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SUMMARY

The spike glycoprotein of severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) continues to accu-
mulate substitutions, leading to breakthrough infections of vaccinated individuals. It remains unclear if expo-
sures to antigenically distant SARS-CoV-2 variants can overcome memory B cell biases established by initial
SARS-CoV-2 encounters. We determined the specificity and functionality of antibody and B cell responses
following exposure to BA.5 and XBB variants in individuals who received ancestral SARS-CoV-2 mRNA vac-
cines. BA.5 exposures elicited antibody responses that targeted epitopes conserved between the BA.5 and
ancestral spike. XBB exposures also elicited antibody responses that primarily targeted epitopes conserved
between the XBB.1.5 and ancestral spike. However, unlike BA.5, a single XBB exposure elicited low fre-
quencies of XBB.1.5-specific antibodies and B cells in some individuals. Pre-existing cross-reactive B cells
and antibodies were correlated with stronger overall responses to XBB but weaker XBB-specific responses,

suggesting that baseline immunity influences the activation of variant-specific SARS-CoV-2 responses.

INTRODUCTION

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2)
firstemergedin2019, prompting the rapid development of MRNA-
LNP (lipid nanoparticle) vaccines that elicit potent neutralizing an-
tibodies targeting the viral spike glycoprotein.'™ The virus has
since acquired many spike substitutions that prevent the binding
of antibodies elicited by vaccinations and infections. Notably, the
BA.1 Omicron variant that began spreading widely in late 2020
possessed ~32 spike amino acid substitutions compared with
the ancestral SARS-CoV-2 strain,” leading to an increase in
“breakthrough” infections of vaccinated individuals.”™"°
Omicron breakthrough infections induce efficient anamnestic
immune responses that recruit memory T and B cells cross-reac-
tive to the ancestral strain.”’~'® Many unanswered questions
remain on how initial SARS-CoV-2 encounters affect the speci-
ficity of antibodies elicited against variant viral strains. For
example, bivalent boosters containing BA.5 spike elicit B cell
and antibody responses cross-reactive to the ancestral SARS-
CoV-2 strain in individuals who received ancestral mRNA-LNP
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vaccines,'" but this “immunological imprinting” effect may be
less pronounced in individuals who initially received inactivated
vaccines.'® It remains unclear if repeat exposures with SARS-
CoV-2 variants can overcome memory B cell biases established
by initial SARS-CoV-2 encounters.'"'82° Further, it is unknown
if variants with larger antigenic distances are better able to stim-
ulate de novo responses while recalling fewer memory B cells in
individuals who received ancestral mRNA-LNP vaccines.

Here, we elucidated the specificity of antibody and B cell re-
sponses elicited by BA.5 and XBB exposures in individuals pre-
viously vaccinated with mRNA-LNPs expressing the ancestral
SARS-CoV-2 spike. We compared immune responses in individ-
uals with different amounts of cross-reactive B cells and anti-
bodies at time of variant exposure. We used antigen-specific
flow cytometric analyses to interrogate spike-specific B cell
responses and performed enzyme-linked immunosorbent as-
says (ELISAs), neutralization assays, and absorption assays to
characterize SARS-CoV-2 reactive antibodies. We found that
antibodies and B cell responses targeted ancestral cross-reac-
tive epitopes in most individuals, even after multiple exposures
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to BA.5 and XBB. We determined that individuals with low fre-
quencies of cross-reactive B cells and antibodies at the time of
XBB exposure were more likely to mount variant-specific
responses.

RESULTS

BA.5 breakthrough infections elicit antibodies that
cross-react to ancestral SARS-CoV-2

To better understand the specificity and functionality of anti-
bodies elicited by breakthrough infections, we characterized an-
tibodies in sera collected from individuals (n = 8) who received 3
doses of mMRNA-LNP vaccines expressing the ancestral spike
and were subsequently infected with a BA.5 Omicron variant in
2022 (breakthrough infections occurred on average 291 days
since last vaccination) (Figure 1A)."* Sera were collected at
baseline ~0-5 days (T1) and ~45 days (T2) after BA.5 break-
through infection. We first quantified serum antibodies reactive
to full-length spike proteins from the ancestral virus, the break-
through variant (BA.5), and a variant from 2023 that did not yet
exist at the time of sample collection (XBB.1.5). Antibodies reac-
tive to all 3 spike proteins increased >2-fold after BA.5 break-
through infection (Figure 1B). Similar increases were observed
when we measured antibodies reactive to the receptor binding
domain (RBD) of the spike protein from the ancestral, BA.5,
and XBB.1.5 viruses, with the largest fold increase to BA.5
RBD (Figure 1C). Prior to breakthrough infection, most partici-
pants had high neutralizing antibodies against ancestral SARS-
CoV-2 but low or undetectable titers of neutralizing antibodies
against BA.5 and XBB.1.5 (Figure 1D). Neutralizing antibodies
against ancestral SARS-CoV-2 and the BA.5 variant were
boosted upon BA.5 variant breakthrough infection in most par-
ticipants, whereas neutralizing antibodies against XBB.1.5
were minimally boosted and remained low after infection (Fig-
ure 1D). This led to an observed increase in antibody neutraliza-
tion potency (the neutralizing antibody titer divided by total spike
targeting antibody titer) for ancestral SARS-CoV-2 and BA.5, but
not XBB.1.5 (Figure 1E). Thus, BA.5 breakthrough infections eli-
cited neutralizing antibodies against ancestral SARS-CoV-2 and
BA.5, but these antibodies poorly neutralized the XBB.1.5 variant
that did not yet exist at the time of infection.

