant (B.1.1.529/BA.1) and its sub-lineages (e.g., 
BA1.1 and BA.2) display a striking degree of antibody evasion, 
thus eroding vaccine efficacy against this variant of concern 
(VOC) and allowing it to rapidly displace Delta and drive a 
global surge in COVID-19 caseloads (6–11). 

Understanding the role of antigenic imprinting in shaping 
the B cell response to antigenically drifted SARS-CoV-2 vari-
ants will be critical for the development of next-generation 
COVID-19 vaccines. Previous studies have shown that Delta 
or Omicron breakthrough infection boosts serum neutraliz-
ing activity against both the Wuhan-1 vaccine strain and the 
infecting variant, potentially suggesting recall of cross-reac-
tive vaccine-induced MBCs (12–14). However, the specifici-
ties, functions, and genetic features of the antibodies 
mediating this response remain poorly defined. To address 
these questions, we investigated S-specific serological and pe-
ripheral B cell responses in a cohort of mRNA-vaccinated in-
dividuals who had recently experienced BA.1 breakthrough 
infections. 

 

RESULTS 
Patients and sample collection 
We recruited seven mRNA (mRNA-1273 or BNT162b2)-

vaccinated individuals residing in the Northastern region of 
the United States who experienced SARS-CoV-2 break-
through infections between December 30, 2021 and Jan 19, 
2022 (Table S1). All donors tested positive for SARS-CoV-2 by 
RT-PCR and experienced asymptomatic or mild disease. Alt-
hough we were unable to obtain viral samples for whole ge-
nome sequencing, SARS-CoV-2 variant surveillance data 
indicates that the BA.1 variant accounted for the vast major-
ity of infections in the Northeastern United States during this 
time period (Fig. S1). Breakthrough infections occurred either 
5-11 months after completing a primary mRNA vaccination 
series (n=4) or one month after an mRNA booster dose (n=3). 
To study the acute B cell response induced by breakthrough 
infection, we collected serum and peripheral blood mononu-
clear cell (PBMC) samples 14 to 27 days following PCR-
confirmed infection (Fig. 1A). 

Serum antibody responses following BA.1 break-
through infection 

We evaluated serum IgG and IgA responses to recombi-
nant prefusion-stabilized Wuhan-1/wild type (WT) and BA.1 
S proteins and RBD subunits following breakthrough infec-
tion. For comparison, we also assessed serum antibody re-
sponses in a separate cohort of previously uninfected 
individuals who had completed their primary vaccination 
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series either one- or six-months prior to sampling or a third 
mRNA booster dose one month prior to sampling (Table S2). 
BA.1 breakthrough infection donors exhibited similar (within 
two-fold) serum IgG binding titers to BA.1 and WT S and RBD 
(Fig. 1B). In contrast, uninfected/mRNA vaccinated donors 
displayed two- to four-fold and four- to nine-fold reduced se-
rum IgG binding to full-length BA.1 S and BA.1 RBD, respec-
tively, relative to WT (Fig. 1B). Furthermore, breakthrough 
infection donors exhibited higher serum IgA binding titers to 
both WT and BA.1 RBDs relative to uninfected/vaccinated do-
nors, although this did not reach statistical significance for 
WT RBD due to the increased variability in IgA responses and 
small sample sizes (Fig. 1C). These results are consistent with 
previous studies documenting enhanced serum IgA re-
sponses following breakthrough infection with Delta (Fig. 1C) 
(15, 16). 

Next, we assessed the samples for serum neutralizing ac-
tivity against an ancestral SARS-CoV-2 strain (D614G), as well 
as BA.1, Delta, and Beta VOCs using a murine leukemia virus 
(MLV)-based pseudovirus assay. Consistent with prior stud-
ies, serum samples obtained from uninfected/vaccinated do-
nors showed 3.5- to 11-fold and 7- to 22-fold lower 
neutralizing titers against Beta and BA.1, respectively, rela-
tive to D614G (Fig. 1D-F and Fig. S2). In contrast, serum sam-
ples from BA.1 breakthrough infection donors displayed 
similar (within two-fold) neutralizing titers against D614G 
and all VOCs tested, suggesting that BA.1 breakthrough infec-
tion broadens the serum neutralizing antibody response (Fig. 
1G). To determine whether this breadth of activity extended 
to other sarbecoviruses, we tested the serum samples for neu-
tralizing activity against SARS-CoV, which revealed similarly 
low serum neutralizing titers in BA.1 breakthrough donors 
and uninfected/vaccinated individuals (Fig. 1D-G). Thus, BA.1 
breakthrough infection appears to induce broad responses to 
SARS-CoV-2 VOCs but not more antigenically distant sarbe-
coviruses. 

Cross-reactivity of memory B cells induced by BA.1 
breakthrough infection 

We next evaluated the magnitude and cross-reactivity of 
the peripheral RBD-specific B cell response following BA.1 
breakthrough infection. Despite the higher serum neutraliz-
ing titers to BA.1 in breakthrough infection donors relative to 
uninfected/mRNA vaccinated individuals, the two cohorts 
showed similar frequencies of WT- and BA.1-RBD-reactive 
IgG+ B cells (Fig. 2A and Fig. S3A). The limited magnitude of 
the circulating IgG+ B cell response following BA.1 break-
through infection may be due to localization of antigen in the 
upper respiratory tract during mild and asymptomatic infec-
tions. We also compared the frequencies of RBD-specific IgA+ 
B cells in breakthrough infection donors and uninfected/vac-
cinated individuals. In uninfected/vaccinated donors, WT 
and BA.1 RBD-reactive B cells represented medians of 0.04 to 

0.087% and 0 to 0.015% of total IgA+ B cells, respectively (Fig. 
2B). In contrast, breakthrough infection donors mounted sig-
nificantly higher magnitude IgA responses to the RBD, with 
WT and BA.1 RBD-specific IgA+ B cells accounting for a me-
dian of 0.13% (ranging 0.05 to 0.7%) and 0.069% (ranging 
0.025 to 0.4%), respectively, of the total IgA+ B cell population 
(Fig. 2B). The results were similar for breakthrough infec-
tions that occurred after both two- or three-dose mRNA vac-
cination (Fig. S4). We conclude that BA.1 breakthrough 
infection induces similar IgG+ B cell responses and higher 
magnitude IgA+ B cell responses to the BA.1 RBD relative to 
both two- and three-dose mRNA vaccination. 

To investigate the impact of pre-existing vaccine-induced 
immunity on the B cell response to BA.1 breakthrough infec-
tion, we enumerated B cells that displayed WT/BA.1 RBD 
cross-reactivity in both BA.1 breakthrough donors and unin-
fected/mRNA vaccinated individuals (Fig. 2C and Fig. S3A). 
At one month post primary mRNA vaccination, only 48% of 
total RBD-directed B cells displayed cross-reactivity with BA.1 
(Fig. 2D and Fig. S5A). The proportion of WT/BA.1 RBD cross-
reactive B cells increased to 57% at 6-months post vaccination 
and to 70% following mRNA booster immunization, which is 
consistent with the evolution of anti-SARS-CoV-2 antibody 
breadth over time (Fig. 2D) (17–19). Following breakthrough 
infection, BA.1/WT RBD cross-reactive B cells constituted 65-
83% of total anti-RBD B cells, with the remaining 17-35% only 
showing reactivity with the WT probe (Fig. 2D). Because WT 
RBD-specific B cells may represent resting MBCs induced by 
vaccination but not activated by BA.1 infection, we also per-
formed this analysis on recently activated B cells expressing 
the activation/proliferation marker CD71 (Fig. S3B) (20). Con-
sistent with previous studies demonstrating prolonged B cell 
activation following primary SARS-CoV-2 infection, 54 to 78% 
of RBD-specific B cells expressed CD71 (Fig. S5B) (21). The 
vast majority (87 to 98%) of these recently activated B cells 
displayed BA.1/WT RBD cross-reactivity, supporting the epi-
demiological data suggesting BA.1 as the breakthrough vari-
ant. In contrast, the proportion of cross-reactive B cells 
remained unchanged (averaging ~60%) in uninfected/mRNA 
vaccinated individuals after gating on CD71 expression (Fig. 
2E and Fig. S5C). We were unable to detect BA.1-specific B 
cells that lacked WT cross-reactivity in any donors following 
BA.1 breakthrough infection, suggesting limited induction of 
de novo B cell responses at this early time point. We conclude 
that BA.1 breakthrough infection activates B cells that display 
cross-reactivity with both BA.1 and the original Wuhan-1 vac-
cine strain. 

BA.1 exposure re-directed the B cell response toward 
the RBD 

Given the increased antigenic divergence of the BA.1 RBD 
and N-terminal domain (NTD) relative to the more conserved 
S2 subunit, we evaluated whether heterologous BA.1 S 



First release: 12 May 2022  www.science.org/journal/sciimmunol  (Page numbers not final at time of first release) 3 
 

exposure modified the immunodominance hierarchy of B 
cells targeting each subdomain (NTD, RBD and S2 subunits) 
within the S trimer. To calculate the proportion of full-length 
S-reactive B cells targeting each subdomain, we stained B 
cells with differentially labeled tetramers of full-length S, 
RBD, NTD, and prefusion-stabilized S2 (Fig. S3C). In the un-
infected/vaccinated cohort, class-switched B cells targeting 
the NTD, RBD, and S2 subdomains comprised 18%, 25%, and 
37% of the total S-directed response, respectively, and these 
proportions remained largely unchanged at six months post 
primary vaccination and after mRNA booster immunization 
(Fig. 2F-H). In contrast, we observed significantly higher pro-
portions of RBD-directed B cells among donors with break-
through infection, ranging from 35-63% (median=46%) of the 
total activated (CD71+) S-specific B cell response (Fig. 2G). 
Furthermore, S2-reactive B cells comprised a smaller fraction 
(median=16%) of the S-specific response in breakthrough do-
nors relative to uninfected/vaccinated individuals (medians 
32 to 44%) (Fig. 2H). This modified pattern of immunodomi-
nance was observed in donors experiencing BA.1 break-
through infection following both second and third dose 
mRNA vaccination (Fig. S6). In summary, BA.1 breakthrough 
infection appears to re-direct the B cell response from the S2 
subunit to the RBD. 

