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SUMMARY

Understanding the evolution of the B cell response to severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) variants is fundamental to design the next generation of vaccines and therapeutics. We longi-
tudinally analyze at the single-cell level almost 900 neutralizing human monoclonal antibodies (nAbs) isolated
from vaccinated people and from individuals with hybrid and super hybrid immunity (SH), developed after
three mRNA vaccine doses and two breakthrough infections. The most potent neutralization and Fc functions
against highly mutated variants belong to the SH cohort. Repertoire analysis shows that the original Wuhan
antigenic sin drives the convergent expansion of the same B cell germlines in vaccinated and SH cohorts.
Only Omicron breakthrough infections expand previously unseen germ lines and generate broadly nAbs by
restoring IGHV3-53/3-66 germ lines. Our analyses find that B cells initially expanded by the original antigenic
sin continue to play a fundamental role in the evolution of the immune response toward an evolving virus.

INTRODUCTION

The severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) has shown an incredible ability to evolve and evade immu-
nity induced by infection and vaccination as well as monoclonal
antibodies (mAbs) for treatment and prevention of COVID-19.
Since the beginning of the COVID-19 pandemic, over 70 major
variants have emerged, highlighting the plasticity of this virus
and its ability to adapt to the human immune response over
time.” The initial antibody response induced by SARS-CoV-2
infection was dominated by immunoglobulin heavy variable
(IGHV)3-53/3-66-encoded antibodies, which were able to potently
neutralize the original Wuhan virus, in their germline-like state.>®
These antibodies target the Spike (S) protein receptor binding

domain (RBD), which is overall the main target for SARS-CoV-2
neutralizing antibodies (nAbs).®'° Given the high immune pres-
sure generated by these germ lines, the virus rapidly introduced
the N501Y, E484K, and K417N mutations, which evaded almost
60% of antibodies encoded by IGHV3-53/3-66 germ lines induced
by infection or mRNA vaccination.”” The subsequent waves of the
pandemic were driven by SARS-CoV-2 variants with an increased
number of mutations in the S protein. Specifically, the appearance
of the first Omicron variants (BA.1 and BA.2) at the end of 2021
marked a new chapter in the COVID-19 pandemic.'”'? The
BA.1 and BA.2 variants harbored 37 and 31 mutations in the S pro-
tein that showed unprecedented immune evasion levels, reducing
drastically the neutralizing efficacy of sera from infected and
vaccinated people and evading almost 90% of IGHV3-53/3-66
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gene-derived nAbs."*"'® From 2022 onward, several Omicron var-
iants appeared worldwide with an increased number of mutations
and immune evasion levels, starting from BA.5 to BA.2.86, the
most mutated variant ever observed, carrying almost 60 muta-
tions in the S protein.'”">* These variants kept spreading and in-
fecting people worldwide, generating a more mature and broadly
reactive antibody response to SARS-CoV-2. To understand how
the immunological response adapted and matured to SARS-
CoV-2 variants over time, we longitudinally analyzed at the sin-
gle-cell level almost 900 nAbs isolated from 4 different cohorts:
seronegative donors that received 2 mRNA vaccine doses
(SN2); the same donors in SN2 subsequently re-enrolled when
they received a third booster dose (SN3); seropositive subjects
with hybrid immunity (i.e., 1 infection and 2 mRNA vaccine doses
[SP2]); and seropositive donors with super hybrid immunity (SH)
(i.e., at least 3 mRNA vaccine doses and 2 breakthrough infec-
tions). Part of the donors in this cohort were re-enrolled from the
SP2 group. The direct comparison of our four different cohorts re-
vealed that SH had the strongest antibody response against all
tested variants. In addition, while the initial Omicron cross-neutral-
izing response induced by vaccination or infection was mediated
by different germ lines,® after Omicron breakthrough infection,
the original Wuhan antigenic sin drove a convergent expansion
of the same B cell germ lines in vaccinated and SH cohorts.
Indeed, the cross-nAb response in SH was dominated by highly
mutated IGHV3-53/3-66 gene-derived nAbs that, after additional
infection and vaccination, restored their neutralization and Fc
function activities against all variants, including the highly mutated
BA.2.86. It is worth noting that SH also expanded previously un-
seen germ lines to broaden the antibody repertoire with additional
B cell germ lines that could be rapidly deployed with the emer-
gence of future SARS-CoV-2 variants. Taken together, our longi-
tudinal single-cell analysis dissects the functional antibody
response that has developed in most people and identifies the
immunological and genetic features behind cross-protection to
highly mutated SARS-CoV-2 variants that could be used to design
the next generation of vaccines and therapeutics, and to inform
policy makers.

RESULTS

Frequency of B cells and nAbs in SH immunity

In this study, we evaluated the B cell maturation and nAb
response of donors with SH —in other words, at least three
mRNA vaccine doses and two breakthrough infections. Six do-
nors were analyzed in this work, two of which (VAC-004 and
VAC-009) were re-enrolled from our previous study where we
evaluated their B cell and antibody response following two
mRNA vaccine doses and one breakthrough infection (hybrid
immunity).” Blood collection for SH donors occurred at an
average of 99 days after the last vaccination dose or SARS-
CoV-2 breakthrough infection. SH subject details are summa-
rized in Table S1. To evaluate the breadth of reactivity of
CD19*CD27*IgD"IgM™~ class-switched memory B cell (MBCs)
toward different betacoronaviruses, we stained the cells with
the S protein of both SARS-CoV-1 and SARS-CoV-2 Wuhan
and analyzed the frequencies of single- and double-positive cells
(Figure S1A). We selected the SARS-CoV-2 Wuhan S protein as
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staining bait as all donors were exposed to this antigen. As ex-
pected, SH donors showed the highest frequency toward the
S protein of SARS-CoV-2, with an average of 0.37% of positive
cells, followed by B cells reactive to the SARS-CoV-1 S protein
(0.13%) (Table S2). Double-positive MBCs showed the lowest
frequency, averaging 0.03% of reactive cells. To evaluate at sin-
gle level the nAb response of SH donors, SARS-CoV-1 and
SARS-CoV-2 Wuhan S protein single- and double-positive
MBCs were single cell sorted and incubated for 2 weeks to natu-
rally release human mAbs into the supernatant. A total of 4,505 S
protein® MBCs were sorted and directly tested in neutralization
against the live SARS-CoV-2 Wuhan virus and SARS-CoV-1
pseudovirus. Overall, 6.2%-16.3% of antibodies from the 6 SH
donors showed the capacity to neutralize at least one virus, re-
sulting in a panel of 545 (12.1%) nAbs (Figure S1B, bottom;
Table S2). The initial evaluation of neutralization activity was a
qualitative screening where only absence or presence of cyto-
pathic effect was considered as readout of neutralization or
not neutralization, respectively. The fraction of nAbs is compara-
ble to what was previously observed for the SN3 (14.4%) and
SP2 (14.8%) cohorts.”*® Of these, 507 (93.0%), 27 (5.0%), and
11 (2.0%) were able to neutralize live SARS-CoV-2 Wuhan virus,
SARS-CoV-1 pseudovirus, or both betacoronaviruses, respec-
tively (Figure S1B, top; Table S2).