Given that we observed simultaneous increases in neutralizing
antibodies reactive to the ancestral SARS-CoV-2 virus and BA.5
variant, we hypothesized that BA.5 breakthrough infections elicit
neutralizing antibodies that recognize epitopes conserved be-
tween these viruses. To address this, we performed ELISAs and
neutralization assays with sera that were previously absorbed
with carboxyl-magnetic beads coupled with different spike pro-
teins. In these assays,”’*? antibodies that bind to the spike-
coupled beads are removed, and unbound antibodies are then
assessed for reactivity against different antigens (Figure S1A).
As expected, beads coated with the ancestral SARS-CoV-2 spike
were able to remove >99% of antibodies reactive to the ancestral
SARS-CoV-2 full-length spike and RBD, whereas beads coated
with either BA.5 or XBB.1.5 spikes reduced but did not entirely re-
move these antibodies (Figures 1F and 1G). Consistent with this
observation, sera absorbed with beads coated with the ancestral
SARS-CoV-2 spike could no longer neutralize ancestral SARS-
CoV-2, whereas sera absorbed with beads coated with either
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the BA.5 or XBB.1.5 spike still contained antibodies capable of
neutralizing the ancestral strain (Figure 1H). Conversely, beads
coated with either the ancestral SARS-CoV-2 spike or BA.5 spike
efficiently removed antibodies that bound (Figures 1l and 1J) and
neutralized (Figure 1K) BA.5 virus, suggesting that nearly all BA.5-
reactive antibodies elicited by BA.5 breakthrough infections
cross-react to the ancestral SARS-CoV-2 spike. Throughout
these studies, it became apparent that some of these ancestral/
BA.5 cross-reactive antibodies recognize epitopes that are
altered in XBB.1.5, since serum pre-incubation with beads coated
with the XBB.1.5 spike did not eliminate binding (~20% remain-
ing, Figures 11 and 1J) or neutralization (~40% remaining, Fig-
ure 1K) of BA.5. These data, combined with overall low XBB.1.5
titers (Figures 1D and S1B-S1D), suggest that BA.5 breakthrough
infections elicit antibodies that cross-react with the ancestral
SARS-CoV-2 and BA.5 spikes, and that substitutions in the
XBB.1.5 variant prevent binding of a fraction of these antibodies,
especially neutralizing antibodies.

A second BA.5 exposure elicits antibodies that cross-
react to ancestral SARS-CoV-2

We next analyzed sera from an additional 9 individuals who
received 3 doses of an mRNA-LNP vaccine expressing the
ancestral SARS-CoV-2 spike who were later exposed twice to
BA.5 through sequential infections and vaccinations (Figure 2A).
These individuals received a dose of bivalent ancestral/BA.5
spike MRNA-LNP vaccine either before (n = 4) or after (n = 5)
experiencing a BA.5 breakthrough infection. Sera were collected
early (~0-5 days, T1) and ~45 days (T2) after the second BA.5
exposure, which occurred on average 76 days (27-156) after
the initial BA.5 exposure. Antibodies reactive to the ancestral,
BA.5, and XBB.1.5 spike proteins were high prior to the second
BA.5 exposure and were minimally boosted (Figures 2B and 2C).
Most individuals had high baseline neutralizing antibodies
against both ancestral SARS-CoV-2 and BA.5, and these anti-
bodies were minimally boosted upon second BA.5 exposure
(Figure 2D). Neutralizing antibody titers against the XBB.1.5
variant were low in most individuals both before and after the
second BA.5 exposure (Figure 2D). We observed a modest
decrease in serum neutralization potency for all variants tested
after secondary BA.5 exposure (Figure 2E). Antibody responses
were similar regardless of whether the first or second BA.5 expo-
sure was via infection or vaccination (Figures S2A-S2C).

We performed additional absorption assays and found that,
similar to antibodies elicited by single BA.5 breakthrough infec-
tions, BA.5-reactive antibodies from individuals exposed twice
with BA.5 bound to the ancestral SARS-CoV-2 spike, but only
partially recognized the XBB.1.5 spike (Figures 2F-2K and
S2D-S2F). Thus, antibodies elicited by a second BA.5 spike
exposure did not target BA.5-specific epitopes but instead
recognized epitopes conserved in the ancestral spike that
became mutated in the XBB.1.5 variant.

Cross-reactive B cell responses dominate first and
second BA.5 exposures in individuals previously
vaccinated with mRNA-LNP vaccines expressing the
ancestral spike

We hypothesized that cross-reactive antibodies in our study
were likely produced by B cells generated after the initial
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Figure 1. BA.5 breakthrough infection elicits cross-reactive antibodies evaded by XBB.1.5

(A) Schematic of participants in this study who were vaccinated 3x with the SARS-CoV-2 ancestral MRNA-LNP vaccine who then had a BA.5 breakthrough
infection.