Recall of highly mutated, cross-reactive memory B 
cells following BA.1 breakthrough infection 

To characterize the molecular features of anti-RBD anti-
bodies elicited by BA.1 breakthrough infection, we single-cell 
sorted 410 class-switched RBD+ B cells from five break-
through infection donors (four donors infected after two-dose 
vaccination and one infected after three-dose vaccination) 
and expressed 317 natively paired antibodies as full-length 
IgGs (32 to 102 antibodies per donor) (Fig. S7). Despite sort-
ing with a mixture of WT and BA.1 RBDs, over 90% of the 
IgGs displayed BA.1 RBD reactivity (Fig. 3A). In addition, in-
dex sorting analysis revealed that all antibodies derived from 
CD71+ B cells recognized BA.1, suggesting that the limited 
number of WT-specific antibodies likely originated from rest-
ing MBCs elicited by vaccination (Fig. S8A). We identified 
BA.1-specific antibodies that lacked WT cross-reactivity in 
only one donor, which represented 6% of their anti-RBD rep-
ertoire, further suggesting limited induction of de novo re-
sponses at this time point (Fig. 3A). 

Sequence analysis revealed a relatively high degree of 
clonal diversity within the BA.1 RBD-reactive antibody reper-
toire, with 7-45% of antibodies belonging to expanded clonal 
lineages (Fig. 3B). We observed a significant over-representa-
tion of heavy chain germline genes IGHV1-69, 2-5, 3-30, 3-53, 
3-66, and 3-9 in BA.1 breakthrough infection repertoires rel-
ative to the baseline human repertoire (Fig. 3C and Table S3) 
(22). Notably, IGHV3-53, 3-66, 3-30, and 3-9 germline genes 
are over-represented in the antibody response to ancestral 

SARS-CoV-2 strains, but IGHV1-69 and 2-5 appeared to be 
unique to the BA.1 breakthrough response (Fig. 3C) (23–25). 
The BA.1 RBD-reactive antibodies displayed a similar HCDR3 
length distribution compared to the baseline repertoire (Fig. 
3D). In support of an MBC origin, 95-100% of antibodies de-
rived from each donor contained somatic mutations, and me-
dian levels of SHM ranged from 8 to 13 VH nucleotide 
substitutions per donor (Fig. 3E). While we were unable to 
collect paired pre-infection samples, we compared the levels 
of SHM in BA.1-reactive antibodies with those isolated from 
separate cohorts of individuals following vaccination or pri-
mary infection. BA.1-reactive antibodies displayed higher VH 
SHM loads than those observed in antibodies isolated one 
month following two-dose mRNA vaccination (median = 3 
substitutions) and similar to that observed in antibodies iso-
lated six months following primary infection (median = 8 
substitutions) or one month following three-dose mRNA vac-
cination (median = 8 substitutions), consistent with pro-
longed antibody affinity maturation over time and the time 
elapsed from vaccination to breakthrough infection (Fig. 3E) 
(21, 26, 27). In contrast to the highly mutated WT/BA.1 cross-
reactive antibodies, the two BA.1-specific antibodies had zero 
to one somatic mutation, suggesting recruitment from the na-
ïve B cell population (Fig. S8B). Notably, MBCs activated by 
BA.1 infection displayed similar levels of SHM relative to rest-
ing WT-specific B cells isolated from the same individuals, 
suggesting a lack of further B cell affinity maturation follow-
ing breakthrough infection, at least at this early time point 
(Fig. S8B). We conclude that the acute B cell response in-
duced by BA.1 breakthrough infection is dominated by highly 
mutated clones that cross-react with both WT and BA.1 RBDs. 

BA.1 breakthrough infection expands pre-existing 
RBD-directed B cells with broad activity against SARS-
CoV-2 VOCs 

To further evaluate the binding properties of the BA.1 
RBD-reactive antibodies, we measured their monovalent 
binding affinities for SARS-CoV-2 WT, BA.1, BA.2, Beta, and 
Delta RBDs and the SARS-CoV RBD. Seventy percent 
(204/293) of RBD-directed antibodies bound with high affin-
ity (KD<10 nM) to both BA.1 and WT RBDs, supporting selec-
tion from an affinity matured B cell population (Fig. 4A). 
However, the majority (70%) of the antibodies displayed 
higher affinity binding (>2-fold) to WT (median KD = 0.6 nM) 
relative to BA.1 (median KD = 2.3 nM), providing further evi-
dence that BA.1 breakthrough infection re-activates pre-exist-
ing vaccine-induced MBCs (Fig. 4A). In contrast to vaccine-
induced anti-RBD antibodies, which often show reduced ac-
tivity against the Beta VOC, only a minority (<5%) of antibod-
ies derived from BA.1 breakthrough donors displayed loss of 
binding to Beta relative to WT (Fig. 4B and Fig. S8C) (11, 19). 
This difference in antibody binding cross-reactivity is likely 
due to the presence of shared mutations within the Beta and 
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BA.1 RBDs (E484K/A, K417N, and N501Y) (18). Overall, 82% 
(241/293) of anti-RBD antibodies isolated from breakthrough 
infection donors displayed monovalent binding to WT, Beta, 
Delta, BA.1, and BA.2 RBDs, suggesting that the majority of B 
cells activated by BA.1 breakthrough infection target con-
served epitopes (Fig. 4B). In addition to epitope specificity, 
the breadth of the BA.1-activated response may also have 
been driven by high starting affinities for WT. Indeed, com-
parison with WT-specific antibodies showed that BA.1-
reactive antibodies bound WT RBD with 5-fold higher me-
dian affinity despite similar levels of SHM, suggesting that 
both epitope specificity and starting affinity likely contrib-
uted to antibody breadth (Fig. S8D). Consistent with the weak 
serum neutralizing activity observed against SARS-CoV, less 
than 10% of RBD-targeting antibodies exhibited detectable 
monovalent binding to the SARS-CoV RBD (Fig. 4B). Thus, 
BA.1 breakthrough infection appears to preferentially expand 
high affinity B cells that broadly recognize SARS-CoV-2 vari-
ants but not more antigenically divergent sarbecoviruses. 

Next, we screened the BA.1 RBD-reactive antibodies for 
neutralizing activity against D614G and BA.1. Twenty-eight to 
56% and 34 to 49% of antibodies from each donor displayed 
>90% neutralizing activity against D614G and BA.1, respec-
tively, at a concentration of 5 μg/ml (Fig. 4C). Titration of the 
neutralizing antibodies against D614G and BA.1 revealed that 
45% (64/141) potently neutralized both viruses with IC50s less 
than 0.1 μg/ml (Fig. 4D). Consistent with their overall in-
creased binding affinities for the WT RBD relative to BA.1, 
most of the neutralizing antibodies (78%) displayed higher 
potency against D614G (median IC50 = 0.020 μg/mL) com-
pared to BA.1 (median IC50 = 0.13 μg/mL) (Fig. 4D). Notably, 
a large proportion of BA.1 neutralizing antibodies also dis-
played cross-reactivity with Delta (79%), Beta (90%), and 
BA.2 (86%) RBDs with affinities within 10-fold of BA.1 (Fig. 
4E). A limited number of these VOC cross-reactive antibodies 
(5 out of 141) also neutralized SARS-CoV, with IC50s ranging 
from 0.039-0.35 μg/ml (Fig. S9). We thus conclude that BA.1 
breakthrough infection elicits RBD-directed antibodies with 
broad activity against SARS-CoV-2 VOCs. 

BA.1-neutralizing antibodies display convergent se-
quence and binding properties 

There are several “public” classes of neutralizing antibod-
ies (Class 1-4) induced by SARS-CoV-2 infection and vaccina-
tion (25, 28). To determine whether BA.1 breakthrough 
infection also elicited recurrent neutralizing antibody re-
sponses, we analyzed the sequence and binding features of 
the BA.1 neutralizing antibodies. Over 40% of all BA.1 neu-
tralizing antibodies utilized one of four VH germline genes 
(IGHV3-53/66, IGHV1-69, and IGHV3-9) (Fig. 4F and Fig. 
S10). Similar to previously described IGHV3-53/66 antibodies 
isolated from infected and mRNA-vaccinated individuals, the 
BA.1 neutralizing IGHV3-53/66 antibodies possessed short 

HCDR3s (11-12 residues) and displayed competitive binding 
with ACE2, the class 1 mAb REGN10933, and the COVA1-16-
like class 4 mAb ADI-62113 (29) (Fig. 4G, Fig. S11A, and Fig. 
S12). However, unlike vaccine-induced IGHV3-53/66 antibod-
ies, which generally lack activity against SARS-CoV-2 variants 
containing substitutions at position K417 (e.g., Beta, Gamma, 
and BA.1), breakthrough infection-derived IGHV3-53/66 an-
tibodies displayed broad reactivity with all VOCs tested and 
potently neutralized both D614G and BA.1 pseudoviruses 
(median IC50 = 0.016 and 0.051 μg/ml, respectively) (Fig. 4E 
and Fig. S11B) (21, 30). Thus, BA.1-induced IGHV3-53/66-
utilizing antibodies appear to recognize an antigenic site that 
is overlapping but distinct from previously described IGHV3-
53/66 antibodies induced by infection and vaccination with 
ancestral SARS-CoV-2 strains. 