Antibody neutralization to SARS-CoV-2 Omicron

variants

To better characterize identified nAbs, we tried to express all 545
as immunoglobulin G1 (IgG1) and recovered 419 of them. Of
these, 410 (97.8%) neutralized SARS-CoV-2 Wuhan, 7 (1.7%)
were cross-neutralizing, and 2 (0.5%) neutralized only SARS-
CoV-1. To evaluate their potency and breadth to SARS-CoV-2
and its variants, 417 nAbs (SARS-CoV-2 only and cross-neutral-
izing) isolated from SH individuals were tested by cytopathic ef-
fect-based microneutralization assay against SARS-CoV-2 Wu-
han and Omicron BA.5, BA.2.75, BF.7, BQ.1.1, XBB.1.5,
EG.5.1.1, and BA.2.86 variants. The data obtained from SH do-
nors were compared with donors seronegative to SARS-CoV-2
infection but vaccinated with 2 (SN2; n = 5) or 3 (SN3; n = 4)
mRNA vaccine doses, and with seropositive subjects with hybrid
immunity (2 mRNA vaccine doses and 1 breakthrough infection;
SP2; n = 5) (Figures 1A-1D, S1C, S1D, and S2A-S2D). From
SN2, SN3, and SP2, we previously isolated 52, 206, and 224
nAbs, respectively.”® Neutralization potency was expressed
as 100% inhibitory concentration (IC4o0) and the evaluation of
all antibodies in each cohort as geometric mean ICoy (GM-
IC100). SH donors had an overall higher percentage of nAbs
neutralizing all SARS-CoV-2 Omicron variants (Figures 1A-1D;
Table S3). Only one nAb (1.9%) was able to neutralize BF.7 and
BQ.1.1 in the SN2 while none of the antibodies in this cohort
showed neutralization activity against the other Omicron variants
tested (Figures 1A and S2A). In contrast, higher levels of cross-
protection were observed in SN3, SP2, and SH. The frequencies
of nAbs from SN3 donors neutralizing Omicron BA.5, BA.2.75,
BF.7, BQ.1.1, XBB.1.5, EG.5.1.1, and BA.2.86 variants were
121 (n=23),17.0 (n = 32), 10.2 (n = 21),5.8 (n =15), 7.3 (n =
14),3.4 (n=7),and 2.9% (n = 6), while these variants were neutral-
ized by 13.4 (n = 30), 3.6 (n = 8), 9.8 (n = 22), and 5.8% (n = 13) of
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SP2 antibodies (Figures 1B, 1C, S2B, and S2C). None of the nAbs
in the SP2 cohort were able to neutralize XBB.1.5, EG.5.1.1, and
BA.2.86 variants. Finally, the frequencies of nAbs from SH donors
neutralizing BA.5, BA.2.75, BF.7, BQ.1.1, XBB.1.5, EG.5.1.1, and
BA.2.86 variants were 62.1 (n = 259), 22.5 (n = 94), 42.2 (n = 175),
34.3 (n = 143), 18.7 (n = 76), 6.5 (n = 27), and 14.4% (n = 60),
respectively (Figures 1D and S2D). The four cohorts showed
similar neutralization potencies against SARS-CoV-2 Wuhan,
nAbs isolated from SH donors had the highest neutralization po-
tencies against all Omicron variants tested, and it was the only
cohort with nAbs showing a potency below 10 ng mL™"
(Figures 1A-1D, S1C, and S1D; Tables S3 and S4). To understand
the S protein domains targeted by antibodies isolated from SH
donors, nAbs were tested for binding against the RBD, N-terminal
domain (NTD), and the S2 domain of the original Wuhan SARS-
CoV-2 S protein. In all SH subjects, nAbs targeted mainly the
RBD (n=317; 75.3%), followed by NTD (n =81; 19.2%) and S pro-
tein (n = 23; 5.5%) (Figure S2E; Table S4). No S2 domain-binding
nAbs were identified. This distribution is in line with what was pre-
viously observed in donors with three mRNA vaccine doses and
with hybrid immunity.?®

Evaluation of Fc effector functions to XBB.1.5 and
BA.2.86

Next, we evaluated the antibody-dependent phagocytic activity
(ADCP) and antibody-dependent complement deposition
(ADCD) of all identified nAbs in SH against the ancestral Wuhan
virus, the XBB.1.5 variant that dominated from February to May
2023, and the highly mutated SARS-CoV-2 variant BA.2.86,
ancestral germ line of the currently predominant JN.1 variant
(Figures 1E-1H). The Fc functions were evaluated for nAbs that
retained the binding to the XBB.1.5 and BA.2.86 S proteins (Fig-
ure S3A). Binding nAbs were 7.7 (n = 4), 43.7 (n = 90), 11.6 (n =
26), and 39.8% (n = 166) for XBB.1.5and 7.7 (n = 4), 18.0 (n =
37), 5.8 (n = 13), and 27.6% (n = 115) for BA.2.86 in SN2, SN3,
SP2, and SH, respectively. While no neutralization was observed
against XBB.1.5 and BA.2.86, a low fraction of nAbs retained
ADCP and ADCD activities in the SN2 (1.9%-7.8%) and SP2
(2.2%-6.5%) cohorts (Figures 1E and 1G). Differently, a bigger
fraction of nAbs in SN3 and SH retained both neutralization
and Fc functions. Indeed, 15.0%-35.4% of nAbs in the SN3
cohort were able to induce ADCP and ADCD against XBB.1.5
and BA.2.86, while 17.7-30.5% of antibodies retained these ac-
tivities in the SH cohort (Figures 1F and 1H). Next, we evaluated
the Fc function potencies induced by nAbs in the four different
cohorts and the S protein domains mainly involved in these ac-
tivities (Figures S3B-S3E). No major differences were observed
in the SN2 cohort for S protein trimer, RBD, and NTD-binding
nAbs (Figure S3B). However, the low number of antibodies active

Cell Reports

against XBB.1.5 and BA.2.86 made this evaluation difficult.
Differently, a third booster dose (SN3) or hybrid immunity (SP2)
improved nAb Fc activities, despite losing potency against
tested variants. In the SN3 cohort, NTD-binding nAbs showed
the strongest ADCD activity while similar levels of activity are
observed for ADCP (Figure S3C). In SP2, RBD- and NTD-binding
nAbs showed similar potency, which is higher than what was
observed for S protein trimer-targeting antibodies (Figure S3D).
As for the SH cohort, nAbs binding the NTD showed the stron-
gest ADCP and ADCD activities (Figure S3E). A possible expla-
nation as for why NTD-targeting nAbs induce higher Fc functions
is that these antibodies, while binding to their epitope, present a
geometry and stoichiometry of the Fc portion that facilitates and
increases the availability to FcRs, resulting in higher effector
functions. Overall, our analyses of the Fc functions showed
that antibodies lacking neutralization can still retain Fc functions
that support the immune response to SARS-CoV-2 variants.
This observation could explain the lower severity of infection
following infection with recent SARS-CoV-2 variants.”’

Antibody potency and breadth to alpha and beta human
coronaviruses

To assess the breadth of neutralization to other alpha and beta
human coronaviruses (h-CoV), in addition to SARS-CoV-1 and
-2, we tested all nAbs isolated in the SH cohort against HKU-1,
229E, and OC43. Initially, we evaluated the binding activity of
all nAbs to the h-CoV S proteins. Our data showed that over
94.0% of nAbs were specific for SARS-CoV-2 only. Only, 3.8
(n=20),10((Mn=7),03 (n=2),and 0.1% (n = 1) of SARS-
CoV-2 nAbs showed binding to SARS-CoV-1, OC43, 229E,
and HKU-1 respectively (Figure 2A; Table S4). We next evaluated
the neutralization activity and potency of cross-binding nAbs to
SARS-CoV-1, OC43, 229E, and HKU-1 pseudoviruses. Neutral-
ization potency for pseudoviruses was expressed as 50%
neutralization dose (NDsg) and the evaluation of all antibodies
in each cohort as geometric mean NDsq. Our results revealed
that 45.0% (n = 9) of SARS-CoV-1 S protein-binding nAbs
were neutralizing, with an NDsp ranging from 54.2 to
22,000.4 ng mL~". Similarly, 57.1% (n = 4) of nAbs reacting to
OC43 S protein also showed neutralization activity but with an
overall low potency, with an NDsy ranging from 804.0 to
38,490.0 ng mL~". The single nAb reacting to HKU-1 poorly
neutralized the pseudovirus (NDsg 29,030.0 ng mL~"), while the
two 299E S protein-binding nAbs did not show neutralization ac-
tivity against this alpha coronavirus (Figure 2B).

Epitope mapping of cross-neutralizing nAbs
To understand the S protein regions mainly involved in cross-
protection against the Omicron variants, we investigated the

Figure 1. nAbs potency and breadth of neutralization and Fc functions against SARS-CoV-2 Omicron variants

(A-D) Scatter dot charts show the neutralization potency, reported as IC;q0 (ng mL™"), of nAbs tested against the original Wuhan SARS-CoV-2 virus and the
Omicron BA.5, BA.2.75, BF.7, BQ.1.1, XBB.1.5, EG.5.1.1, and BA.2.86 lineages for SN2 (A), SN3 (B), SP2 (C), and SH (D). The number, percentage, GM-IC1¢o
(black lines and colored bars), fold change, and statistical significance of nAbs are denoted on each graph. Reported fold change and statistical significance are in
comparison with the Wuhan virus. Technical duplicates were performed for each experiment.

(E-H) Doughnut charts show the frequency of nAbs retaining neutralization (Neut.), ADCP and ADCD against the SARS-CoV-2 Wuhan virus, and the XBB.1.5 and
BA.2.86 variants for SN2 (E), SN3 (F), SP2 (G), and SH (H). A nonparametric Mann-Whitney t test was used to evaluate statistical significances between groups.
Two-tailed p value significances are shown as *p < 0.05, **p < 0.01, and **p < 0.001.

4 Cell Reports 43, 114645, September 24, 2024



Cell Reports

n=72 n=116 n=13 n=148

-

o

o
|

n=16

¢ CellP’ress

OPEN ACCESS

Figure 2. Binding and neutralization activity

n=50 to alpha and beta h-CoV

nAbs binding distribution (%) =

(A) The bar graph shows the percentage of nAbs
binding to SARS-CoV-2 (light gray), SARS-CoV-1
(pink), OC43 (light blue), 229E (light brown), and
HKU-1 (orange) for all donors tested in the SH
cohort.