(B and C) Antigen-specific IgG ELISAs were performed using sera from time points indicated in (A) against ancestral, BA.5, and XBB.1.5 full-length spike (B) and
RBD (C) proteins. Endpoint titers are reported as reciprocal serum dilutions.

(D) SARS-CoV-2 pseudotype neutralization assays were performed using sera obtained at time points indicated in (A) against ancestral SARS-CoV-2, BA.5, and
XBB.1.5 pseudoviruses. Values reported are focus reduction neutralization test (FRNT) 50, or reciprocal serum dilution at which <50% of the viral input foci are
observed.

(E) Neutralization potency was calculated by dividing FRNT50 values by spike IgG titer.

(F and G) Antigen-specific IgG ELISAs were performed using T2-absorbed sera and ELISA plates coated with the ancestral spike (F) or ancestral RBD (G).

(H) SARS-CoV-2 pseudotype neutralization assays were performed using T2-absorbed serum and ancestral SARS-CoV-2 pseudovirus.

(I and J) Antigen-specific IgG ELISAs were performed using T2-absorbed sera and ELISA plates coated with BA.5 spike (I) and BA.5 RBD (J).

(K) Neutralization assays were performed using T2-absorbed serum and BA.5 pseudotyped virus. For all, n = 8 samples. Individual points are average of n = 2
technical replicates. Red/black bars indicate geometric mean. Wilcoxon signed-rank test with Benjamini-Hochberg correction for multiple testing. All com-
parisons to time point 1 or mock absorption. *p < 0.05, **p < 0.01. See also Figure S1.

exposures to the ancestral spike and subsequently recalled in  BA.5 exposures, we performed a flow cytometric B cell antigen
response to first and second BA.5 exposures. To measure fre-  probe assay using peripheral blood mononuclear cells (PBMCs)
quencies of cross-reactive B cells elicited by first and second collected from participants at time points corresponding to our
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Figure 2. Secondary BA.5 exposure elicits cross-reactive antibodies that bind weakly to XBB.1.5

(A) Schematic of participants in this study who were vaccinated 3x with the SARS-CoV-2 ancestral MRNA-LNP vaccine who then had two BA.5 exposures.
(B and C) Antigen-specific IgG ELISAs were performed using sera from time points indicated in (A) against ancestral, BA.5, and XBB.1.5 full-length spike (B) and
RBD (C). Endpoint titers are reported as reciprocal dilutions.
(D) SARS-CoV-2 pseudotype neutralization assays were performed using sera obtained at time points indicated in (A) against ancestral SARS-CoV-2, BA.5, and
XBB.1.5 pseudoviruses. Values reported are focus reduction neutralization test (FRNT) 50, or reciprocal serum dilution at which <50% of the viral input foci are

observed.

E) Neutralization potency was calculated by dividing FRNT50 values by spike IgG titer.
F and G) Antigen-specific IgG ELISAs were performed using T2-absorbed sera and ELISA plates coated with the ancestral spike (F) or ancestral RBD (G).

| and J) Antigen-specific IgG ELISAs were performed using T2-absorbed sera and ELISA plates coated with BA.5 spike (l) and BA.5 RBD (J).

(

(

(H) SARS-CoV-2 pseudotype neutralization assays were performed using T2-absorbed serum and ancestral SARS-CoV-2 pseudovirus.
(

(

K) Neutralization assays were performed using T2-absorbed serum and BA.5 pseudotyped virus. For all, n = 9 samples. Individual points are average of n = 2
technical replicates. Red/black bars indicate geometric mean. Wilcoxon signed-rank test with Benjamini-Hochberg correction for multiple testing. All com-
parisons to time point 1 or mock absorption. *p < 0.05, **p < 0.01. See also Figure S2.

serological assays (Figures 3A and S3). We quantified B cells that
recognized the RBD of ancestral, BA.5, and XBB.1.5 spike pro-
teins. Following first BA.5 exposures, the proportion of ancestral
RBD-binding B cells that also bound BA.5 RBD increased in

most individuals, and these responses did not greatly increase
following a second BA.5 exposure (Figure 3B). In further accor-
dance with our serological data, XBB.1.5 cross-reactivity was
only observed in a fraction of BA.5-binding B cells at all time
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points, and XBB.1.5 cross-reactivity did not increase following
BA.5 infection (Figures 3C and 3D). We did not observe robust
variant-specific B cell responses, as extremely low frequencies
of B cells bound BA.5 or XBB.1.5 RBD without binding ancestral
RBD (BA.5 specific and XBB.1.5 specific, respectively), and the
frequency of BA.5-only and XBB.1.5-only B cells did not increase
following BA.5 exposure (Figures 3E and 3F). Together, these
data demonstrate that ancestral cross-reactive B cells are stim-
ulated upon BA.5 exposure, leading to a heavily cross-reactive
antibody response with no detectable production of antibodies
that target novel epitopes on the RBD of the BA.5 spike.