Neutralizing antibodies utilizing the IGHV1-69 and 
IGHV3-9 germline genes also broadly recognized SARS-CoV-
2 variants, including BA.2 (Fig. 4E). In contrast to IGHV3-
53/66, these germline genes have not been shown to be over-
represented in the human antibody response to primary 
SARS-CoV-2 infection or vaccination (24, 25, 31). Antibodies 
utilizing the IGHV1-69 germline gene segregated into two 
groups, one comprised of antibodies that targeted an ACE2- 
and REGN10933-competitive region and the other containing 
antibodies that recognized a non-ACE2 competitive site over-
lapping the COV2-2130 (class 3) epitope (Fig. 4G and Fig. 
S12B). Notably, >80% of the non-ACE2 competitive clones uti-
lized the light chain IGLV1-40 gene and displayed highly sim-
ilar LCDR3 sequences, suggesting a convergent mode of 
recognition (Fig. S11C and Fig. S11D). Finally, 12/13 IGHV3-9 
antibodies recognized an epitope outside of the ACE2 binding 
site and competed with all three class 3 antibodies tested 
(S309, REGN10987, and COV2-2130), suggesting a binding 
mode distinct from the IGHV1-69 antibodies (Fig. 4G). Taken 
together, BA.1 breakthrough infection elicits multiple recur-
rent classes of anti-RBD antibodies with broad SARS-CoV-2 
VOC recognition. 

DISCUSSION 
A deep understanding of how pre-existing SARS-CoV-2 

immunity shapes the B cell response to heterologous variant 
exposure is important for the development of variant-based 
booster vaccines. Here, we demonstrated that the acute B cell 
response to BA.1 breakthrough infection was primarily medi-
ated by re-activated vaccine-induced memory B cell clones 
with broader SARS-CoV-2 VOC cross-reactivity than those 
elicited by infection or vaccination with ancestral SARS-CoV-
2 strains. BA.1-reactive antibodies displayed high SHM loads 
and biased reactivity with the ancestral vaccination strain, 
providing strong evidence for the recall of memory B cells es-
tablished by prior vaccination. In contrast, we observed lim-
ited induction of de novo BA.1-specific antibody responses at 
this timepoint, which is consistent with previous studies 
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demonstrating the early expansion of cross-reactive antibod-
ies following heterologous influenza vaccination (32). Longi-
tudinal follow-up studies will be required to determine 
whether de novo BA.1-specific B cell responses appear at later 
timepoints, as observed in the context of influenza (32). Nev-
ertheless, the early induction of cross-reactive B cell re-
sponses following BA.1 breakthrough infection suggests that 
heterologous variant exposure likely confers broad protection 
against SARS-CoV-2 VOCs, as supported by the robust BA.2 
cross-protection observed among BA.1 breakthrough infected 
individuals (33, 34). 

To date, a limited number of studies have been published 
describing human antibody responses induced by heterolo-
gous SARS-CoV-2 variant exposure. Booster immunization of 
mRNA-1273-primed individuals with a Beta spike vaccine 
(mRNA-1273.351) did not induce broader neutralizing anti-
body responses relative to homologous WT boost (35). Simi-
larly, heterologous Delta infection in mRNA-vaccinated 
individuals boosted neutralizing titers to Delta but not BA.1 
(14). In contrast, COVID-19 vaccination induced broadly neu-
tralizing antibody responses to SARS-CoV-2 VOCs and highly 
divergent sarbecoviruses in SARS-CoV convalescent individ-
uals, which is likely due to recall of pre-existing cross-reactive 
B cells induced by an antigenically divergent SARS virus (36). 
Similarly, avian influenza H5N1 and H7N9 immunization has 
been shown to elicit broadly reactive anti-HA responses in 
individuals previously exposed to seasonal H1 and H3 influ-
enza viruses (37, 38). Thus, booster immunization with an an-
tigenically divergent S protein, such as the hyper-mutated 
Omicron spike, may be a promising strategy for the elicita-
tion of broadly neutralizing responses against future emerg-
ing VOCs. 

Despite the relative conservation of the BA.1 S2 subunit 
compared with the RBD, BA.1 breakthrough infection prefer-
entially boosted cross-reactive antibodies targeting the RBD. 
The molecular explanation(s) for the dampened antibody re-
sponse to the S2 subunit remain to be determined but may 
be driven by increased serum antibody masking of the con-
served S2 subunit relative to the more divergent RBD, result-
ing in limited S2 epitope accessibility for B cell targeting. 
Conversely, the extensive immune evasion of the BA.1 RBD 
likely resulted in substantially lower levels of serum antibody 
feedback, potentially enabling the activation of rare cross-re-
active RBD-directed memory B cells. In support of this hy-
pothesis, studies of malaria and influenza vaccination have 
demonstrated that serum antibody masking can modulate 
immunodominance patterns via the selective suppression of 
B cell responses to dominant epitopes and enhanced expan-
sion of subdominant responses (39, 40). In contrast, the B cell 
immunodominance hierarchy established by primary WT 
SAR-CoV-2 infection and vaccination remains stable follow-
ing mRNA booster vaccination, suggesting that the 

immunodominance shift observed following BA.1 break-
through infection is likely driven by heterologous exposure to 
an antigenically distinct variant rather than the route or 
number of exposures (17, 41). 

Finally, while the large majority of BA.1 breakthrough in-
fection-induced antibodies did not neutralize more antigeni-
cally distal sarbecoviruses, we identified several monoclonal 
antibodies from BA.1 breakthrough infection donors that dis-
play broad activity against all SARS-CoV-2 VOCs described to 
date as well as SARS-CoV. Notably, many previously de-
scribed neutralizing antibodies, including those targeting 
RBD epitopes conserved across sarbecoviruses, show reduced 
activity against one or more Omicron lineages (42). Thus, 
these rare broadly neutralizing antibodies represent promis-
ing candidates for therapeutic development and provide a 
framework for the development of vaccines that induce 
broadly neutralizing antibody responses. 

MATERIALS AND METHODS 
Study design. 
Seven participants with BA.1 breakthrough infection were 

recruited with informed consent to participate in this study. 
SARS-CoV-2 infection was determined by positive results via 
both RT-PCR from a saliva sample and rapid antigen test 
from a nasal swab sample. All participants were previously 
immunized with two- or three-doses of an mRNA vaccine 
(BNT162b2 or mRNA-1273) and had no documented history 
of SARS-CoV-2 infection prior to vaccination. Venous blood 
samples were collected 14 to 27 days after their first SARS-
CoV-2 positive test and separated to obtain plasma and pe-
ripheral blood mononuclear cells (PBMCs). Plasma samples 
were used to measure binding and neutralizing activity. 
PBMCs were used for the flow cytometric profiling the SARS-
CoV-2 S-directed B cell response and for the isolation and 
characterization of RBD-directed monoclonal antibodies. Se-
rum and B cell responses following breakthrough infection 
were compared with those of blood samples collected from a 
separate cohort of uninfected individuals at one month and 
six months after two-dose mRNA vaccination, as well as a 
third independent cohort of uninfected individuals one 
month after three-dose mRNA vaccination. Clinical and de-
mographic characteristics are shown in Table S1 for break-
through infection donors and Table S2 for 
uninfected/vaccinated donors. This study was unblinded and 
not randomized. 

Ethics permits and sample collection. 
Breakthrough infection donors (n=7) and uninfected, two-

dose vaccinated donors (n=12) participated with informed 
consent under the healthy donor protocol D10083, Immune 
Monitoring Core (DartLab) Laboratory at Dartmouth-Hitch-
cock Hospital (D-HH). Longitudinal samples were collected 
from uninfected/vaccinated individuals at one month (n=12) 
and six months (n=11) following the second mRNA dose. 
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Uninfected, three-dose vaccinated participants (n=11) are en-
rolled in the clinical trial, CoVacc - Immune response to vac-
cination against Covid-19, an open multicenter phase IV 
study, was approved by the Swedish Ethics Review Authority 
(Dnr 2021-00055) and the Medical Products Agency Sweden. 
The study was registered at European Clinical Trials Data-
base (EUDRACT Number 2021-000683-30) before the first 
patient was enrolled. Umeå University, Sweden served as trial 
sponsor and the Clinical Research Center, University Hospi-
tal of Northern Sweden was monitoring the study for regula-
tory compliance. Individuals were included after informed 
consent and data were stored in accordance with the EU Gen-
eral Data Protection Regulation. Detailed methodology for 
the isolation of plasma and PBMCs are described in the sup-
plementary material. 

Recombinant SARS-CoV-2 S production. 
To produce prefusion-stabilized WT SARS-CoV-2 HexaPro 

S, DNA encoding residues 1-1208 of the SARS-CoV-2 spike 
(GenBank NC NC_045512.2) with substitutions F817P, A892P, 
A899P, A942P, K986P, V987P, “GSAS” mutations from posi-
tions 682-685 and a C-terminal T4 fibritin motif, 8X HisTag 
and TwinStrepTag (SARS-CoV-2 S-2P) was cloned into a 
pcDNA3.4 vector. The following mutations were additionally 
cloned into the Omicron/BA.1 HexaPro S plasmid: A67V, Δ69-
70, T95I, G142D, Δ143-145, Δ211, L212I, ins214EPE, G339D, 
S371L, S373P, S375F, K417N, N440K, G446S, S477N, T478K, 
E484A, Q493K, G496S, Q498R, N501Y, Y505H, T547K, D614G, 
H655Y, N679K, P681H, N764K, D796Y, N856K, Q954H, 
N969K, L981F. Plasmids were transiently transfected into 
FreeStyle HEK 293F cells (Thermo Fisher) using polyethyl-
enimine following the manufacturer's directions. After one 
week of culture, the supernatants were harvested, and centri-
fuged to remove cellular debris. S protein preps were purified 
by Ni affinity chromatography and followed by size exclusion 
chromatography using the Superose 6 column (GE 
Healthcare) before concentrating and freezing at -80°C. 

Serum ELISAs. 
Briefly, serum ELISAs were performed by coating 96-well 

half-area plates with recombinant SARS-CoV-2 antigens. Fol-
lowing overnight incubation, plates were blocked using 3% 
bovine serum albumin and then incubated in serial dilutions 
of human sera. Antigen-specific IgG and IgA were detected 
using anti-human IgG horseradish peroxidase (HRP) or anti-
human IgA HRP, and binding signals were developed using 
TMB substrate solution. Detailed methodology can be found 
in the supplementary material. 