50
(B) Scatter dot charts show the neutralization po-
tency, reported as NDso (ng mL™"), of nAbs tested
E against SARS-CoV-1, 229E, HKU-1, and OC43.
The number, percentage, and GM-NDsq (black
lines and colored bars) are denoted on each graph.
0 i ! ! ! ! ! Technical duplicates were performed for each
SH-VAC-004 SH-VAC-009 SH-VAC-011 SH-VAC-012 SH-VAC-013 SH-VAC-014 experiment
D HKU-1 @ 229 @ 0OC43 @ SARS-CoV-1 [ SARS-CoV-2
B toward the RBD class 1/2 region, chang-
235.(1):/0) 100.0% 0.0% 4}2.8?‘)’/)0 ing the target profile compared to the
n= (n=2) (n=0) n= ; .
105m - (DNEED: - - - - @ @ coeeieeiieiniinins @ @@ vveeee Not-neutralizing less mature SP2 immune response (Flg_
10.0% 0.0% 100.0% 28.6% o ure 3D). When we evaluated the neutrali-
_ (n=2) 8 (n=0) (n=1) (=2 O P zation potency, expressed as 1Cqqg, Of
EA R R 10000.ng mf cross-neutralizing nAbs, we observed in
E 10.0% 0.0% 0.0% 143% O - L
2 (n=2) 8 (n=0) (n=0) (n=1) all cohorts that RBD-binding antibodies
Qg TILE OO TITTI D T e e @ 1000 ng m!™! were more potent than the NTD—targeting
z 15.0% 0.0% 0.0% 14.3% ; _ .
< (n=3) (n=0) (n=0) (1) group (F|gures S4A-S4G; Table S5). As
§ 102 vene. DR N 100 ng mi*! for the different RBD classes, our data
5 100% ©  00% 0.0% 0.0% showed that class 3 nAbs were overall
 w (=2) (0=0) (n=0) (7 0) — the most potent against Omicron variants
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neutralization activity of RBD- and NTD-targeting nAbs (Figure 3).
RBD-targeting nAbs were classified based on their ability to
compete with the class 1/2 antibody J08,%® the class 3 antibody
$309,%° and the class 4 antibody CR3022,°° or for their
lack of competition with the three tested antibodies (non-
competing).'®?® The neutralization activity against SARS-CoV-2
Wuhan virus in all cohorts was revealed to be mainly directed to
the RBD class 1/2 epitope region (Figures 3A-3D). In the SN2
group (n = 46), we observed a lack of neutralization activity against
most Omicron variants tested, except for one NTD-targeting nAb
that neutralized both BF.7 and BQ.1.1 (Figure 3A). In the SN3
cohort (n = 197), after a third booster dose, we observed a more
cross-reactive antibody response, with 3.0%-16.8% of nAbs
able to neutralize all Omicron variants tested. The majority of these
nAbs were directed against the RBD class 1/2 epitope region (Fig-
ure 3B). The SP2 cohort (n = 215) showed 3.7%-14.0% of cross-
protection against Omicron BA.5, BA.2.75, BF.7, and BQ.1.1,
while no neutralization was observed to XBB.1.5, EG.5.1.1, and
BA.2.86. In this cohort, cross-neutralization was mainly driven
by NTD and RBD class 3 targeting nAbs (Figure 3C). After a sub-
sequent infection and additional vaccine dose, the antibody
response in the SH cohort (n = 413) showed a different profile.
Cross-neutralization was observed against all tested Omicron var-
iants, with a frequency ranging from 6.5% to 62.7%. Of note, the
majority of cross-neutralizing nAbs in the SH cohort were directed

contrast, the most potent nAbs in the

SN3 and SH cohorts were directed

against the class 1/2 epitope region. Over-
all, class 1/2 nAbs in SN3 were up to 28.9-fold more potent than
class 3 antibodies, while in SH, class 1/2 nAbs had a GM-ICg
4.7- and 13.0-fold lower compared to class 3 and 4 antibodies,
respectively (Figures S4A-S4G; Table S5). We also evaluated
the ADCP and ADCD of all RBD classes and NTD-binding nAbs
against XBB.1.5 and BA.2.86. A very small fraction of nAbs in
the SN2 cohort, despite not presenting neutralization activity, re-
tained ADCD function (Figure 3E, left). Nevertheless, the low num-
ber of nAbs makes it difficult to properly evaluate the Fc response
in this cohort. Class 1/2 and NTD-binding nAbs were the most
active in the SN3 cohort (Figure 3E, center left). Differently, class
4 nAbs were the most active in the SP2 cohort, and Fc functions
were further matured in SH individuals, where up to 85.7% and
57.1% of antibodies belonging to this class showed ADCP and
ADCD function, respectively (Figure 3E, center right and right).
Further maturation of class 1/2 and 3 in the SH cohort rescued
the antibody Fc functions, expanding the fraction of nAbs able
to induce ADCP and ADCD compared to SP2 (Figure 3E, center
right and right). Our data also highlight the impact of the mutations
present on the XBB.1.5 and BA.2.86 S proteins on antibody
neutralization and Fc functions. Indeed, the unique set of muta-
tions on the BA.2.86 S protein positioned in the class 3 epitope re-
gion (N450D and K356T) seem to be extremely evasive in the SN3
cohort, leading to higher reduction of neutralization, ADCP and
ADCD compared to XBB.1.5. Finally, nAbs in the SH cohort
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Figure 3. Distribution of RBD and NTD-targeting nAbs against Omicron variants

(A-D) Pie charts show the distribution of cross-neutralizing nAbs based on their ability to target class 1/2 (blue), class 3 (orange), and class 4 (dark green) regions
on the RBD, as well as non-competing nAbs (gray) and NTD-targeting nAbs (cyan). Dot charts show the neutralization potency, reported as IC1q (ng mL™"), of
nAbs against the Wuhan virus and the Omicron BA.5, BA.2.75, BF.7, BQ.1.1, XBB.1.5, EG.5.1.1, and BA.2.86 variants observed in the SN2 (A), SN3 (B), SP2 (C),
and SH (D) cohorts. The number and percentage of nAbs are denoted on each graph.

(E) Radar plots show the frequency of nAbs retaining neutralization, ADCP, and ADCD activities against SARS-CoV-2 Wuhan, XBB.1.5, and BA.2.86.

(F and G) Representation of the SARS-CoV-2 RBD of XBB.1.5 (F) and BA.2.86 (G). In dark red are highlighted the mutations present on the RBD for both variants.
Boxed mutated residue labels indicate unique mutations for the specific variant. Class 1/2, 3, and 4 epitope regions are highlighted in blue, orange, and green,
respectively.
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showed similar levels of neutralization and Fc functions against
both XBB.1.5 and BA.2.86 (Figures 3E-3G).

B cell maturation and expansion in SH immunity

In addition to the neutralization, Fc functions, and epitope map-
ping analyses, we investigated the B cell expansion and matura-
tion from hybrid (SP2 n sequences = 278") to SH immunity (SH n
sequences = 441). Sequences were clustered by binning the
clones to their inferred germ lines (centroids) and according to
80% nucleotide sequence identity in the heavy complementary
determining region 3 (CDRH3). Clusters were defined as anti-
body families including at least five or more members as previ-
ously described.?®*' We found five IGHV and immunoglobulin
heavy joining (IGHJ) rearrangements—IGHV1-24;IGHJ6-1,
IGHV1-58;IGHJ3-1, IGHV3-53;IGHJ6-1, IGHV3-66;IGHJ4-1,
and IGHV3-66;IGHJ6-1—to be predominantly expanded after
an additional infection and vaccination dose. In addition,
we observed six germ lines—IGHV1-18;IGHJ4-1, IGHV1-
69;IGHJ4-1, IGHV1-69;IGHJ5-1, IGHV2-70;IGHJ6-1, IGHV3-
48;IGHJ4-1, and IGHV5-10-1;IGHJ4-1—that emerged and
expanded only in SH individuals broadening the B cell repertoire
in this cohort (Figure 4A). The five germ lines expanded in SH
showed 1.20- to 2.67-fold higher somatic hypermutation (SHM)
levels compared to SP2, with the IGHV1-58;IGHJ3-1 and
IGHV3-53;IGHJ6-1 being the most mutated, with a median V
gene mutation of almost 9.0% (Figure 4B). As for the six germ
lines found only in SH, we found B cells using the IGHV1-
18;IGHJ4-1 rearrangement to be the most mutated, with median
V gene mutations of 9.7%, while the IGHV5-10-1; IGHJ4-1 germ
line was the least mutated, with a median mutation frequency of
3.9% (Figure 4C). Next, we analyzed the binding and neutraliza-
tion profiles of germ lines expanded from SP2 or found only SH.
The expanded germ lines were found to mainly target the S pro-
tein RBD class 1/2 epitope region, with the exception of IGHV1-
24;1GHJ6-1, which were found to preferentially bind the NTD
(Figure 4D). The neutralization data revealed that IGHV3-
53;IGHJ6-1, IGHV3-66;IGHJ4-1, and IGHV3-66;IGHJ6-1 were
the most cross-neutralizing germ lines against the SARS-
CoV-2 variants tested, with IGHV3-53;IGHJ6-1 showing the
highest potency with a GM-IC+qo of 136.8 ng mL™" (Figure 4E,
left; Table S6). The germ lines expanded only in SH were also
shown to be mainly directed against the S protein RBD but tar-
geted different regions of the RBD. Indeed, IGHV1-69;|GHJ4-1
and IGHV1-69;IGHJ5-1 targeted mainly the class 1/2, while the
germ lines IGHV1-18;IGHJ4-1, IGHV2-70;IGHJ6-1, and IGHV5-
10-1;IGHJ4-1 were directed almost exclusively toward the class
3 epitope region. Interestingly, the germline IGHV3-48;|GHJ4-1
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preferentially recognized the NTD and was shown to be the
most cross-neutralizing, covering 7 out of 8 (87.5%) SARS-
CoV-2 variants tested in this study, with a GM-ICqoo oOf
167.1 ng mL™" (Figure 4E). Conversely, the broadly expanded
RBD-targeting germline IGHV1-69;|IGHJ4-1 showed the lowest
level of cross-protection, despite some nAbs in this group being
highly mutated and carrying almost 13% of mutations in the V
gene (Figure 4E, right; Table S6).