BA.5 exposures elicit antibodies targeting conserved
RBD residues mutated in XBB.1.5

Our data suggest that BA.5 exposures boost antibodies that
target spike residues that are conserved between ancestral and
BA.5 variants but are mutated in XBB.1.5. To map the specificity
of these antibodies, we completed additional absorption assays
with BA.5 spike proteins that were engineered to possess
different RBD amino acid substitutions. We absorbed serum
samples with BA.5 spike mutants that had one or two XBB.1.5
RBD amino acid substitutions at residues that are shared be-
tween ancestral and BA.5 spikes but differ in XBB.1.5 (spike
amino acid residues 346, 368, 445/446, 460, and 490) (Figure 4A).
We also absorbed serum with 7 additional BA.5 spike proteins
with different combinations of XBB.1.5 RBD mutations, including
amutant that possessed all RBD substitutions that are shared be-
tween ancestral and BA.5 spikes but differ in XBB.1.5 spike (pro-
tein M7, Figure 4B). Absorption with BA.5 spikes with each single
substitution did not completely eliminate antibody binding to
wildtype BA.5, suggesting that a fraction of polyclonal antibodies
targeted each mutated site (Figure 4C). Serum that was absorbed
with BA.5 proteins with multiple XBB.1.5 RBD mutations bound
more efficiently to wildtype BA.5 compared with serum that was
absorbed with BA.5 proteins with single XBB.1.5. RBD mutations
(Figure 4C). Similar results were obtained when we repeated ex-
periments with sera isolated from ancestral vaccinated individ-
uals after two BA.5 exposures (Figure 4D). Sera absorbed with
the M7 protein containing all XBB.1.5 RBD substitutions effi-
ciently neutralized BA.5, indicating that a large fraction of BA.5
neutralizing antibodies targeted epitopes that are conserved be-
tween the ancestral and BA.5 RBDs but not the XBB.1.5 RBD
(Figures 4E, 4F, and S4). Collectively, these data support the hy-
pothesis that BA.5 exposures elicit antibodies that target epi-
topes conserved in the ancestral spike RBD that later became
mutated in the XBB.1.5 variant.

XBB exposures elicit antibodies cross-reactive to the
ancestral spike in individuals previously vaccinated with
mRNA-LNP vaccines expressing the ancestral spike
XBB, the recombinant variant of BA.2.10.1 and BA.2.75 subline-
ages containing ~43 spike mutations, and its subvariants,
namely XBB.1.5, have dominated infections since late 2022
and resulted in a shift to a new monovalent booster vaccine in
September 2023.7*?” We longitudinally sampled individuals
who were exposed to XBB.1.5 via the monovalent mRNA-LNP
booster (n = 12) or by XBB-subvariant breakthrough infections
(symptom onset between 1/2/2022 and 10/1/2022, n = 10) and
assessed the specificity and functionality of antibody and B
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cell responses (Figure 5A). We observed a robust increase in an-
tibodies that bound and neutralized the ancestral and XBB.1.5
variant 15 and 45 days after XBB.1.5 monovalent mRNA-LNP
vaccination or XBB infection (Figures 5B-5D). Although in-
creases in antibody titers to both viruses were significant, the
fold increase in XBB.1.5 neutralizing titers was ~5-fold higher
than that of ancestral strain, and neutralization potency of
XBB.1.5 antibodies increased slightly following XBB exposure,
whereas that of ancestral did not (Figures 5D and 5E). We found
that XBB.1.5 monovalent mRNA-LNP vaccination rapidly
boosted XBB.1.5 neutralizing antibodies that peaked 15 days af-
ter vaccination, whereas antibodies elicited by XBB infections
steadily rose for 45 days after exposure, consistent with earlier
reports of slower kinetics of immune responses elicited by
breakthrough infections (Figures S5A-S5C)."*"* Although early
kinetics differed, antibodies elicited by XBB.1.5 vaccinations
and XBB infections were at similar titers by 45 days after expo-
sure (Figures S5A-S5C).

We performed absorption assays using sera collected 45 days
after XBB exposures to identify antibody specificities elicited by
XBB infections and monovalent vaccinations. Beads coated with
the XBB.1.5 spike poorly absorbed antibodies that bound
(Figures 5F and S5D) and neutralized (Figure 5G) the ancestral
SARS-CoV-2 strain. Conversely, beads coated with the ancestral
spike absorbed most XBB.1.5-reactive and neutralizing antibodies
(Figures 5H, 51, and S5E), suggesting that the majority of antibodies
elicited by XBB exposures bound to epitopes conserved in the
ancestral spike. Although most individuals produced XBB.1.5-
reactive antibodies that targeted epitopes conserved in the
ancestral spike, we identified some individuals who produced
XBB.1.5-specific responses that were only partially absorbed by
beads coated with the ancestral spike (Figures 5H, 5l, and S5E).
These data suggest that XBB, which is more antigenically distant
compared with BA.5, is capable of eliciting variant-specific re-
sponses in a subset of individuals who were previously vaccinated
with mRNA-LNP expressing the ancestral spike.