SARS-CoV-2 pseudovirus generation. 
Single-cycle infection pseudoviruses were generated as 

previously described (43). Briefly, HEK293T cells seeded 
overnight in 6-well tissue culture plates were co-transfected 
with plasmids encoding SARS-CoV-2 spike, MLV luciferase 
reporter gene, and MLV gag/pol using Lipofectamine 2000 

following the manufactuerer's recommendations. Culture su-
pernatants containing SARS-CoV-2 S-pseudotyped MLV par-
ticles were harvested 48 hours post-transfection. Additional 
details are included in the supplementary material. 

Pseudovirus neutralization assay. 
Briefly, SARS-CoV-2 S pseudotyped MLV viral stock was 

incubated with serial dilutions of monoclonal antibodies or 
heat-inactivated sera for 1 hour at 37°C with 5% carbon diox-
ide. Virus-antibody mixtures were subsequently added to a 
confluent monolayer of HeLa-hACE2 reporter cells in 96-well 
tissue culture plates and incubated for 48 hours. Viral infec-
tivity was measured by cell lysis and detection of luciferase 
activity using the Luciferase Assay System (Promega). Exper-
imental details are inlucded in the supplementary material. 

FACS analysis of SARS-CoV-2 S-specific B cell re-
sponses. 

Antigen-specific B cells were detected using recombinant 
biotinylated antigens tetramerized with fluorophore-conju-
gated streptavidin (SA). Briefly, for detection of peripheral B 
cells that recognize WT and/or BA.1 RBD, B cells were stained 
with a mixture of recombinant WT and BA.1 HexaPro S and 
RBD tetramers. For determination of subdomain reactivities 
within the total S-specific B cell population, B cells were 
stained with antigen tetramers of WT and BA.1 HexaPro S, 
WT and BA.1 RBDs, WT and BA.1 NTDs, and WT Hexapro-
stabilized S2. PBMCs were also labeled with anti-human an-
tibodies targeting CD19, CD3, CD8, CD14, CD16, IgG, IgA, 
CD27, and CD71. Excess tetramers and antibody reagents 
were removed by washing, and PBMC samples were analyzed 
using a BD FACS Aria II (BD Biosciences). Experimental de-
tails are included in the supplementary material. 

Single B cell sorting. 
Briefly, PBMCs were incubated with tetramerized recom-

binant WT and BA.1 RBD antigens (25 nM each) and a mix-
ture of antibodies targeting human CD19, CD20, CD3, CD8, 
CD14, CD16, IgM, IgG, IgA, CD27, and CD71. Cells were 
washed two times to remove excess reagents and analyzed 
using a BD FACS Aria II (BD Biosciences). Class-switched B 
cells, defined as CD19+CD3−CD8−CD14−CD16−PI−IgM− and 
IgG+ or IgA+, that specifically bound to the WT/BA.1 RBD 
mixture were single-cell index sorted into 96-well polystyrene 
microplates and frozen at -80°C prior to downstream pro-
cessing. Additional details can be found in the supplementary 
material. 

Amplification and analysis of antibody variable 
genes. 

Antibody variable gene mRNA transcripts (VH, Vk, Vλ) 
were amplified by RT-PCR as described previously (21). 
Briefly, cDNA was synthesized using SuperScript IV enzyme 
(ThermoFisher Scientific), followed by two rounds of nested 
PCRs. The second cycle of nested PCR added 40 base pairs of 
5′ and 3′ homology to restriction enzyme-digested S. 
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cerevisiae expression vectors to enable homologous recombi-
nation during transformation. PCR-amplified variable gene 
DNA was chemically transformed into competent yeast cells 
via the lithium acetate method and yeast were plated on se-
lective amino acid drop-out agar plates (44). Transformed 
yeast colonies were picked for sequencing, recombinant anti-
body expression, and characterization. 

For clonal lineage analysis, clonally expanded antibodies 
were defined by the following criteria: identical heavy and 
light chain germline genes, identical HCDR3 lengths, and 
>80% identical HCDR3 protein sequence. 

Expression and purification of IgG and Fab mole-
cules. 

Antibodies were expressed as human IgG1 via S. cerevisiae 
cultures, as described previously (21). Briefly, yeast cells were 
grown for IgG expression over 6 days, and the IgG-containing 
supernatant was subsequently harvested by centrifugation. 
Antibodies were purified by protein A-affinity chromatog-
raphy, eluted with a solution of 200 mM acetic acid/50 mM 
NaCl (pH 3.5). The pH was then neutralized using 1/8th vol-
ume of 2 M Hepes (pH 8.0) 

Fab fragments were generated by incubating IgG with pa-
pain for 2 hours at 30°C. The reaction was terminated using 
iodoacetamide, and the mixture containing digested Fab and 
Fc was purified by Protein A agarose to remove Fc fragments 
and undigested IgG. Fabs present in the flow-through were 
further purified using CaptureSelect IgG-CH1 affinity resin 
(ThermoFisher Scientific) and eluted from the column using 
200 mM acetic acid/50 mM NaCl (pH 3.5). Fab solutions were 
pH-neutralized using 1/8th volume 2 M Hepes (pH 8.0). 

Binding affinity measurements by biolayer inter-
ferometry. 

Binding affinities were measured by biolayer interferom-
etry (BLI) using a FortéBio Octet HTX instrument (Sartorius). 
Briefly, recombinant biotinylated antigens were loaded onto 
streptavidin biosensors and subsequently exposed to Fab or 
IgG fragments to measure the association rate. Sensors were 
next dipped into PBSF to measure the dissociation rate. Ad-
ditional experimental details can be found in the supplemen-
tary material. 

Epitope binning by biolayer interferometry. 
Antibody competition with recombinant human ACE2 

and comparator antibodies for binding to SARS-CoV-2 RBD 
was determined by BLI. Briefly, for ACE2 competition exper-
iments, test antibodies were captured onto anti-human IgG 
capture biosensors, followed by loading of recombinant RBD. 
Finally, biosensors were exposed to human ACE2 in solution 
to assess competitive binding. Antibody competition experi-
ments were performed using the same method but with a dif-
ferent orientation: biosensors were coated with comparator 
antibodies (REGN10933, ADI-62113, COV2-2130, REGN10987, 
and S309) and then exposed to antibodies of interest in 

solution. Detailed experimental methods are included in the 
supplementary material. 

Statistics. 
All statistical analyses were performed using GraphPad 

Prism (version 9.3.1). Detailed statistical results and exact p-
values are shown in Table S4. 

SUPPLEMENTARY MATERIALS 
www.science.org/doi/10.1126/sciimmunol.abq3511 
Materials and Methods 
Figs. S1 to S12 
Tables S1 to S4 
MDAR Reproducibility Checklist 

REFERENCES AND NOTES 
1. T. Pilishvili, R. Gierke, K. E. Fleming-Dutra, J. L. Farrar, N. M. Mohr, D. A. Talan, A. 

Krishnadasan, K. K. Harland, H. A. Smithline, P. C. Hou, L. C. Lee, S. C. Lim, G. J. 
Moran, E. Krebs, M. T. Steele, D. G. Beiser, B. Faine, J. P. Haran, U. Nandi, W. A. 
Schrading, B. Chinnock, D. J. Henning, F. Lovecchio, J. Lee, D. Barter, M. Brackney, 
S. K. Fridkin, K. Marceaux-Galli, S. Lim, E. C. Phipps, G. Dumyati, R. Pierce, T. M. 
Markus, D. J. Anderson, A. K. Debes, M. Y. Lin, J. Mayer, J. H. Kwon, N. Safdar, M. 
Fischer, R. Singleton, N. Chea, S. S. Magill, J. R. Verani, S. J. Schrag; Vaccine 
Effectiveness among Healthcare Personnel Study Team, Effectiveness of mRNA 
Covid-19 Vaccine among U.S. Health Care Personnel. N. Engl. J. Med. 385, e90 
(2021). doi:10.1056/NEJMoa2106599 Medline 

2. D. R. Feikin, M. M. Higdon, L. J. Abu-Raddad, N. Andrews, R. Araos, Y. Goldberg, M. 
J. Groome, A. Huppert, K. L. O’Brien, P. G. Smith, A. Wilder-Smith, S. Zeger, M. 
Deloria Knoll, M. K. Patel, Duration of effectiveness of vaccines against SARS-CoV-
2 infection and COVID-19 disease: Results of a systematic review and meta-
regression. Lancet 399, 924–944 (2022). doi:10.1016/S0140-6736(22)00152-0 
Medline 

3. Y. Goldberg, M. Mandel, Y. M. Bar-On, O. Bodenheimer, L. Freedman, E. J. Haas, R. 
Milo, S. Alroy-Preis, N. Ash, A. Huppert, Waning Immunity after the BNT162b2 
Vaccine in Israel. N. Engl. J. Med. 385, e85 (2021). doi:10.1056/NEJMoa2114228 
Medline 

4. K. B. Pouwels, E. Pritchard, P. C. Matthews, N. Stoesser, D. W. Eyre, K. D. Vihta, T. 
House, J. Hay, J. I. Bell, J. N. Newton, J. Farrar, D. Crook, D. Cook, E. Rourke, R. 
Studley, T. E. A. Peto, I. Diamond, A. S. Walker, Effect of Delta variant on viral 
burden and vaccine effectiveness against new SARS-CoV-2 infections in the UK. 
Nat. Med. 27, 2127–2135 (2021). doi:10.1038/s41591-021-01548-7 Medline 

5. L. J. Abu-Raddad, H. Chemaitelly, A. A. Butt; National Study Group for COVID-19 
Vaccination, Effectiveness of the BNT162b2 Covid-19 Vaccine against the B.1.1.7 
and B.1.351 Variants. N. Engl. J. Med. 385, 187–189 (2021). 
doi:10.1056/NEJMc2104974 Medline 

6. N. Andrews, J. Stowe, F. Kirsebom, S. Toffa, T. Rickeard, E. Gallagher, C. Gower, M. 
Kall, N. Groves, A. M. O’Connell, D. Simons, P. B. Blomquist, A. Zaidi, S. Nash, N. 
Iwani Binti Abdul Aziz, S. Thelwall, G. Dabrera, R. Myers, G. Amirthalingam, S. 
Gharbia, J. C. Barrett, R. Elson, S. N. Ladhani, N. Ferguson, M. Zambon, C. N. J. 
Campbell, K. Brown, S. Hopkins, M. Chand, M. Ramsay, J. Lopez Bernal, Covid-19 
Vaccine Effectiveness against the Omicron (B.1.1.529) Variant. N. Engl. J. Med. 
386, 1532–1546 (2022). doi:10.1056/NEJMoa2119451 Medline 

7. H. Chemaitelly, H. H. Ayoub, S. AlMukdad, P. Coyle, P. Tang, H. M. Yassine, H. A. Al-
Khatib, M. K. Smatti, M. R. Hasan, Z. Al-Kanaani, E. A. Kuwari, A. Jeremijenko, A. 
H. Kaleeckal, A. N. Latif, R. M. Shaik, H. F. Abdul-Rahim, G. K. Nasrallah, M. G. Al-
Kuwari, A. A. Butt, H. E. Al-Romaihi, M. H. Al-Thani, A. Al-Khal, R. Bertollini, L. J. 
Abu-Raddad, Duration of mRNA vaccine protection against SARS-CoV-2 Omicron 
BA.1 and BA.2 subvariants in Qatar. medRxiv, 2022.2003.2013.22272308 (2022). 