B cell convergence after homologous or heterologous
immunization

Next, we compared the evolution of the B cell repertoire in the SN3
(n sequences = 289°°%) and SH cohorts. Interestingly, we observed
a strong convergence of the B cell response in these two groups
that shared the expansion of five different B cell rearrangements,
IGHV1-58; IGHJ3-1, IGHV1-69; IGHJ3-1, IGHV1-69; IGHJ4-1,
IGHV3-53; IGHJ6-1 and IGHV3-66; IGHJ6-1 (Figure 5A). The
five germ lines, known to encode for potently neutralizing RBD-
targeting Class 1 and Class 2 nAbs,'®%%%%3% constituted 27.0
(n =78) and 22.7% (n = 100) of the whole functional B cell reper-
toire in SN3 and SH respectively (Table S7). While these germ lines
were predominantly expanded in both SN3 and SH, they showed
different neutralization profiles against SARS-CoV-2 Wuhan and
Omicron variants. Indeed, in the SN3 cohort, nAbs derived from
IGHV1-69; IGHJ4-1 germ lines were the most cross-reactive
even if they showed a low to medium neutralization potency
with a GM-IC;qo of 2,065.1 ng mL~" (Figure 5B, top panel;
Table S6). Differently, in the SH cohort, IGHV1-69; IGHJ4-1
derived-nAbs were the least cross-reactive while antibodies en-
coded by the other four predominant germ lines showed improved
neutralization potency and breadth. The IGHV3-53;IGHJ6-1 and
IGHV3-66;IGHJ6-1 were found to encode for the most cross-
neutralizing nAbs with a GM-IC+qo of 136.8 and 176.4 ng mL™"
respectively, which is 2.99- and 2.84-fold more potent of nAbs en-
coded by the same germ lines in the SN3 cohort (Figure 5B, bot-
tom; Table S6). These germ lines showed broad neutralization
against all variants, including the highly mutated BA.2.86 (14/25;
56.0%), while only 2 out of 25 (8.0%) of these nAbs were able to
cover the EG.5.1.1 variant, which was predominant in Europe
from July 2023 to November 2023, before the surge of JN.1. We
then evaluated the Fc functions induced by the five predominant
germ lines against the SARS-CoV-2 Wuhan, XBB.1.5, and
BA.2.86 viruses and again observed different functional profiles.
Indeed, IGHV1-69;|IGHJ4-1 gene-derived nAbs in SN3 showed
the strongest ADCP and ADCD compared to antibodies encoded
by the same germ lines in the SH cohort (Figure 5C, left), while
IGHV3-53;IGHJ6-1 and IGHV3-66;|IGHJ6-1 nAbs in SH showed

Figure 4. SH germline expansion and characterization

(A) Network plot shows the clonally expanded antibody families in SP2 and SH. Centroids and nAbs from SP2 and SH groups are shown in gray, pink, and dark
red, respectively. Clusters and expanded clones are highlighted in gold and dark red, respectively.

(B and C) The violin plots show the V gene somatic mutation frequency of germ lines expanded from SP2 to SH (B) or found exclusively in SH (C). The number of
nAbs for each germ line and fold change are denoted on each graph. Violin plots show the median of V gene mutations. A nonparametric Mann-Whitney t test was
used to evaluate statistical significances between groups. Two-tailed p value significances are shown as *p < 0.05 and ***’p < 0.0001. Not significant p values

were denoted on the figure as "NS."

(D) Bar graphs show the distribution of nAbs binding the S protein trimer (light gray), NTD (cyan), and RBD (dark gray) for expanded germ lines. The number of

nAbs per each germ line is denoted on the graph.

(E) The heatmap shows the 1C4q of predominant germ lines expanded from SP2 to SH (left) or found exclusively in SH (right).
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the strongest Fc functions in this cohort (Figure 5C, right;
Table S8). When we analyzed the SHM levels of nAbs encoded
by the five predominant germ lines, we observed that only
IGHV1-69;IGHJ4-1 nAbs had similar levels of V gene mutations
between SN3 and SH. The remaining predominant germ lines
showed 1.24- to 1.57-fold higher levels of V gene mutations in
SH with IGHV1-69;IGHJ3-1 and IGHV3-53;IGHJ6-1 being the
most mutated (Figure 6A). In addition to shared germ lines,
we observed that SH had unique germ lines not expanded in
the SN3 cohort. The five most abundant were the IGHV1-
18;IGHJ4-1, IGHV1-2;IGHJ4-1, IGHV1-24;IGHJ4-1, IGHV3-
21;1IGHJ6-1, and IGHV5-10-1;IGHJ4-1 (Figure 5A). Interestingly,
IGHV1-18;IGHJ4-1 and IGHV5-10-1;1GHJ4-1 were not found in
the SP2 cohort and were exclusive to the SH group. Antibodies
from the IGHV1-24;IGHJ4-1, IGHV3-21;IGHJ6-1, and IGHV5-10-
1;IGHJ4-1 germ lines showed the highest cross-neutralization
activity, covering 75% of tested SARS-CoV-2 variants, with a
GM-IC1qo of 289.0, 287.1, and 91.3, respectively (Figure 6B;
Table S7). These three germ lines were also the least mutated,
with an average V gene mutations frequency below 6.0%, sug-
gesting space for further maturation of these nAbs (Figure 6C).

DISCUSSION

In this study, we used a panel of almost 900 mAbs to compare the
SARS-CoV-2 neutralizing response induced by two or three
mRNA vaccines doses, by hybrid immunity, and by multiple vac-
cinations and breakthrough infections. In line with recent
studies,®***® our data revealed that while the initial antibody
response was different in vaccinated or infected people, break-
through infections by a distantly related virus such as Omicron
induced the expansion of previously unseen germ lines and,
most important, rescued the B cell primed by the original antigenic
sin. In the case of IGHV3-53/3-66, Omicron breakthrough infec-
tion induced convergent restoration of the neutralizing activity of
these germ lines, generating strong and cross-reactive antibody
responses against SARS-CoV-2 variants, including the highly
mutated BA.2.86. Interestingly, the antibody response in SH re-
mained focused mainly on SARS-CoV-2, as less than 10% of
nAbs showed cross-reactivity to other alpha and beta h-CoV.
The most abundant class of nAbs after homologous immuniza-
tion, independently from two or three mRNA vaccine doses, is
the class 1/2. Further maturation of the SP2 antibody response re-
directs nAbs from class 3 and NTD to class 1/2, converging with
the antibody response observed after homologous immunization.
Surprisingly, the main B cell germ lines that stood behind the high
levels of cross-protection observed in SH were antibodies en-
coded by the IGHV3-53/3-66 genes, which were highly evaded
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by all Omicron variants in less mature immunological responses
like SN2, SN3, and SP2."®'* This observation suggests that
the B cell compartment, after additional maturation following
repeated immunizations or breakthrough infections, prefers to
resiliently restore and expand germ lines induced by the initial
SARS-CoV-2 Wuhan S protein (i.e., the antigenic sin) over naive
B cells. Therefore, independently from the priming that individuals
received after vaccination or infection, we observed a strong
convergence in the antibody response. Of note, up to 56% of
IGHV3-53/3-66 encoded nAbs were able to neutralize the highly
mutated BA.2.86 variant, while only 8% of these nAbs cross-
protected against EG.5.1.1. This observation highlights the
importance of the highly conserved residue Y33 placed in the
heavy-chain complementary determining region 1 of IGHV3-53/
3-66-encoded nAbs as it was previously shown to form extensive
hydrophobic interactions with the RBD residue F456 mutated
exclusively on the EG.5.1.1 lineage (F456L).""*? In addition, this
observation could explain, at the single-cell level, why the highly
mutated BA.2.86 did not become predominant worldwide despite
exhibiting substantial antigenic drift, remarkably enhanced recep-
tor binding affinity, fusogenicity, and infectivity to lung cells
compared to other variants.**® Anyway, BA.2.86 rapidly
evolved, and at the end of 2023, the JN.1 sublineage emerged,
becoming the predominant variant worldwide. JN.1 carries only
one additional mutation in the RBD, L455S, compared to the
ancestral BA.2.86 variant, which resulted in decreased angio-
tensin-converting enzyme 2 affinity but enhanced immune
evasion.***° Future work will help us to understand the classes
of antibodies evaded and the germ lines that are still able to retain
neutralization against JN.1. Indeed, we identified low mutated B
cell germ lines uniquely expanded in SH (IGHV1-18; IGHJ4-1
and IGHV5-10-1; IGHJ4-1), suggesting a stretch of the antibody
repertoire that could be rapidly deployed against future SARS-
CoV-2 variants, including JN.1. Overall, our work provides unique
information on the longitudinal evolution of the B cell compartment
in response to SARS-CoV-2 variants, highlighting similarities and
differences between homologous and heterologous vaccination,
and how the imprinting of the antigenic sin plays a fundamental
role by restoring and driving antibody maturation. Recent findings
show that the antibody response to Omicron-based boosters in
humans is dominantly imprinted by the Wuhan original antigenic
sin, which is beneficial to drive the expansion of cross-nAbs
against SARS-CoV-2 variants.>**!" However, multiple Omicron
booster doses or breakthrough infections can subvert or mitigate
the impact of the Wuhan original antigenic sin, leading to a more
variant specific B cell and antibody response.>*** The data
generated in this work may be useful to inform the design of the
next generation of vaccines and therapeutics, and to inform