Next, we characterized antibodies in sera from 3 individuals
who were infected with an XBB variant and subsequently
received the XBB.1.5 monovalent booster (average 139 days af-
terinfection; Figure 5J). Unlike a second BA.5 exposure, a second
XBB exposure greatly increased XBB.1.5 neutralizing antibody
titers and potency (Figures 5K and S5F-S5H). Using absorption
assays, we also observed increases in both XBB.1.5-specific
binding and neutralizing antibodies following the second XBB
exposure (Figures 5L-5N and S5I-S5K). Similar to single XBB ex-
posures, the majority of neutralizing antibodies elicited by two
XBB exposures targeted epitopes in the ancestral spike, with
XBB.1.5-specific antibodies constituting only 17% of total
XBB.1.5 neutralizing antibodies. Nonetheless, these experiments
demonstrate that XBB can provoke variant-specific responses in
a subset of individuals who previously received mRNA-LNP vac-
cines expressing the ancestral spike and that these responses
can be further boosted by sequential XBB exposures.

Cross-reactive B cell responses dominate following XBB
exposures in individuals previously vaccinated with
mRNA-LNP vaccines expressing the ancestral spike

To further explore the relationships between cross-reactive
and variant-specific responses elicited by XBB, we analyzed
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Figure 3. Cross-reactive B cells are recruited in response to primary and secondary BA.5 exposures in vaccinated individuals

(A) Representative flow cytometry plot showing gating strategy for probe-positive memory B cells.

(B) The percent of ancestral RBD-binding B cells that cross-bind to BA.5 RBD before and after the first (left, T1 n =6, T2 n = 5) and second (right, T1 n=6, T2n = 8)
exposure to BA.5.

(C) The percent of ancestral RBD and BA.5 RBD cross-binding B cells that also cross-bind to XBB.1.5 RBD before and after the first (left) and second (right)
exposure to BA.5.

(D) The percent of ancestral RBD-binding B cells that cross-bind BA.5 and XBB.1.5 RBD before and after the first (left) and second (right) exposure to BA.5.
(E and F) The frequency of BA.5 RBD-binding (E) and XBB.1.5 RBD-binding (F) B cells that do not cross-react with ancestral RBD before and after the first (left) and
second (right) exposure to BA.5. Data were collected from a single experiment. For all, Wilcoxon signed-rank test with Benjamini-Hochberg correction for multiple
testing. *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S3.
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Figure 4. Antibodies elicited by successive ancestral SARS-CoV-2 and BA.5 exposures target conserved residues that are mutated in the

XBB.1.5 RBD

(A) Ancestral RBD structure with residues that are different in BA.5 are highlighted in purple, and residues conserved between ancestral and BA.5 RBD but

different in XBB.1.5 are highlighted in teal (PDB: 6M0J).*

(B) List of recombinant mutations created for this study using the BA.5 spike backbone.

(C) IgG ELISA using T2 breakthrough sera after absorption with single mutants and those listed in (B) (n = 8).

(D) 1gG ELISA using T2 sera from individuals exposed twice with BA.5 after absorption with single mutants and those listed in B (n = 9).

(E and F) Neutralization assays were performed using T2 absorbed serum from single (E, n = 8) and two (F, n = 9) BA.5 exposures using BA.5 pseudotype virus. For
all, individual points are average of n = 2 technical replicates. Black bars indicate geometric mean. Wilcoxon signed-rank test with Benjamini-Hochberg correction
for multiple testing. All comparisons to mock absorption. *p < 0.05, **p < 0.01. See also Figure S4.

antigen-specific B cells elicited after XBB exposures. We
observed a significant increase in ancestral and XBB.1.5-reac-
tive B cells by 15 days post-exposure, followed by a slight
contraction by day 45 (Figures 6A and 6B). The percent of ances-
tral RBD-binding B cells that were cross-reactive with XBB.1.5
increased significantly by day 7 and remained above baseline
at day 45 (Figure 6C). The frequencies of XBB.1.5-specific B cells
(cells that did not cross-react with ancestral RBD) were low but
significantly expanded between days 0 and 7 before contracting
by day 45 (Figures 6D and S6A). There was substantial heteroge-
neity in the magnitude of XBB.1.5-specific B cell expansion, sug-
gesting that variant-specific responses may be restrained in
some individuals (Figure 6D). Despite expanding significantly
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during acute XBB exposures, the proportion of XBB.1.5 RBD-
binding B cells that were specific for XBB.1.5 did not increase,
consistent with the cross-reactive response remaining dominant
compared with variant-specific responses (Figure 6E).

CD71 is expressed following B cell activation, with reactivated
memory B cells expressing higher CD71 than stimulated naive B
cells.?® CD71 was rapidly upregulated after XBB exposure and
was significantly elevated on XBB.1.5 cross-reactive and
XBB.1.5-specific B cells at days 7 and 15 compared with bulk
B cells or B cells that bound the ancestral RBD but not the
XBB.1.5 RBD (Figures 6F, 6G, and S6B). XBB.1.5-specific B
cells expressed lower CD71 than XBB.1.5 cross-reactive B cells,
consistent with differences between recall responses from
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Figure 5. Primary and secondary XBB exposures elicit mostly antibodies that cross-react to the ancestral SARS-CoV-2 spike

(A) Schematic of participants in this study who were exposed to XBB.
(B and C) Antigen-specific IgG ELISAs were performed using sera from time points indicated in (A) against ancestral and XBB.1.5 full-length spike (B) and RBD (C).