8. W. Dejnirattisai, J. Huo, D. Zhou, J. Zahradník, P. Supasa, C. Liu, H. M. E. Duyvesteyn, 
H. M. Ginn, A. J. Mentzer, A. Tuekprakhon, R. Nutalai, B. Wang, A. Dijokaite, S. 
Khan, O. Avinoam, M. Bahar, D. Skelly, S. Adele, S. A. Johnson, A. Amini, T. G. 
Ritter, C. Mason, C. Dold, D. Pan, S. Assadi, A. Bellass, N. Omo-Dare, D. 
Koeckerling, A. Flaxman, D. Jenkin, P. K. Aley, M. Voysey, S. A. Costa Clemens, F. 
G. Naveca, V. Nascimento, F. Nascimento, C. Fernandes da Costa, P. C. Resende, 
A. Pauvolid-Correa, M. M. Siqueira, V. Baillie, N. Serafin, G. Kwatra, K. Da Silva, S. 



First release: 12 May 2022  www.science.org/journal/sciimmunol  (Page numbers not final at time of first release) 8 
 

A. Madhi, M. C. Nunes, T. Malik, P. J. M. Openshaw, J. K. Baillie, M. G. Semple, A. 
R. Townsend, K. A. Huang, T. K. Tan, M. W. Carroll, P. Klenerman, E. Barnes, S. J. 
Dunachie, B. Constantinides, H. Webster, D. Crook, A. J. Pollard, T. Lambe, N. G. 
Paterson, M. A. Williams, D. R. Hall, E. E. Fry, J. Mongkolsapaya, J. Ren, G. 
Schreiber, D. I. Stuart, G. R. Screaton; OPTIC Consortium; ISARIC4C Consortium, 
SARS-CoV-2 Omicron-B.1.1.529 leads to widespread escape from neutralizing 
antibody responses. Cell 185, 467–484.e15 (2022). 
doi:10.1016/j.cell.2021.12.046 Medline 

9. L. Liu, S. Iketani, Y. Guo, J. F. Chan, M. Wang, L. Liu, Y. Luo, H. Chu, Y. Huang, M. S. 
Nair, J. Yu, K. K. Chik, T. T. Yuen, C. Yoon, K. K. To, H. Chen, M. T. Yin, M. E. 
Sobieszczyk, Y. Huang, H. H. Wang, Z. Sheng, K. Y. Yuen, D. D. Ho, Striking 
antibody evasion manifested by the Omicron variant of SARS-CoV-2. Nature 602, 
676–681 (2022). doi:10.1038/s41586-021-04388-0 Medline 

10. S. Iketani, L. Liu, Y. Guo, L. Liu, J. F. Chan, Y. Huang, M. Wang, Y. Luo, J. Yu, H. Chu, 
K. K. Chik, T. T. Yuen, M. T. Yin, M. E. Sobieszczyk, Y. Huang, K. Y. Yuen, H. H. Wang, 
Z. Sheng, D. D. Ho, Antibody evasion properties of SARS-CoV-2 Omicron 
sublineages. Nature 604, 553–556 (2022). doi:10.1038/s41586-022-04594-4 
Medline 

11. A. Sokal, M. Broketa, G. Barba-Spaeth, A. Meola, I. Fernández, S. Fourati, I. Azzaoui, 
A. de La Selle, A. Vandenberghe, A. Roeser, M. Bouvier-Alias, E. Crickx, L. 
Languille, M. Michel, B. Godeau, S. Gallien, G. Melica, Y. Nguyen, V. Zarrouk, F. 
Canoui-Poitrine, F. Noizat-Pirenne, J. Megret, J.-M. Pawlotsky, S. Fillatreau, E. 
Simon-Lorière, J.-C. Weill, C.-A. Reynaud, F. A. Rey, P. Bruhns, P. Chappert, M. 
Mahévas, Analysis of mRNA vaccination-elicited RBD-specific memory B cells 
reveals strong but incomplete immune escape of the SARS-CoV-2 Omicron 
variant. Immunity S1074-7613(22)00173-X (2022). 
doi:10.1016/j.immuni.2022.04.002 Medline 

12. M. S. Seaman, M. J. Siedner, J. Boucau, C. L. Lavine, F. Ghantous, M. Y. Liew, J. 
Mathews, A. Singh, C. Marino, J. Regan, R. Uddin, M. C. Choudhary, J. P. Flynn, G. 
Chen, A. M. Stuckwisch, T. Lipiner, A. Kittilson, M. Melberg, R. F. Gilbert, Z. 
Reynolds, S. L. Iyer, G. C. Chamberlin, T. D. Vyas, J. M. Vyas, M. B. Goldberg, J. 
Luban, J. Z. Li, A. K. Barczak, J. E. Lemieux, Vaccine Breakthrough Infection with 
the SARS-CoV-2 Delta or Omicron (BA.1) Variant Leads to Distinct Profiles of 
Neutralizing Antibody Responses. medRxiv, 2022.2003.2002.22271731 (2022). 

13. S. I. Richardson, V. S. Madzorera, H. Spencer, N. P. Manamela, M. A. van der 
Mescht, B. E. Lambson, B. Oosthuysen, F. Ayres, Z. Makhado, T. Moyo-Gwete, N. 
Mzindle, T. Motlou, A. Strydom, A. Mendes, H. Tegally, Z. de Beer, T. Roma de 
Villiers, A. Bodenstein, G. van den Berg, M. Venter, T. de Oliviera, V. Ueckermann, 
T. M. Rossouw, M. T. Boswell, P. L. Moore, SARS-CoV-2 Omicron triggers cross-
reactive neutralization and Fc effector functions in previously vaccinated, but not 
unvaccinated, individuals. Cell Host Microbe S1931-3128(22)00159-7 (2022). 
doi:10.1016/j.chom.2022.03.029 Medline 

14. V. Servellita, A. M. Syed, M. K. Morris, N. Brazer, P. Saldhi, M. Garcia-Knight, B. 
Sreekumar, M. M. Khalid, A. Ciling, P. Y. Chen, G. R. Kumar, A. S. Gliwa, J. Nguyen, 
A. Sotomayor-Gonzalez, Y. Zhang, E. Frias, J. Prostko, J. Hackett Jr., R. Andino, D. 
A. Wadford, C. Hanson, J. Doudna, M. Ott, C. Y. Chiu, Neutralizing immunity in 
vaccine breakthrough infections from the SARS-CoV-2 Omicron and Delta 
variants. Cell 185, 1539–1548.e5 (2022). doi:10.1016/j.cell.2022.03.019 Medline 

15. T. A. Bates, S. K. McBride, B. Winders, D. Schoen, L. Trautmann, M. E. Curlin, F. G. 
Tafesse, Antibody Response and Variant Cross-Neutralization After SARS-CoV-2 
Breakthrough Infection. JAMA 327, 179–181 (2022). 
doi:10.1001/jama.2021.22898 Medline 

16. A. C. Walls, K. R. Sprouse, J. E. Bowen, A. Joshi, N. Franko, M. J. Navarro, C. 
Stewart, E. Cameroni, M. McCallum, E. A. Goecker, E. J. Degli-Angeli, J. Logue, A. 
Greninger, D. Corti, H. Y. Chu, D. Veesler, SARS-CoV-2 breakthrough infections 
elicit potent, broad, and durable neutralizing antibody responses. Cell 185, 872–
880.e3 (2022). doi:10.1016/j.cell.2022.01.011 Medline 

17. R. R. Goel, M. M. Painter, K. A. Lundgreen, S. A. Apostolidis, A. E. Baxter, J. R. Giles, 
D. Mathew, A. Pattekar, A. Reynaldi, D. S. Khoury, S. Gouma, P. Hicks, S. Dysinger, 
A. Hicks, H. Sharma, S. Herring, S. Korte, W. Kc, D. A. Oldridge, R. I. Erickson, M. E. 
Weirick, C. M. McAllister, M. Awofolaju, N. Tanenbaum, J. Dougherty, S. Long, K. 
D’Andrea, J. T. Hamilton, M. McLaughlin, J. C. Williams, S. Adamski, O. Kuthuru, E. 
M. Drapeau, M. P. Davenport, S. E. Hensley, P. Bates, A. R. Greenplate, E. J. 
Wherry, Efficient recall of Omicron-reactive B cell memory after a third dose of 
SARS-CoV-2 mRNA vaccine. Cell S0092-8674(22)00456-1 (2022). 

doi:10.1016/j.cell.2022.04.009 Medline 
18. R. Kotaki, Y. Adachi, S. Moriyama, T. Onodera, S. Fukushi, T. Nagakura, K. 