Figure 5. B cell repertoire and functional characterization of predominant germ lines

(A) Heatmaps and alluvial plots display the antibody IGHV;IGHJ gene rearrangements frequency for each single donor and for pulled nAbs, respectively, for SN3
(left) and SH (right). In the alluvial plots, the top five shared V-J gene rearrangements shared between SN3 and SH were highlighted. Selected germ lines were
highlighted in light purple, green, dark green, gold, and brown for IGHV1-58;|IGHJ3-1, IGHV1-69;IGHJ3-1, IGHV1-69;|IGHJ4-1, IGHV3-53;IGHJ6-1, and IGHV3-
66;1GHJ6-1, respectively. Box with black borders in the stratum identify the top five germ lines expanded exclusively in SH.

(B) Heatmaps show the neutralization activity for the five most shared germ lines between SN3 and SH against BA.5, BA.2.75, BF.7, BQ.1.1, XBB.1.5, EG.5.1.1,

and BA.2.86.

(C) Radar plots describe the neutralization, ADCP, and ADCD activities of predominant germ lines shared between SN3 and SH against Wuhan, XBB.1.5, and
BA.2.86. The percentages of functionality for neutralization, ADCP, and ADCD are reported within each radar plot.
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Figure 6. Characterization of SN3-SH shared germ lines and SH-exclusive germ lines

(A) The violin plots show the V gene somatic mutation frequency of IGHV1-24;IGHJ6-1, IGHV1-58;IGHJ3-1, IGHV3-53;IGHJ6-1, IGHV3-66;IGHJ4-1, and IGHV3-
66;IGHJ6-1 gene-derived nAbs. The number of nAbs for each germ line and fold change are denoted on each graph. Violin plots show the median of V gene
mutations. A nonparametric Mann-Whitney t test was used to evaluate statistical significances between groups. Two-tailed p value significances are shown
as *p < 0.05, **p < 0.01, and ***'p < 0.0001. Not significant p values were denoted on the figure as "NS."

(B) The heatmap shows the ICoo of germ lines found in SH but not in SN3 against all SARS-CoV-2 variants tested in this study.

(C) The violin plot shows the V gene somatic mutation frequency of selected germ lines found exclusively in the SH cohort. The number of nAbs for each germ line

is denoted on each graph. Violin plots show the mean of V gene mutations.

policymakers on the use of heterologous vaccination strategies to
induce broad and variant resistant antibody immunity.

Limitations of the study

The limitation of this study is the small sample size used to inves-
tigate the importance of reported B cell germ lines and the evo-
lution of the antibody compartment. However, the predominance
and importance of the B cell germ lines highlighted in this work
have been reported in different geographies from Europe, North
America, and Asia,”***° and following SARS-CoV-2 infection or
immunization with mRNA, adenoviral, or inactivated COVID-19
vaccines.”*®*” The public relevance of these germ lines miti-
gates the limitation of this work. Another limitation of this work
is the use of the Wuhan S protein as the only probe for SARS-
CoV-2-specific B cells, which may have limited information on
Omicron de novo B cell response. However, recent findings
have demonstrated that Omicron-specific de novo antibody

response accounts for less than 1% of total antibodies after
breakthrough infection.*® Therefore, our analysis has captured
the almost totality of the antibody response, and our observa-
tions and conclusions can be extended on the impact of the orig-
inal antigenic sin on the B cell and antibody response.

STARX*METHODS
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PBMCs and IgGs of donor SP2_PT-009 Andreano et al.” N/A
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PBMCs and IgGs of donor SN3_PT-008 Andreano et al.* N/A

PBMCs and IgGs of donor SN3_PT-010 Andreano et al.'* N/A

PBMCs and IgGs of donor SH_PT-004 This paper N/A

PBMCs and IgGs of donor SH_PT-009 This paper N/A

PBMCs and IgGs of donor SH_PT-011 This paper N/A

PBMCs and IgGs of donor SH_PT-012 This paper N/A

PBMCs and IgGs of donor SH_PT-013 This paper N/A

PBMCs and IgGs of donor SH_PT-014 This paper N/A
Chemicals, peptides, and recombinant proteins

Fetal Bovine Serum (FBS) Hyclone Sigma-Aldrich Cat#D2650
Fetal Bovine Serum (FBS) heat inactivated Gibco™ Cat# 10500-064
DPBS, no calcium, no magnesium Gibco™ Cat#14190144
Baby Rabbit Complement Tissue Culture Grade Cat# CL3441
Normal rabbit serum Life technologies Cat# 31883
DMSO Sigma-Aldrich Cat#D2650
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SuperScript IV Reverse Transcriptase
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Thermo Fisher
Sigma-Aldrich
New England BioLabs
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Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
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Sigma-Aldrich
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Thermo Fisher
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Thermo Fisher
Thermo Fisher
Thermo Fisher
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HisTrap FF Crude column Cytiva Cat#17528601
Bovine Serum Albumin Sigma Cat# A2153
TMB HRP Microwell substrate BETHYL Cat# E102
Alkaline Phosphatase Yellow (pNPP) Sigma-Aldrich Cat# P7998
IgG-Peroxidase antibody Sigma-Aldrich Cat# A0293
True Nuclear Transcription Factor Buffet set BioLegend Cat# 424401
Tween 20 VWR Cat#A4974.0250
Critical commercial assays

ELISA Starter Accessory Kit Bethyl Laboratories Cat#E101
Alexa Fluor™ 488 NHS Ester Invitrogen™ Cat#A20100
Alexa Fluor™ 647 NHS Ester Invitrogen™ Cat#A20006
Alexa Fluor™ 594 NHS Ester Invitrogen™ Cat#A20004
Zeba™ Spin Desalting Columns Thermo Scientific™ Cat#89890
Dynabeads™ His-Tag Invitrogen™ Cat#10103D
Bright-Glo Luciferase Assay System Promega Cat# E2620
Pierce BCA Protein Assay Kit Thermo Fisher Cat#23227

Deposited data

Sequences of SARS-CoV-2-neutralizing antibodies This paper https://github.com/dasch-lab/
SARS-CoV-2_superhybrid

Experimental models: cell lines

VERO EB6 cell line ATCC Cat#CRL-1586

Expi293F ™ cells Gibco™ Cat#A14527

THP-1 ATCC Cat#IB-202

ExpiCHO-S™ Cells Gibco™ Cat# A29127

HEK293TN-hACE2 System Bioscience Cat# LV900A-1

HUH7 cell line Japanese Collection of JCRB-0403
Research Bioresources (JCRB)

CHO-K1 cell line ATCC CCL-61

HEKTN/17 cell line ATCC CRL-11268

3T3-msCD40L Cells NIH AIDS Reagent Program Cat#12535

Oligonucleotides

Single cell PCR Primer This paper N/A

Random Hexamer Primer Thermo Fisher Cat#S0142

TAP forward primer (TTAGGCACCCCAGGCTTTAC) This paper N/A

TAP forward primer (AGATGGTTCTTTCCGCCTCA) This paper N/A

Recombinant DNA

Human antibody expression vectors (IgG1, Igl, Igk) Tiller et al.*® N/A

Plasmid encoding SARS-CoV-2 S ectodomain Wrapp et al.”® N/A

(amino acids 1-1208 of SARS-CoV-2 S;

GenBank: MN908947)

Plasmid encoding SARS-CoV-2 RBD Jason McLellan Lab N/A

(@amino acids 319-591 of SARS-CoV-2 S;

GenBank: MN908947)

PCDNAB.1+-SARS-CoV-2 Spike from Andreano et al.® pCDNA-S2

Wuhan-Hu-1 isolate (GenBank MN908947.3)
codon optimised

PCAGGS-SARS-CoV-2 Spike from Wuhan-Hu-1
isolate (GenBank MN908947.3) encoding D614G
mutation and codon optimised