Endpoint titers are reported as reciprocal dilutions.

(legend continued on next page)
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memory B cells and de novo responses arising from naive B
cells.’® XBB.1.5 cross-reactive B cells were class-switched
and expressed IgG, whereas most XBB.1.5-specific B cells
were not class-switched to immunoglobulin A (IgA) or immuno-
globulin G (IgG) (Figure 6H), suggesting that they were likely
derived from de novo responses. In addition to rapid CD71 upre-
gulation, XBB.1.5-binding plasmablasts, including XBB.1.5-spe-
cific plasmablasts, increased significantly by day 7 after XBB.1.5
exposure (Figures 6l and 6J). Taken together, these data suggest
that XBB elicits a potent B cell response that is largely cross-
reactive with the ancestral spike, with some individuals gener-
ating variant-specific B cells.

Finally, we wanted to determine what cellular or serological
metrics were associated with the production of XBB.1.5-specific
responses. Elevated baseline antibody titers, ancestral and
XBB.1.5 RBD-binding B cell frequencies, and XBB.1.5 cross-
reactive B cell frequencies were all associated with diminished
XBB.1.5-specific B cell responses (Figures 6K, S6C, and S6D).
Moreover, high pre-existing antibody titers against XBB.1.5
spike were associated with decreased XBB.1.5-specific neutral-
izing antibodey titers (Figure 6L). As expected, there was a posi-
tive correlation between XBB.1.5-specific B cells at day 7 and
peak XBB.1.5-specific neutralizing antibody titers (Figure 6L).
XBB.1.5-specific antibodies were also correlated with XBB.
1.5-specific B cell expansion and the percent of XBB.1.5-binding
B cells that were XBB.1.5 specific (Figure S6E). Together, these
analyses support a model in which pre-existing B cells and anti-
bodies influence the development of variant-specific responses,
where individuals with lower pre-existing antibody titers and
fewer cross-reactive memory B cells are better able to activate
naive XBB.1.5-specific B cells and produce XBB.1.5-specific an-
tibodies. However, baseline cross-reactive B cells are strongly
correlated with peak XBB.1.5 neutralizing antibody titers,
whereas XBB.1.5-specific B cell responses have no association
with overall XBB.1.5 neutralizing antibody titers after infection or
vaccination (Figure 6M). This is consistent with the observation
that the majority of XBB.1.5 neutralizing antibodies cross-react
to the ancestral spike. Overall, these analyses highlight the diver-
sity of the humoral response to XBB and define several key fac-
tors contributing to the development of variant-specific B cells
and antibodies.

DISCUSSION

Through longitudinal sampling and intensive serological and
cellular analyses, our studies demonstrate that B cells elicited

Immunity

by ancestral SARS-CoV-2 mRNA vaccines are efficiently re-
called by SARS-CoV-2 variants, leading to the rapid production
of neutralizing antibodies against epitopes conserved between
ancestral and variant strains. We found that the BA.5 spike elicits
antibodies that recognize epitopes conserved between the
ancestral and BA.5 spikes but fail to bind to the more antigeni-
cally distant XBB.1.5 spike. Similarly, the majority of antibodies
elicited by XBB infection or monovalent vaccination targeted epi-
topes conserved between the ancestral and XBB.1.5 spikes.
Both BA.5 and XBB elicited responses that were dominated by
memory B cells primed by prior ancestral mRNA-LNP vaccina-
tions; however, unlike BA.5, we found that XBB elicited low fre-
quencies of variant-specific B cell and antibody responses in
some individuals.

Our data are consistent with reports showing antibody re-
sponses to SARS-CoV-2 variants typically cross-react to the
ancestral spike in individuals who initially encountered ancestral
SARS-CoV-2 antigens.''"'®2°=1 Clinical studies have shown
that BA.5 and XBB.1.5 variant booster vaccines are highly effec-
tive at reducing deaths and hospitalizations caused by circu-
lating variants.®>™° It is likely that antibodies targeting epitopes
conserved with the ancestral SARS-CoV-2 spike contribute to
variant booster vaccine protection. It is important to highlight
that cross-reactive B cells elicited by earlier ancestral SARS-
CoV-2 mRNA-LNP vaccinations are strongly correlated with
the induction of high titers of XBB.1.5 neutralizing antibodies af-
ter monovalent XBB.1.5 vaccination. Therefore, although im-
mune imprinting by ancestral SARS-CoV-2 mRNA-LNP vaccines
clearly influences the specificity of antibodies elicited by variant
infections and vaccinations, these prior vaccinations are also
highly beneficial for establishing memory B cells that can be
rapidly recruited to produce neutralizing antibodies against
SARS-CoV-2 variants.