Tonouchi, K. Terahara, L. Sun, T. Takano, A. Nishiyama, M. Shinkai, K. Oba, F. 
Nakamura-Uchiyama, H. Shimizu, T. Suzuki, T. Matsumura, M. Isogawa, Y. 
Takahashi, SARS-CoV-2 Omicron-neutralizing memory B cells are elicited by two 
doses of BNT162b2 mRNA vaccine. Sci. Immunol. 7, eabn8590 (2022). 
doi:10.1126/sciimmunol.abn8590 Medline 

19. F. Muecksch, Z. Wang, A. Cho, C. Gaebler, T. Ben Tanfous, J. DaSilva, E. Bednarski, 
V. Ramos, S. Zong, B. Johnson, R. Raspe, D. Schaefer-Babajew, I. Shimeliovich, M. 
Daga, K.-H. Yao, F. Schmidt, K. G. Millard, M. Turroja, M. Jankovic, T. Y. Oliveira, A. 
Gazumyan, M. Caskey, T. Hatziioannou, P. D. Bieniasz, M. C. Nussenzweig, 
Increased Memory B Cell Potency and Breadth After a SARS-CoV-2 mRNA Boost. 
Nature (2022). doi:10.1038/s41586-022-04778-y Medline 

20. A. H. Ellebedy, K. J. Jackson, H. T. Kissick, H. I. Nakaya, C. W. Davis, K. M. Roskin, 
A. K. McElroy, C. M. Oshansky, R. Elbein, S. Thomas, G. M. Lyon, C. F. Spiropoulou, 
A. K. Mehta, P. G. Thomas, S. D. Boyd, R. Ahmed, Defining antigen-specific 
plasmablast and memory B cell subsets in human blood after viral infection or 
vaccination. Nat. Immunol. 17, 1226–1234 (2016). doi:10.1038/ni.3533 Medline 

21. M. Sakharkar, C. G. Rappazzo, W. F. Wieland-Alter, C. L. Hsieh, D. Wrapp, E. S. 
Esterman, C. I. Kaku, A. Z. Wec, J. C. Geoghegan, J. S. McLellan, R. I. Connor, P. F. 
Wright, L. M. Walker, Prolonged evolution of the human B cell response to SARS-
CoV-2 infection. Sci. Immunol. 6, eabg6916 (2021). 
doi:10.1126/sciimmunol.abg6916 Medline 

22. B. Briney, A. Inderbitzin, C. Joyce, D. R. Burton, Commonality despite exceptional 
diversity in the baseline human antibody repertoire. Nature 566, 393–397 (2019). 
doi:10.1038/s41586-019-0879-y Medline 

23. Z. Wang, F. Schmidt, Y. Weisblum, F. Muecksch, C. O. Barnes, S. Finkin, D. 
Schaefer-Babajew, M. Cipolla, C. Gaebler, J. A. Lieberman, T. Y. Oliveira, Z. Yang, 
M. E. Abernathy, K. E. Huey-Tubman, A. Hurley, M. Turroja, K. A. West, K. Gordon, 
K. G. Millard, V. Ramos, J. Da Silva, J. Xu, R. A. Colbert, R. Patel, J. Dizon, C. Unson-
O’Brien, I. Shimeliovich, A. Gazumyan, M. Caskey, P. J. Bjorkman, R. Casellas, T. 
Hatziioannou, P. D. Bieniasz, M. C. Nussenzweig, mRNA vaccine-elicited 
antibodies to SARS-CoV-2 and circulating variants. Nature 592, 616–622 (2021). 
doi:10.1038/s41586-021-03324-6 Medline 

24. S. M. Reincke, M. Yuan, H. C. Kornau, V. M. Corman, S. van Hoof, E. Sánchez-
Sendin, M. Ramberger, W. Yu, Y. Hua, H. Tien, M. L. Schmidt, T. Schwarz, L. M. 
Jeworowski, S. E. Brandl, H. F. Rasmussen, M. A. Homeyer, L. Stöffler, M. Barner, 
D. Kunkel, S. Huo, J. Horler, N. von Wardenburg, I. Kroidl, T. M. Eser, A. Wieser, C. 
Geldmacher, M. Hoelscher, H. Gänzer, G. Weiss, D. Schmitz, C. Drosten, H. Prüss, 
I. A. Wilson, J. Kreye, SARS-CoV-2 Beta variant infection elicits potent lineage-
specific and cross-reactive antibodies. Science 375, 782–787 (2022). 
doi:10.1126/science.abm5835 Medline 

25. M. Yuan, D. Huang, C. D. Lee, N. C. Wu, A. M. Jackson, X. Zhu, H. Liu, L. Peng, M. J. 
van Gils, R. W. Sanders, D. R. Burton, S. M. Reincke, H. Prüss, J. Kreye, D. 
Nemazee, A. B. Ward, I. A. Wilson, Structural and functional ramifications of 
antigenic drift in recent SARS-CoV-2 variants. Science 373, 818–823 (2021). 
doi:10.1126/science.abh1139 Medline 

26. J. S. Turner, J. A. O’Halloran, E. Kalaidina, W. Kim, A. J. Schmitz, J. Q. Zhou, T. Lei, 
M. Thapa, R. E. Chen, J. B. Case, F. Amanat, A. M. Rauseo, A. Haile, X. Xie, M. K. 
Klebert, T. Suessen, W. D. Middleton, P. Y. Shi, F. Krammer, S. A. Teefey, M. S. 
Diamond, R. M. Presti, A. H. Ellebedy, SARS-CoV-2 mRNA vaccines induce 
persistent human germinal centre responses. Nature 596, 109–113 (2021). 
doi:10.1038/s41586-021-03738-2 Medline 

27. Z. Wang, F. Muecksch, D. Schaefer-Babajew, S. Finkin, C. Viant, C. Gaebler, H. H. 
Hoffmann, C. O. Barnes, M. Cipolla, V. Ramos, T. Y. Oliveira, A. Cho, F. Schmidt, J. 
Da Silva, E. Bednarski, L. Aguado, J. Yee, M. Daga, M. Turroja, K. G. Millard, M. 
Jankovic, A. Gazumyan, Z. Zhao, C. M. Rice, P. D. Bieniasz, M. Caskey, T. 
Hatziioannou, M. C. Nussenzweig, Naturally enhanced neutralizing breadth 
against SARS-CoV-2 one year after infection. Nature 595, 426–431 (2021). 
doi:10.1038/s41586-021-03696-9 Medline 

28. C. O. Barnes, C. A. Jette, M. E. Abernathy, K. A. Dam, S. R. Esswein, H. B. Gristick, 
A. G. Malyutin, N. G. Sharaf, K. E. Huey-Tubman, Y. E. Lee, D. F. Robbiani, M. C. 
Nussenzweig, A. P. West Jr., P. J. Bjorkman, SARS-CoV-2 neutralizing antibody 
structures inform therapeutic strategies. Nature 588, 682–687 (2020). 
doi:10.1038/s41586-020-2852-1 Medline 



First release: 12 May 2022  www.science.org/journal/sciimmunol  (Page numbers not final at time of first release) 9 
 

29. H. Liu, C. I. Kaku, G. Song, M. Yuan, R. Andrabi, D. R. Burton, L. M. Walker, I. A. 
Wilson, A recurring YYDRxG pattern in broadly neutralizing antibodies to a 
conserved site on SARS-CoV-2, variants of concern, and related viruses. bioRxiv, 
2021.2012.2015.472864 (2021). 

30. Q. Zhang, B. Ju, J. Ge, J. F. Chan, L. Cheng, R. Wang, W. Huang, M. Fang, P. Chen, 
B. Zhou, S. Song, S. Shan, B. Yan, S. Zhang, X. Ge, J. Yu, J. Zhao, H. Wang, L. Liu, 
Q. Lv, L. Fu, X. Shi, K. Y. Yuen, L. Liu, Y. Wang, Z. Chen, L. Zhang, X. Wang, Z. Zhang, 
Potent and protective IGHV3-53/3-66 public antibodies and their shared escape 
mutant on the spike of SARS-CoV-2. Nat. Commun. 12, 4210 (2021). 
doi:10.1038/s41467-021-24514-w Medline 

31. D. F. Robbiani, C. Gaebler, F. Muecksch, J. C. C. Lorenzi, Z. Wang, A. Cho, M. 
Agudelo, C. O. Barnes, A. Gazumyan, S. Finkin, T. Hägglöf, T. Y. Oliveira, C. Viant, 
A. Hurley, H. H. Hoffmann, K. G. Millard, R. G. Kost, M. Cipolla, K. Gordon, F. 
Bianchini, S. T. Chen, V. Ramos, R. Patel, J. Dizon, I. Shimeliovich, P. Mendoza, H. 
Hartweger, L. Nogueira, M. Pack, J. Horowitz, F. Schmidt, Y. Weisblum, E. 
Michailidis, A. W. Ashbrook, E. Waltari, J. E. Pak, K. E. Huey-Tubman, N. Koranda, 
P. R. Hoffman, A. P. West Jr., C. M. Rice, T. Hatziioannou, P. J. Bjorkman, P. D. 
Bieniasz, M. Caskey, M. C. Nussenzweig, Convergent antibody responses to 
SARS-CoV-2 in convalescent individuals. Nature 584, 437–442 (2020). 
doi:10.1038/s41586-020-2456-9 Medline 

32. K. Matsuda, J. Huang, T. Zhou, Z. Sheng, B. H. Kang, E. Ishida, T. Griesman, S. 
Stuccio, L. Bolkhovitinov, T. J. Wohlbold, V. Chromikova, A. Cagigi, K. Leung, S. 
Andrews, C. S. F. Cheung, A. A. Pullano, J. Plyler, C. Soto, B. Zhang, Y. Yang, M. G. 
Joyce, Y. Tsybovsky, A. Wheatley, S. R. Narpala, Y. Guo, S. Darko, R. T. Bailer, A. 
Poole, C. J. Liang, J. Smith, J. Alexander, M. Gurwith, S. A. Migueles, R. A. Koup, H. 
Golding, S. Khurana, A. B. McDermott, L. Shapiro, F. Krammer, P. D. Kwong, M. 
Connors, Prolonged evolution of the memory B cell response induced by a 
replicating adenovirus-influenza H5 vaccine. Sci. Immunol. 4, eaau2710 (2019). 
doi:10.1126/sciimmunol.aau2710 Medline 

33. H. Chemaitelly, H. H. Ayoub, P. Coyle, P. Tang, H. M. Yassine, H. A. Al-Khatib, M. K. 
Smatti, M. R. Hasan, Z. Al-Kanaani, E. Al-Kuwari, A. Jeremijenko, A. H. Kaleeckal, 
A. N. Latif, R. M. Shaik, H. F. Abdul-Rahim, G. K. Nasrallah, M. G. Al-Kuwari, A. A. 
Butt, H. E. Al-Romaihi, M. H. Al-Thani, A. Al-Khal, R. Bertollini, L. J. Abu-Raddad, 
Protection of Omicron sub-lineage infection against reinfection with another 
Omicron sub-lineage. medRxiv, 2022.2002.2024.22271440 (2022). 