Andreano et al.®

pCAGGS-S2 D614G
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pCAGGS-SARS1 Spike protein codon optimised Carnell et al.>’ pCAGGS-S1

pCAGGS-MERS Spike protein codon optimised Grehan et al.>? pCAGGS-MERS

229E SPIKE plasmid pcDNA3.1 Viral Pseudotype Unit, N/A
University of Kent

0OC43 SPIKE plasmid pcDNA3.1 Viral Pseudotype Unit, N/A
University of Kent

HKU1 SPIKE plasmid pcDNA3.1 Viral Pseudotype Unit, N/A
University of Kent

pCSFLW Firefly luciferase encoding plasmid Carnell et al.>® pCSFLW

SARS-CoV1 SPIKE plasmid Addgene #170447

pcDNA3.3_CoV1_D28

p8.91 HIV Gag/Pol-encoding plasmid Carnell et al.>® p8.91

Software and algorithms

Prism 8
FlowJo 10.5.3
Cloanalyst

R package stringdistm v0.9.8

R package ggraph v2.0.5
ggplot2 v3.3.5

Matplotlib v3.2.2

pandas v1.3.5

Python v3.7.12
FACSDiva

GraphPad
FlowJo, LLC
BU,

Computational Immunology

CRAN

CRAN

ggplot2
NumFOCUS
NumFOCUS

Python Software Foundation

BD Bioscences

https://www.graphpad.com/
https://www.flowjo.com

http://www.bu.edu/computationalimmunology/
research/software/

https://cran.r-project.org/web/packages/
stringdist/index.html

https://ggraph.data-imaginist.com/index.html
https://ggplot2.tidyverse.org/index.html
https://matplotlib.org
https://pandas.pydata.org
https://www.python.org
https://www.bdbiosciences.com

Other

BD FACSAria™ Fusion

BD FACSymphony™ A3

Leica DMI-microscope

LUNA-II Automated Cell Counter

Qubit Fluorometric Quantification

AKTA go

GloMax Luminometer

Varioskan LUX multimode microplate reader

BD Biosciences
BD Biosciences
Leica Biosystem
Logo Biosystems
Thermo Fisher
Cytiva Lifesciences
Promega

Thermo Fisher

https://www.bdbiosciences.com
https://www.bdbiosciences.com
https://www.leica-microsystems.com
https://logosbio.com
https://www.thermofisher.com
https://www.cytivalifesciences.com
https://ita.promega.com
https://www.thermofisher.com

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Emanuele

Andreano (e.andreano@toscanalifesciences.org).

Materials availability

Reagents generated in this study are available from the lead contact with a completed Materials Transfer Agreement.

Data and code availability

o All data supporting the findings in this study are available within the article or can be obtained from the lead contact upon
request. Sequences data are publicly available on GitHub: https://github.com/dasch-lab/SARS-CoV-2_superhybrid

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Ethics and enroliment of donors with super hybrid immunity

Human samples from individuals with SH, of both sexes, were collected through a collaboration with the Azienda Ospedaliera Uni-
versitaria Senese, Siena (IT). All subjects enrolled gave their written consent. The study that allowed the enroliment of subjects in all
three cohorts was approved by the Comitato Etico di Area Vasta Sud Est (CEAVSE) ethics committees (Parere 17065 in Siena,
amendment 13 December 2021) and conducted according to good clinical practice in accordance with the declaration of Helsinki
(European Council 2001, US Code of Federal Regulations, ICH 1997). This study was unblinded and not randomized. Six subjects
were enrolled in super hybrid immunity cohort. Subjects in the SH cohort were exposed two times to SARS-CoV-2 infection and
received three or four mMRNA vaccine doses. First infections occurred between October 2020 and July 2022, while second infections
occurred between January and December 2022. Vaccinations occurred between December 2020 and December 2022. Given the
exploratory nature of this study, no statistical methods were used to predetermine sample size. All super hybrid donors’ clinical de-
tails are reported in Table S1.

Viral strains and cell culture

The SARS-CoV-2 viruses used to perform the CPE-MN neutralization assay were the Wuhan (SARS-CoV-2/INMI1-Isolate/2020/Italy:
MT066156), Omicron BA.5 (GISAID ID: EPI_ISL_13389618), BA.2.75 (GISAID ID: EPI_ISL_14732896), BF.7 (GISAID ID: EPI_
ISL_13499917), BQ.1.1 (GISAID ID: EPI_ISL_15455664), XBB.1.5 (GISAID ID: EPI_ISL_17272995), EG.5.1.1 (GISAID ID: EPI_
ISL_18245523) and BA.2.86 (GISAID ID: EPI_ISL_18221650). The BA.2.86 strain (hCoV-19/France/IDF-IPP17625/2023) was sup-
plied by the National Reference Center for Respiratory Viruses hosted by Institut Pasteur (Paris, France). The human sample from
which strain hCoV-19/France/IDF-IPP17625/2023 was isolated has been provided by Dr Aude LESENNE from Cerballiance lle De
France Sud, Lisses. 3T3-msCD40L Cells were used as feeder cells for single cell sorting (NIH AIDS Reagent Program,
Cat#12535). VERO EB6 cell (ATCC, Cat#CRL-1586) were used to perform SARS-CoV-2 live virus neutralization assays. Small and
large scale expression of monoclonal antibodies was performed in Expi293F cells (Gibco, Cat#A14527). Human coronaviruses S pro-
teins were expressed using ExpiCHO-S Cells (Gibco, Cat# A29127). HEK293TN-hACE2 (System Bioscience, Cat#LV900A-1), HUH7
(Japanese Collection of Research Bioresources (JCRB), JCRB-0403), CHO-K1 (ATCC, CCL-61) and HEKTN/17 (ATCC, CRL-11268)
cell lines were used for pseudovirus neutralization assays. THP-1 (ATCC, Cat#IB-202) were used to evaluate antibody ADCP.

METHOD DETAILS

Single cell sorting of SARS-CoV-1 and SARS-CoV-2 S-protein* memory B cells from COVID-19 vaccinees

Peripheral blood mononuclear cells (PBMCs) isolation was performed as previously described.®"*° Briefly, PBMCs were isolated
from heparin-treated whole blood by density gradient centrifugation (Ficoll-Pague PREMIUM, SigmaAldrich). After separation, cells
were incubated at room temperature for 20 min with the viability dye Live/Dead Fixable Aqua (Invitrogen; Thermo Scientific). Then,
cells were washed with PBS and incubated with 50 uL of 20% normal rabbit serum (Life technologies) diluted in PBS to saturate un-
specific bindings. After 30 min of incubation at 4°C, cells were washed with PBS and stained with SARS-CoV-1 S-protein labeled with
Strep-TactinXT DY-649 (iba-lifesciences cat# 2-1568-050) and SARS-CoV-2 S-protein labeled with Strep-TactinXT DY-488 (iba-life-
sciences cat# 2-1562-050) for 30 min at 4°C. Then, a surface staining was performed using CD19 V421 (BD cat# 562440), IgM PerCP-
Cy5.5 (BD cat# 561285), CD27 PE (BD cat# 340425), IgD-A700 (BD cat# 561302), CD3 PE-Cy7 (BioLegend cat# 300420), CD14 PE-
Cy7 (BioLegend cat# 301814), CD56 PECy7 (BioLegend cat# 318318). After 30 min of incubation at 4°C, stained memory B cells were
single cell-sorted with BD FACSAria Fusion (BD Biosciences), for donors SH-VAC-004, -009, —011, —012, and BD FACS Aria lll (BD
Biosciences) for donors SH-VAC-013 and -014, into 384-well plates and were incubated for 14 days with IL-2, IL-21 and irradiated
3T3-CD40L as previously described.**

SARS-CoV-2 authentic viruses neutralization assay

All SARS-CoV-2 authentic virus neutralization assays were performed in the biosafety level 3 (BSL3) laboratories at Toscana Life Sci-
ences in Siena (Italy), which is approved by a Certified Biosafety Professional and inspected annually by local authorities. To assess
the neutralization potency and breadth of nAbs against live SARS-CoV-2 and its variants, a cytopathic effect-based microneutrali-
zation assay (CPE-MN) was performed as previously described.®”'**® Briefly, 100 median Tissue Culture Infectious Dose (100
TCIDsg) of SARS-CoV-2 virus was co-incubated with nAbs for 1 h at 37°C, 5% CO,. The virus-antibody mixtures were then moved
into a 96-well plate containing a sub-confluent Vero E6 cell monolayer. Plates were incubated for 3-4 days at 37°C in a humidified
environment with 5% CO,, then examined for CPE by means of an inverted optical microscope by two independent operators. Single
cell sorting supernatants were tested at single point dilution to identify positive hits and antibody to be recombinantly expressed
through transcriptionally active polymerase chain reaction (TAP-PCR). TAP supernatant, used to evaluate the neutralization potency
of identified nAbs, were tested at a starting dilution of 1:4 and diluted step 1:2. Single replicate and technical duplicates were per-
formed to evaluate single cell sorting supernatant and to evaluate the IC4qo of TAP respectively. In each plate positive and negative
control were used as previously described.5"'%:26
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Single cell RT-PCR and Ig gene amplification and transcriptionally active PCR expression

To express our nAbs as full-length IgG1, 5 uL of cell lysate from the original 384-cell sorting plate were used for reverse transcription
polymerase chain reaction (RT-PCR), and two rounds of PCRs (PCRI and PCRII-nested) as previously described.®”*® Obtained
PCRII products were used to recover the antibody heavy and light chain sequences, through Sanger sequencing, and for antibody
cloning into expression vectors as previously described.®”:2° TAP-PCR reaction was performed using 5 pL of Q5 polymerase (NEB),
5 pL of GC Enhancer (NEB), 5 uL of 5X buffer,10 mM dNTPs, 0.125 pL of forward/reverse primers and 3 pL of ligation product, using
the following cycles: 98°/2’, 35 cycles 98°/10”, 61°/20", 72°/1" and 72°/5’. TAP products were purified under the same PCRII condi-
tions, quantified by Qubit Fluorometric Quantitation assay (Invitrogen) and used for transient transfection in Expi293F cell line
following manufacturing instructions.