Further studies should evaluate if SARS-CoV-2 antigens with
greater antigenic distances are able to efficiently elicit variant-
specific de novo antibody responses in individuals who were
previously vaccinated with ancestral mMRNA-LNP vaccines. In
our studies, XBB exposures promoted the development of
low-titer variant-specific antibody responses in some individ-
uals. These variant-specific responses were associated with
lower baseline SARS-CoV-2 XBB.1.5-specific antibody titers
and B cell frequencies, suggesting that factors such as epitope
masking and feedback inhibition may potentially limit the recruit-
ment of naive B cells that target novel epitopes on variant spike
proteins.*’~** Although it is likely that variant-specific antibodies
in our studies are derived from de novo activated B cells, it is also

(D) Neutralization assays were performed using serum obtained at time points indicated in (A) against ancestral and XBB.1.5 pseudoviruses. Values reported are
focus reduction neutralization test (FRNT) 50, or reciprocal serum dilution at which <50% of the viral input foci are observed.

(E) Neutralization potency was calculated by dividing FRNT50 values by spike IgG titer.

(F and H) Antigen-specific IgG ELISAs were performed using sera (collected 45 days after XBB1.5 exposure) after absorption with ancestral or XBB.1.5 RBD

proteins.

(G and I) SARS-CoV-2 pseudotype neutralization assays were performed using sera (collected 45 days after XBB.1.5 exposure) after absorption with ancestral or

XBB.1.5 spike proteins.
(J) Schematic of participants in this study who were exposed twice to XBB.

(K) SARS-CoV-2 pseudotype neutralization assays were performed using sera obtained at time points indicated in (J) using ancestral and XBB.1.5 pseudoviruses.
(L and M) Antigen-specific IgG ELISAs and N) SARS-CoV-2 neutralization assays were performed using sera (collected 45 days after each XBB.1.5 exposure)
after absorption with ancestral or XBB1.5 spike proteins. For (B)—(l), n = 22. For (K)~(N), n = 3. For all, individual points are average of n = 2 technical replicates.
Red/black bars indicate geometric mean. Wilcoxon rank-sum test with Benjamini-Hochberg correction for multiple testing. All comparisons to time point 1 or
mock absorption. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. See also Figure S5.
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possible that these antibodies are produced from memory B
cells that have lost binding to ancestral spike through somatic
hypermutation.

It will be important to determine if updated monovalent vac-
cines are better at overcoming immunological imprinting
compared with bivalent vaccines, such as the BA.5 booster that
included both the ancestral SARS-CoV-2 spike and the BA.5
spike. It is possible that memory B cells elicited by earlier ances-
tral SARS-CoV-2 exposures are more easily activated when
booster vaccinations include ancestral SARS-CoV-2 antigens;
however, our studies demonstrate that memory B cells primed
by earlier exposures are also effectively recalled by the XBB.1.5
monovalent booster vaccine. It will also be important to investi-
gate how timing between antigen exposures affects the priming
of memory versus de novo immune responses. The cohorts in
our experiments included individuals who were exposed to
variant SARS-CoV-2 spike antigens at different times after initial
ancestral SARS-CoV-2 mRNA-LNP vaccinations, but we lacked
enough participants to investigate how timing between exposures
influences the generation of different types of immune responses.

Future studies should also determine if mMRNA-LNP and inac-
tivated virus vaccines elicit different immunological imprints that
affect the specificity and magnitude of antibody responses eli-
cited by variant infections and vaccinations. Comparative ana-
lyses have previously focused on general immunogenicity and
effectiveness against severe disease, showing higher antibody
titers and better overall protection in mRNA-LNP vaccinated
individuals compared with inactivated virus vaccinated indivi-
duals,***® Yisimayi and colleagues recently demonstrated that
individuals who previously received inactivated SARS-CoV-2
vaccine produced robust variant-specific responses after sub-
sequent Omicron exposures.'® Taken with our data and others,
this suggests that inactivated virus vaccines potentially establish
weaker immunological imprints compared with mRNA-LNP
vaccines.

The human immune landscape against SARS-CoV-2 is
becoming more heterogeneous as variants emerge and infection
and vaccination histories become diverse among different indi-
viduals. Most humans have been immunologically imprinted
with antigens from the ancestral SARS-CoV-2 strain, but that
will inevitably change as time progresses. Most children born
today will be first introduced to SARS-CoV-2 antigens in the
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form of a variant infection or variant vaccination, leading to the
formation of different memory B cell populations compared
with individuals first exposed to ancestral SARS-CoV-2 anti-
gens. Though the impact of birth year imprinting on the evolution
of future SARS-CoV-2 variants is unknown, there is evidence of
influenza epidemic virus susceptibilities being shaped by child-
hood exposures.*®™® QOverall, an improved understanding of
how SARS-CoV-2 immune history influences antibody speci-
ficity to new variants will be critical for rationally designing future
vaccines and mitigating disease burden.