34. M. Stegger, S. M. Edslev, R. N. Sieber, A. Cäcilia Ingham, K. L. Ng, M.-H. E. Tang, S. 
Alexandersen, J. Fonager, R. Legarth, M. Utko, B. Wilkowski, V. Gunalan, M. 
Bennedbæk, J. Byberg-Grauholm, C. H. Møller, L. E. Christiansen, C. W. Svarrer, 
K. Ellegaard, S. Baig, T. B. Johannesen, L. Espenhain, R. Skov, A. S. Cohen, N. B. 
Larsen, K. M. Sørensen, E. D. White, T. Lillebaek, H. Ullum, T. G. Krause, A. 
Fomsgaard, S. Ethelberg, M. Rasmussen, Occurrence and significance of Omicron 
BA.1 infection followed by BA.2 reinfection. medRxiv, 2022.2002.2019.22271112 
(2022). 

35. A. Choi, M. Koch, K. Wu, L. Chu, L. Ma, A. Hill, N. Nunna, W. Huang, J. Oestreicher, 
T. Colpitts, H. Bennett, H. Legault, Y. Paila, B. Nestorova, B. Ding, D. Montefiori, R. 
Pajon, J. M. Miller, B. Leav, A. Carfi, R. McPhee, D. K. Edwards, Safety and 
immunogenicity of SARS-CoV-2 variant mRNA vaccine boosters in healthy adults: 
An interim analysis. Nat. Med. 27, 2025–2031 (2021). doi:10.1038/s41591-021-
01527-y Medline 

36. C. W. Tan, W. N. Chia, B. E. Young, F. Zhu, B. L. Lim, W. R. Sia, T. L. Thein, M. I. 
Chen, Y. S. Leo, D. C. Lye, L. F. Wang, Pan-Sarbecovirus Neutralizing Antibodies in 
BNT162b2-Immunized SARS-CoV-1 Survivors. N. Engl. J. Med. 385, 1401–1406 
(2021). doi:10.1056/NEJMoa2108453 Medline 

37. A. H. Ellebedy, F. Krammer, G. M. Li, M. S. Miller, C. Chiu, J. Wrammert, C. Y. Chang, 
C. W. Davis, M. McCausland, R. Elbein, S. Edupuganti, P. Spearman, S. F. Andrews, 
P. C. Wilson, A. García-Sastre, M. J. Mulligan, A. K. Mehta, P. Palese, R. Ahmed, 
Induction of broadly cross-reactive antibody responses to the influenza HA stem 
region following H5N1 vaccination in humans. Proc. Natl. Acad. Sci. U.S.A. 111, 
13133–13138 (2014). doi:10.1073/pnas.1414070111 Medline 

38. S. F. Andrews, M. G. Joyce, M. J. Chambers, R. A. Gillespie, M. Kanekiyo, K. Leung, 
E. S. Yang, Y. Tsybovsky, A. K. Wheatley, M. C. Crank, J. C. Boyington, M. S. 
Prabhakaran, S. R. Narpala, X. Chen, R. T. Bailer, G. Chen, E. Coates, P. D. Kwong, 
R. A. Koup, J. R. Mascola, B. S. Graham, J. E. Ledgerwood, A. B. McDermott, 
Preferential induction of cross-group influenza A hemagglutinin stem-specific 
memory B cells after H7N9 immunization in humans. Sci. Immunol. 2, eaan2676 

(2017). doi:10.1126/sciimmunol.aan2676 Medline 
39. H. A. McNamara, A. H. Idris, H. J. Sutton, R. Vistein, B. J. Flynn, Y. Cai, K. Wiehe, K. 

E. Lyke, D. Chatterjee, N. Kc, S. Chakravarty, B. K. Lee Sim, S. L. Hoffman, M. 
Bonsignori, R. A. Seder, I. A. Cockburn, Antibody Feedback Limits the Expansion 
of B Cell Responses to Malaria Vaccination but Drives Diversification of the 
Humoral Response. Cell Host Microbe 28, 572–585.e7 (2020). 
doi:10.1016/j.chom.2020.07.001 Medline 

40. D. Angeletti, J. S. Gibbs, M. Angel, I. Kosik, H. D. Hickman, G. M. Frank, S. R. Das, 
A. K. Wheatley, M. Prabhakaran, D. J. Leggat, A. B. McDermott, J. W. Yewdell, 
Defining B cell immunodominance to viruses. Nat. Immunol. 18, 456–463 (2017). 
doi:10.1038/ni.3680 Medline 

41. R. R. Goel, M. M. Painter, S. A. Apostolidis, D. Mathew, W. Meng, A. M. Rosenfeld, 
K. A. Lundgreen, A. Reynaldi, D. S. Khoury, A. Pattekar, S. Gouma, L. Kuri-
Cervantes, P. Hicks, S. Dysinger, A. Hicks, H. Sharma, S. Herring, S. Korte, A. E. 
Baxter, D. A. Oldridge, J. R. Giles, M. E. Weirick, C. M. McAllister, M. Awofolaju, N. 
Tanenbaum, E. M. Drapeau, J. Dougherty, S. Long, K. D’Andrea, J. T. Hamilton, M. 
McLaughlin, J. C. Williams, S. Adamski, O. Kuthuru, I. Frank, M. R. Betts, L. A. Vella, 
A. Grifoni, D. Weiskopf, A. Sette, S. E. Hensley, M. P. Davenport, P. Bates, E. T. 
Luning Prak, A. R. Greenplate, E. J. Wherry; UPenn COVID Processing Unit‡, 
mRNA vaccines induce durable immune memory to SARS-CoV-2 and variants of 
concern. Science 374, abm0829 (2021). doi:10.1126/science.abm0829 Medline 

42. Y. Cao, A. Yisimayi, F. Jian, W. Song, T. Xiao, L. Wang, S. Du, J. Wang, Q. Li, X. Chen, 
P. Wang, Z. Zhang, P. Liu, R. An, X. Hao, Y. Wang, J. Wang, R. Feng, H. Sun, L. Zhao, 
W. Zhang, D. Zhao, J. Zheng, L. Yu, C. Li, N. Zhang, R. Wang, X. Niu, S. Yang, X. 
Song, L. Zheng, Z. Li, Q. Gu, F. Shao, W. Huang, R. Jin, Z. Shen, Y. Wang, X. Wang, 
J. Xiao, X. S. Xie, BA.2.12.1, BA.4 and BA.5 escape antibodies elicited by Omicron 
infection. bioRxiv, 2022.2004.2030.489997 (2022). 

43. T. F. Rogers, F. Zhao, D. Huang, N. Beutler, A. Burns, W. T. He, O. Limbo, C. Smith, 
G. Song, J. Woehl, L. Yang, R. K. Abbott, S. Callaghan, E. Garcia, J. Hurtado, M. 
Parren, L. Peng, S. Ramirez, J. Ricketts, M. J. Ricciardi, S. A. Rawlings, N. C. Wu, 
M. Yuan, D. M. Smith, D. Nemazee, J. R. Teijaro, J. E. Voss, I. A. Wilson, R. Andrabi, 
B. Briney, E. Landais, D. Sok, J. G. Jardine, D. R. Burton, Isolation of potent SARS-
CoV-2 neutralizing antibodies and protection from disease in a small animal 
model. Science 369, 956–963 (2020). doi:10.1126/science.abc7520 Medline 

44. R. D. Gietz, R. H. Schiestl, High-efficiency yeast transformation using the LiAc/SS 
carrier DNA/PEG method. Nat. Protoc. 2, 31–34 (2007). 
doi:10.1038/nprot.2007.13 Medline 

45. M. I. J. Raybould, A. Kovaltsuk, C. Marks, C. M. Deane, CoV-AbDab: The 
coronavirus antibody database. Bioinformatics 37, 734–735 (2021). 
doi:10.1093/bioinformatics/btaa739 Medline 

Acknowledgments: We thank study nurse Ida-Lisa Persson and personnel at the 
Clinical Research Center at Umeå University Hospital for support, enrollment of 
study subjects, and sampling. We thank Jane Collins for collection of blood 
samples. We acknowledge Linnea Vikström at Umeå University for processing of 
samples and summary of clinical data. We also thank E. Krauland, J. Nett, and M. 
Vasquez for helpful comments on the manuscript. All IgGs were sequenced by 
Adimab’s Molecular Core and produced by the High Throughput Expression 
group. Funding: A.J.B. is funded by the NCI Cancer Center Support Grant (5P30 
CA023108-41). M.N.E.F is funded by grants from the Swedish Research Council 
(2020-06235) and from the SciLifeLab National COVID-19 Research Program 
(VC-2020-0015), financed by the Knut and Alice Wallenberg Foundation. C.A. is 
funded by the Swedish Research Council (2021-04665). J.N. is a Wallenberg 
Center for Molecular Medicine Associated Researcher. Author contributions: 
C.I.K. and L.M.W. conceived and designed the study. A.J.B. and M.N.E.F. 
supervised and performed clinical sample collection and processing. C.A., J.N., 
and M.N.E.F. are principal investigators for the clinical trial and supervised 
sample collection. C.I.K. designed and performed serum and B cell analyses, 
single B cell sorting, and biolayer interferometry assays. C.I.K. and M.S. 
performed pseudovirus neutralization assays. C.I.K. and L.M.W. analyzed the 
data. C.I.K. and L.M.W. wrote the manuscript, and all authors reviewed and 
edited the paper. Competing interests: C.I.K., M.S., and L.M.W. are employees 
of Adimab, LLC, and may hold shares in Adimab, LLC. L.M.W. is an employee of 
Adagio Therapeutics, Inc., and holds shares in Adagio Therapeutics, Inc. A.J.B., 
J.N., C.A., and M.N.E.F. declare no competing interests. L.M.W. and C.I.K. are 
inventors on a provisional patent application (US patent application no. 