Expression and purification XBB.1.5, BA.2.86 and H-CoV S proteins

The plasmids encoding SARS-CoV-2 6P WT and for the seven S proteins of the season H-CoV was generously provided by Prof.
Jason S. McLellan. All proteins were expressed and purified as previously described.® Briefly, plasmids encoding for XBB.1.5,
BA.2.86 and H-CoV S proteins were transiently transfected in ExpiCHO-S cells (Thermo Fisher) using ExpiFectamine CHO Reagent.
Cells were grown for six days at 37°C with 8% CO, in shaking conditions at 125 rpm according to the manufacturer’s protocol
(Thermo Fisher). ExpiFectamine CHO Enhancer and ExpiCHO Feed were added 18 to 22 h post-transfection to boost transfection,
cell viability, and protein expression. Both types of cell cultures (for the spike of SARS-CoV-2 and H-CoVs) were harvested five days
after transfection and the proteins were purified by immobilized metal affinity chromatography (FF Crude) followed by dialysis into
final buffer. Cell culture supernatants were clarified by centrifugation (1,200x g, 30 min, 4°C) followed by filtration through a
0.45 um filter. Chromatography purification was conducted at room temperature using AKTA Go purifier system from GE Healthcare
Life Sciences. Specifically, filtered culture supernatant was purified with a 5 mL HisTrap FF Crude column (GE Healthcare Life Sci-
ences) previously equilibrated in Buffer A (20 mM NaH2PO4, 500 mM NaCl +30 mM Imidazole pH 7.4). The flow rate for all steps of the
HisTrap FF Crude column purification was 5 mL/min. The culture supernatant of each spike protein was applied to a single 5 mL
HisTrap FF Crude column. The column was washed in Buffer A with 4 column volumes (CV). spike proteins were eluted from the col-
umn by applying a first step elution of 5CV of 60% Buffer B (20 mM NaH,PO,4, 500 mM NaCl +500 mM Imidazole pH 7.4). Elution
fractions were collected in 1 mL each and analyzed by SDS-PAGE. Fractions containing the S protein were pooled and dialyzed
against PBS buffer pH 7.4 using Slide-A-Lyzer Dialysis Cassette 10K MWCO (Thermo Scientific) overnight at 4°C. The dialysis buffer
used was at least 200 times the volume of the sample. The final spike protein concentration was determined by measuring absor-
bance at 562 nm using Pierce BCA Protein Assay Kit (Thermo Scientific). Proteins were dispensed into 0.5 mL aliquots and stored
at —80°C.

ELISA assay with SARS-CoV-2 NTD, RBD and S2 subunits

To determine the binding specificity of nAbs to the SARS-CoV-2 S protein domains we performed and ELISA to the RBD, NTD and S2
domains. The assay was performed as previously described.”2° Briefly, 3 ug mL~" of SARS-CoV-2 subunits diluted in carbonate-
bicarbonate buffer (E107, Bethyl Laboratories), were coated in 384-well plates (microplate clear, Greiner Bio-one), and blocked
with 50ul/well of blocking buffer (phosphate-buffered saline, 1% BSA) for 1h at 37°C. After washing (phosphate-buffered saline
and 0.05% Tween 20), plates were incubated with mAbs diluted 1:5 in dilution buffer (phosphate-buffered saline, 1% BSA, 0.05%
Tween 20) and step-diluted 1:2 in dilution buffer. Anti-Human IgG-Peroxidase antibody (Fab specific) produced in goat (Sigma)
diluted 1:45,000 in dilution buffer for RBD and NTD plates, while 1:80,000 in dilution buffer for S2 plates, was added and incubated
for 1h at 37°C. Plates were then washed, incubated whit TMB substrate (Sigma) for 15 min before adding 25 uL/well of stopping so-
lution (HoSO4 0.2M). The OD values were identified using the Varioskan Lux Reader (Thermo Fisher Scientific) at 450 nm. Each con-
dition was tested in duplicate and samples were considered positive if the OD value was 2-fold the blank.

ELISA assay with H-CoVs S proteins

Antibody binding specificity against the H-CoVs SARS-CoV-1, 229E, OC43 and HKU-1 S proteins was detected by ELISA as previ-
ously described.® Briefly, 384-well plates (microplate clear, Greiner Bio-one) were coated with 3 ug mL~" of streptavidin (Thermo
Fisher) diluted in carbonate-bicarbonate buffer (E107, Bethyl Laboratories) and incubated at RT overnight. The next day, plates
were incubated for 1h at RT with 3 ug mL~" of H-CoVs S proteins, and saturated with 50 uL/well of blocking buffer (phosphate-buff-
ered saline, 1% BSA) for 1h at 37°C. Following, 25 uL/well of mAbs diluted 1:5 in dilution buffer (phosphate-buffered saline, 1% BSA,
0.05% Tween 20) were added and serially diluted 1:2 and then incubated for 1h at 37°C. Finally, 25 ul/well of alkaline phosphatase-
conjugated goat Anti-Human IgG diluted 1:2,000 in dilution buffer were added. mAbs binding to the S proteins were detected using
25 ul/well of PNPP (p-nitrophenyl phosphate; Thermo Fisher) and the reaction was measured at a wavelength of 405nm using the
Varioskan Lux Reader (Thermo Fisher Scientific). After each incubation step, plates were washed with washing buffer (phosphate-
buffered saline and 0.05% Tween 20). Sample buffer was used as a blank and the threshold for sample positivity was set at 2-fold the
OD of the blank. Technical duplicates were performed.
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SARS-CoV-1 pseudotype based microneutralization assay

To screen single cell sorting supernatants and identify mAbs able to neutralize SARS-CoV-1 we performed a microneutralization
assay in 384 well-plates. The HEK293TN-hACE2 cell line was generated by lentiviral transduction of HEK293TN (System Bioscience,
Cat#LV900A-1) cells as described in Notarbartolo S. et al.>®> SARS-CoV-1 lentiviral pseudotype particles were generated as
described in Conforti et al. using the SARS-CoV1 SPIKE plasmid pcDNA3.3_CoV1_D28 (Addgene plasmid # 170447).°°
HEK293TN-hACE2 were plated 10,000/well in 384-well flat plates (Corning cat#3765) using DMEM medium complete (10% FBS,
2mM L-glutamine, 1% Pen-strep,1mM Sodium pyruvate, 1% Non-Essential Amino Acid). After 24h, cells were infected with 0.1
MOI of SARS-CoV-1 pseudotyped viruses that were previously incubated with 7 puL of each mAb supernatant. Supernatants were
diluted 1:5 with a pseudotyped viral solution at 0.1 multiplicity of infection (MOI) and were tested at single point dilution. PBS and
the mAb S309 (tested starting from 10 pg mL~" and serially diluted step 1:3) were used as negative and positive controls respectively.
The mix was incubated for 1h at 37°C and then 25 uL were added into 50 puL of HEK293TN-hACE?2 pre-seeded wells. Plates were
incubated at 37°C for 24h after which luciferase activity was measured reading the plate on Varioskan LUX (Thermo Scientific) using
the Bright-Glo Luciferase Assay System (Promega), according to the manufacturer’s recommendations. Percent of inhibition was
calculated relative to pseudotype virus-only control. 50% neutralization dose (NDs) values were established by nonlinear regression
using Prism v.8.1.0 (GraphPad).