First release: 12 May 2022  www.science.org/journal/sciimmunol  (Page numbers not final at time of first release) 10 
 

63/326,333) describing the SARS-CoV-2 antibodies reported in this work. Data 
and material availability: Antibody sequences have been deposited in GenBank 
(accession codes ON334168 to ON334727). All other data are available in the 
manuscript or supplementary materials. IgGs are available from L.M.W. under a 
material transfer agreement (MTA) from Adagio Therapeutics, Inc. This work is 
licensed under a Creative Commons Attribution 4.0 International (CC BY 4.0) 
license, which permits unrestricted use, distribution, and reproduction in any 
medium, provided the original work is properly cited. To view a copy of this 
license, visit https://creativecommons.org/licenses/by/4.0/. This license does 
not apply to figures/photos/artwork or other content included in the article that 
is credited to a third party; obtain authorization from the rights holder before 
using this material. 

 
Submitted 2 April 2022 
Accepted 6 May 2022 
Published First Release 12 May 2022 
10.1126/sciimmunol.abq3511 
 



First release: 12 May 2022  www.science.org/journal/sciimmunol  (Page numbers not final at time of first release) 11 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



First release: 12 May 2022  www.science.org/journal/sciimmunol  (Page numbers not final at time of first release) 12 
 

 
 
 
  

Fig. 1. Serum binding and neutralizing activity following BA.1 breakthrough infection. (A) Vaccination, infection, 
and blood draw timelines. (B-C) Serum (B) IgG and (C) IgA reactivity with recombinant WT and BA.1 (left) Hexapro-
stabilized S proteins and (right) RBDs following BA.1 breakthrough infection. Serum samples from
uninfected/vaccinated donors at one month or six months following primary vaccination (2x mRNA) or one month
following booster mRNA vaccination (3x mRNA) are shown for comparison. The fold change in median EC50 against 
BA.1 relative to D614G is shown above each paired set of measurements. Black bars represent median binding EC50

titers. Dotted lines represent the lower limit of detection. (D-G) Serum neutralizing activity against SARS-CoV-2 
D614G, Beta, Delta, and BA.1 and SARS-CoV (D) one month after primary mRNA vaccination (n=12), (E) six months
after primary mRNA vaccination (n=10), (F) one month after mRNA booster vaccination (n=11), and (G) 14 to 27
days after BA.1 breakthrough infection (n=7), as measured using an MLV-based pseudovirus neutralization assay.
Plotted values represent serum neutralizing IC50 titers and values shown above the data points indicate the median
IC50 titer. The fold change in IC50 titer for each virus relative to D614G is shown in parentheses. Breakthrough 
infection donors infected after primary mRNA vaccination (n=4) are shown as squares and those infected after
mRNA booster vaccination (n=3) are shown as triangles. Statistical comparisons were determined by (B-C) two-
sided Kruskal-Wallis test with Dunn's multiple comparisons or (D) Friedman's test with multiple comparisons. 1M,
one month; 6M, six months; EC50, 50% effective concentration; IC50, 50% inhibitory concentration; WT, wild type.
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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Fig. 2. SARS-CoV-2 S-specific B cell responses induced by BA.1 breakthrough infection. (A-B) Frequency of 
circulating B cells that recognize recombinant WT and BA.1 RBDs among (A) IgG+ and (B) IgA+ B cells in BA.1 
breakthrough infection donors (n=7) and uninfected/vaccinated donors at one month (n=12) or six months
(n=11) following primary vaccination (2x mRNA) or one month following booster mRNA vaccination (3x mRNA,
n=11), as measured by flow cytometry. Bars indicate median frequencies. Donors with breakthrough infections
occurring after primary mRNA vaccination are shown as squares and those infected after booster mRNA
vaccination are shown as triangles. (C) Representative fluorescence-activated cell sorting (FACS) gating strategy
used to identify RBD-directed B cells that are WT-specific or WT/BA.1 cross-reactive, shown for a pre-pandemic 
donor and a breakthrough infection donor. Percentages of WT-specific and WT/BA.1 cross-reactive B cells out of 
total RBD-reactive cells are shown in parentheses. (D-E) Mean proportions of RBD-reactive B cells that bind WT
and/or BA.1 RBDs among (D) total S+swIg+ B cells or (E) S+swIg+ CD7+ B cells. Error bars represent standard
errors of the mean. A median of 65 RBD-specific B cells (ranging 12 to 310 cells) were collected from each donor
for this analysis. Samples collected six months following mRNA vaccination were excluded from this analysis due
to low numbers of RBD-specific CD71+ cells at this time point. (F-H) Percentage of S-reactive swIg+ B cells that 
target the (F) NTD, (G) RBD, and (H) Hexapro-stabilized S2 subunits. Black bars represent median percentages. 
For breakthrough infection donors, this analysis was restricted to S+swIg+CD71+ B cells to capture the activated
response. 87 to 1721 S-reactive B cells were collected from each donor for this analysis. Statistical comparisons
were determined by (A-B) two-way ANOVA with subsequent Dunnett's multiple comparisons test or (D-H) two-
sided Kruskal-Wallis test with Dunn's multiple comparisons. 1M, one month; 6M, six months; swIg, class-switched 
(IgG+ or IgA+) immunoglobulin; WT, wild type. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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Fig. 3. Sequence features of RBD-directed monoclonal antibodies isolated from BA.1 breakthrough infection
donors. (A) Proportion of antibodies that bind recombinant WT and/or BA.1 RBD antigens from each donor, as
determined by IgG binding via biolayer interferometry (BLI). Antibodies were isolated from breakthrough 
infection donors after two-dose vaccination (IML4041 through IML4044) or three-dose vaccination (IML4045).
The number of antibodies isolated from each donor is indicated at the top of each bar. (B) Clonal lineage analysis 
of BA.1-reactive B cells. Clonally expanded lineages are represented as colored slices, with each differentially
colored slice representing a separate lineage and the size of the slice proportional to the lineage size. Unique
clones are combined and shown as a single grey segment. The total number of antibodies is shown in the center
of each pie. (C) Germline IGHV gene usage frequencies among anti-RBD antibodies derived from breakthrough
infection donors. Anti-RBD antibodies isolated from mRNA-vaccinated donors (purple bars) were obtained from
the CoV-AbDab database (45). Unselected (baseline) memory B cell repertoires (grey bars) are included for
reference (22). (D) Distribution of HCDR3 amino acid lengths in BA.1-reactive antibodies. Antibodies isolated
from two-dose mRNA vaccinated individuals (from CoV-AbDab) and baseline human repertoire antibodies are
shown for reference (22, 45). The dotted black line represents the median, and the lower and upper lines
represent the first and third quartile, respectively. (E) Somatic hypermutation levels are shown as the number of
VH nucleotide substitutions in antibodies isolated from each breakthrough infection donor (orange), with
medians shown by black bars. Antibodies isolated one month after two-dose mRNA vaccination (light green); one 
month after three-dose mRNA vaccination (dark green); and one, three, or six months after primary D614G
infection (purple) are shown for comparison (21). Statistical significance was determined by Fisher's exact test
compared to the baseline repertoire. 1M, one month; 3M, three months; 6M, six months; CDR, complementarity
determining region; IGHV, immunoglobulin heavy variable domain; VH, variable heavy chain; WT, wild type. ***P
< 0.001, ****P < 0.0001. 
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Fig. 4. Binding and neutralization properties of anti-RBD antibodies isolated following BA.1 breakthrough
infection. (A) Fab binding affinities for recombinant WT and BA.1 RBD antigens, as measured by BLI. Fabs with no
detectable binding activity or with binding kinetics that could not be fit to a 1:1 binding model were excluded. (B)
Proportion of BA.1-reactive antibodies with the indicated binding affinities for SARS-CoV-2 VOC RBDs and SARS-
CoV RBD, as measured by BLI. Antibodies with weak binding affinities that could not be fit to a 1:1 binding model are
shown as >100 nM, and antibodies with no detectable Fab binding, including those that bind only avidly, are indicated
as non-binding (N.B.). (C) Proportion of antibodies from each donor with the indicated levels of neutralizing activity 
against MLV-SARS-CoV-2 D614G and BA.1 at a concentration of 5 μg/ml. (D) MLV-SARS-CoV-2 D614G and BA.1 
neutralization IC50s for antibodies that displayed >90% neutralization against D614G and/or BA.1 at a concentration
of 5 μg/ml. (E) Heatmap showing neutralization potency and binding breadth of BA.1 neutralizing antibodies. The
bottom bar shows convergent IGHV germline gene families. Antibodies with weak binding affinities that could not be
fit to a 1:1 binding model are shown as >100 nM, and antibodies with no detectable Fab binding are indicated as non-
binding (N.B.). (F) Pie charts showing convergent germline gene usage among (right) BA.1-neutralizing antibodies 
compared to the (left) baseline human antibody repertoires (22). (G) Competitive binding profiles of BA.1 
neutralizing antibodies utilizing convergent IGHV germline genes, as determined by BLI sandwich competition assay
using ACE2 and the indicated comparator antibodies. Fab, antigen binding fragment; IC50, 50% inhibitory 
concentration; IGHV, immunoglobulin gene heavy variable; KD, equilibrium dissociation constant; N.B., non-binding; 
WT, wild type. 