H-CoV (229E, HKU-1 and OC43) pseudotype based microneutralization assays

The neutralization assay for 229E, HKU-1 and OC43 H-CoV pseudotyped viruses was performed as described for SARS-CoV-1
pseudotype virus using 96-well plates. In addition, appropriate cell lines expressing H-CoVs receptor were used to allow infection
and evaluation of neutralization activity of isolated nAbs. Specifically, HUH7, CHO-K1 and HEKTN/17 cell lines were used for
229E, HKU-1 and OC43 respectively. Briefly, 100 pL containing 1x10* cells were plated in each well in white 96-well plates using
DMEM medium complete (10% FBS, 2mM L-glutamine, 1% Pen-strep,1mM Sodium pyruvate, 1% Non-Essential Amino Acid).
24h later, cells were infected with 0.1 MOI of pseudotyped viruses that were previously co-incubated for 1h at 37°C with serial dilution
of TAP supernatants in 50 pL. A 7-point dose-response curve was obtained by diluting TAP supernatants step 1:3. After 24 incubation
at 37°C for 24h, luciferase activity was measured reading the plate on Varioskan LUX (Thermo Scientific) using the Bright-Glo Lucif-
erase Assay System (Promega), according to the manufacturer’s recommendations. Percent inhibition was calculated relative to
pseudotype virus-only control. NDsq (Neutralization Dose) values were established by nonlinear regression using Prism v.8.1.0
(GraphPad). The average NDsq value for each antibody was determined from a minimum of three independent technical replicates
and two independent experiments. Technical triplicates were performed.

Flow cytometry-based competition assay

To characterize mAb candidates based on their interaction with S protein epitopes, a flow cytometry-based competition assay was
performed. As previously described,” 1 mg of magnetic beads (Dynabeads His-Tag, Invitrogen) were coupled with 200 g of histi-
dine-tagged SARS-CoV-2 S protein. Then, S protein-beads (20 ng mL~") were incubated with unlabeled neutralizing antibodies at
room temperature for 40 min and the sample was subsequently washed in PBS-1% BSA. To evaluate the S protein epitope compe-
tition, antibodies RBD Class 1/2 (J08), Class 3 (S309), Class 4 (CR3022) binders or NTD (4A8) binders were labeled with different flu-
orophores (Alexa Fluor 647, 488, 594) using the Alexa Fluor NHS Ester kit (Thermo Scientific). Next, fluorescent labeled antibodies
were incubated with S protein-beads for 40 min at RT. After incubation, the S protein-antibodies mix was washed with PBS, resus-
pended in 150 pL of PBS-BSA 1%, and analyzed using BD FACSymphony A3 (BD Biosciences). As positive and negative controls,
beads with or without S protein incubated with labeled antibodies were used. FACSDiva Software (version 9) and FlowJo (version 10)
were used for data acquisition and analysis, respectively.

Measurement of ADCP and ADCD functions triggered by neutralizing antibodies

Antibody-dependent cellular phagocytosis (ADCP) was performed using a Flow cytometry—based assay. As previously described,’’
stabilized histidine-tagged SARS-CoV-2 S protein (Wuhan, XBB.1.5, BA.2.86) was labeled with Strep-TactinXT Conjugate DY- 649
(IBA Lifesciences) and conjugated to magnetic beads according to the manufacturer’s instructions. The mix S protein-beads was
incubated with nAbs for 1 h at RT and then mixed with monocytic THP- 1 cell line (50.000 per well). After 18h of incubation at
37°C, THP-1 cells were washed with PBS and fixed with fixation buffer (BioLegend) following the manufacturer’s guidelines. Next,
cells resuspended in 100 pL of PBS1X were acquired by BD FACSymphony A3 (BD Biosciences). FlowJo software (version 10)
was used for data analysis and phagocytosis was evaluated as percentage of fluorescent beads engulfed by THP-1 multiplied by
the median fluorescence intensity of the population. To explore the antibody dependent complement deposition (ADCD), Expi293F
cells (Thermo Fisher, Cat#A14527) were transiently transfected with SARS-CoV-2 original S protein, XBB.1.5, or BA.2.86 expression
vectors (pcDNA3.1_ spike_del19) using the ExpiFectamine Enhancer (Thermo Fisher).>” After 48h, monoclonal antibodies were incu-
bated with S protein-expressing cells at 37°C, with 5% CO, and 120 rpm shaker speed for 30 min. Then, 6% of baby rabbit com-
plement (Cedarlane) diluted in Expi medium was added, and cells were incubated at 37°C, with 5% CO, and 120 rpm shaker speed.
After 30 min of incubation, cells were incubated with goat anti-rabbit polyclonal antibody against C3-FITC conjugated (MP Biomed-
icals) for 1 honice. Then, stained cells were fixed with fixation buffer (BioLegend) for 15 min on ice and resuspended in 100 pL of PBS.
BD FACSymphony A3 (BD Biosciences) was used for data acquisition and results were reported as median fluorescence intensity of
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the FITC signal detected. Potencies for ADCP and ADCD were reported as previously described.®” For ADCP, an unrelated plasma
was used as negative control and the threshold for sample positivity was set at 3-fold the ADCP score of the negative control. Based
on this cut-off point, nAbs were classified as high (>8-fold the threshold), medium (>4-fold the threshold), or low (up to 4-fold the
threshold) phagocytosis inducers and given the extent of our nAb panel, antibodies were tested at a single-point dilution. As for
ADCD, based on the mean fluorescent intensity (MFI) value of the negative control, nAbs were classified as high (>8-fold the
threshold), medium (>4-fold the threshold), or low (up to 4-fold the threshold) ADCD inducers. Radar plots were generated to report
the ADCP, ADCD and neutralization activities of all RBD classes and NTD binding nAbs against SARS-CoV-2 Wuhan, XBB.1.5 and
BA.2.86. The results are presented as percentage of positive nAbs in the functional assay (ADCP, ADCD, or neutralization). The anal-
ysis was performed using Pandas v1.3.5 and the radar plots were created using Matplotlib v3.2.2 in Python.

Functional repertoire analyses

nAbs VH and VL sequence reads were manually curated and retrieved using CLC sequence viewer (Qiagen). Aberrant sequences
were removed from the dataset. Analyzed reads were saved in FASTA format and the repertoire analyses was performed using Cloa-
nalyst (http://www.bu.edu/computationalimmunology/research/software/).58:%°

Network plot of clonally expanded antibody families

A network map was built by representing each clonal family with a centroid and connecting centroids sharing a similar sequence. The
centroid sequence was computed with Cloanalyst to represent the average CDRH3 sequence for each clonal family, and Hamming
distance was calculated for each antibody CDRH3 sequence to represent the relationship within the clonal family. Levenshtein dis-
tance was calculated between each centroid representative of each clonal family to investigate the relationship between clonal fam-
ilies. Levenshtein distance was calculated with the R package stringdistm v0.9.8 (https://cran.r-project.org/web/packages/
stringdist/index.html) and normalized between 0 and 1. Centroids showing at least 80% of CDRH3 sequence similarity were con-
nected. A network graph was generated with the R package ggraph v2.0.5 (https://ggraph.data-imaginist.com/index.html) with
Fruchterman-Reingold layout algorithm and the figure was assembled with ggplot2 v3.3.5. The size of the centroid is proportional
to the number of antibodies belonging to the same clonal family, while the color of each node represents the antibody origin: pink
for seropositive 2™ dose (SP2), and dark red for superhybrids (SH).

Alluvial plot of germline frequency distribution

An alluvial plot was generated to display the frequency distribution of IGHV; IGHJ germ lines among the two analyzed cohorts: sero-
negative 3rd dose (SN3) and superhybrids (SH). The cohorts are represented as two separate categories (strata), and the germline
frequency for each single cohort is represented by the flow size. The analysis included all antibodies with fully sequenced VH chains,
totaling 289 entries for SN3 and 441 entries for SH. The change in IGHV; IGHJ germline frequency amoung the two cohorts was eval-
uated, and the five germ lines with higher, unaltered frequency were highlighted. Specifically, germline IGHV3-66; IGHJ6,
IGHV3-53; IGHJ6, IGHV1-69; IGHJ4, IGHV1-69; IGHJ3, and IGHV1-58; IGHJ3 were selected. Additionally, germ lines not
observed in the SN3 cohort but comprising more than five entries in the SH cohort (IGHV5-10—1; IGHJ4, IGHV3—21; IGHJ6,
IGHV1-2; IGHJ4, IGHV1-24; IGHJ4, IGHV1-18; IGHJ4) were highlighted within the SH stratum using a black rectangle. Spider plots
were created for each cohort to depict the functionality of the selected germ lines in terms of neutralization, antibody-dependent
cellular phagocytosis (ADCP), and antibody-dependent complement deposition (ADCD). The percentage of functional antibodies
associated with each germ line was determined using predefined thresholds of 100,000, 100,000, and 4,000 for neutralization,
ADCP, and ADCD, respectively. The figure was assembled with ggplot2 v3.3.5. All the scripts and the data are available via github
(https://github.com/dasch-lab/SARS-CoV-2_superhybrid).

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis was assessed with GraphPad Prism Version 8.0.2 (GraphPad Software, Inc., San Diego, CA). Nonparametric

Mann-Whitney t test was used to evaluate statistical significance between the two groups analyzed in this study. Statistical signif-
icance was shown as * for values <0.05, ** for values <0.01, and *** for values <0.001.
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