Limitations of the study

Although most individuals in these cohorts followed a similar
3-dose vaccination with mRNA-LNP expressing the ancestral
spike followed by BA.5 breakthrough infection, some individuals
experienced infections with prior variants, as shown in Table S1.
The XBB cohort included individuals with a more diverse expo-
sure history. We did not follow a single longitudinal cohort of in-
dividuals following first and second BA.5 exposures and through
subsequent XBB.1.5 vaccinations, which introduces variance
between all cohorts. Our antibody functionality assays were
limited to pseudovirus neutralization assays, which have been
shown to be highly correlative with live virus neutralization as-
says. For our BA.5 cohorts, we only measured functionality of an-
tibodies at two time points and specificity at a single time point,
and itis possible epitope targeting continues to change over time
after antigen exposure. Additional analyses of late time points
will be important to include in future studies to understand how
antibody specificities change over time. Finally, all participants
in our study were initially exposed to antigens from ancestral
SARS-CoV-2. It will be important for future studies to charac-
terize immune responses elicited by SARS-CoV-2 variants in
individuals who were not previously exposed to ancestral
SARS-CoV-2 antigens.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY

(D) The fold expansion of B cells that bind XBB.1.5 RBD but not ancestral RBD (XBB.1.5 specific) following XBB.1.5 exposure.

(E) The percent of total XBB.1.5 RBD-binding B cells that do not bind ancestral RBD.

(F) Representative flow cytometry plots depicting longitudinal changes in CD71 expression on different RBD-binding B cell populations from a single individual.
(G) Summary data of median CD71 expression on the indicated RBD-binding B cell populations at 0, 7, 15, and 45 days post-XBB exposure.

(H) Summary data of the isotype distribution of RBD-binding B cells at 0, 7, 15, and 45 days post-XBB exposure.

(I and J) The percent of total B cells that are CD38+CD27+ plasmablasts and (I) bind XBB.1.5 RBD or (J) bind XBB.1.5 RBD and do not bind ancestral RBD
(XBB.1.5 specific).

(K-M) Correlations with B cell and antibody responses. (K) Correlation of day-7 fold change in XBB.1.5-specific B cells (as in D) with day-0 percent of total B cells
that bind ancestral RBD (left); day-0 percent of total B cells that bind XBB.1.5 RBD (center); day-0 XBB.1.5 spike-binding antibodies by ELISA (right). (L) Cor-
relations of XBB.1.5-specific neutralizing antibody titers (post ancestral spike absorption) at day 45 (as in Figure 5N) with day-0 XBB.1.5 spike-binding antibodies
quantified by ELISA (left) and the percent of total B cells that bind XBB.1.5 RBD but not ancestral RBD at day 7 (right). (M) Correlation of overall day-45 XBB.1.5
neutralizing antibody titers (unabsorbed) with day-0 percent of ancestral RBD+ B cells that cross-bind XBB.1.5 RBD; day-15 percentage of total B cells that bind
XBB.1.5 RBD; day-15 percentage of total B cells that bind XBB.1.5 RBD but do not bind ancestral RBD (XBB.1.5 specific); day-15 fold change in XBB-specific B
cells. Data were collected from a single experiment. Points represent individual subjects, and thin lines indicate individual subjects sampled longitudinally (n = 22).
Horizontal bars represent means. Statistics were calculated using two-sided Wilcoxon test with Benjamini-Hochberg correction for multiple comparisons.
Statistics without brackets are in comparison to day 0. Correlation statistics were calculated using Spearman rank correlation and are shown with Pearson trend
lines for visualization. See also Figure S6.
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Antibodies

Goat Anti-Human IgG
mAb S144-1406

mAb S2X324

mAb CC95.102

mAb CR9114
Anti-VSV-Glycoprotein Antibody, clone 1E9F9
BUV563 anti-CD3
BV750 anti-CD19
BUV805 anti-CD20
BUV395 anti-CD27
BUV661 anti-CD38
APC-H7 anti-CD71

Jackson ImmunoResearch

Changrob et al.*®

Park et al."®

Zhou et al.*®

Dreyfus et al.”"
Lefrancois and Lyles®”
BD Biosciences
Biolegend

BD Biosciences

BD Biosciences

BD Biosciences

BD Biosciences

Cat#109-036-098;
N/A
N/A
N/A
N/A
N/A
Cat#748569; RRID
Cat#302262; RRID
Cat#612905; RRID
Cat#563815; RRID
Cat#612969; RRID
Cat#563671; RRID

RRID: AB_2337596

: AB_2872978
: AB_2810434
: AB_2870192
1 AB_2744349
: AB_2870242
: AB_2738364

AF700 anti-CD11¢c Biolegend Cat#337220; RRID: AB_2561503
FITC anti-IgA Miltenyi Cat#130-113-475; RRID: AB_2726166
BV480 anti-IgD BD Biosciences Cat#566138; RRID: AB_2739536
PE/Dazzle 594 anti-CD21 Biolegend Cat#354922; RRID: AB_2750243
PE-Cy7 anti-IgG Biolegend Cat#410722; RRID: AB_2750227
Bacterial and virus strains
SARS-CoV-2 VSV pseudotypes This paper N/A
Stbl2 Competent Cells ThermoFisher Cat#10268019
Biological samples
SARS-CoV-2 longitudinal cohort serum samples John Wherry, University Goel et al.”®

of Pennsylvania, PA
Chemicals, peptides, and recombinant proteins
SARS-CoV-2 spike proteins This paper N/A

SARS-CoV-2 Biotyinlated RBD (Ancestral)
SARS-CoV-2 Biotyinlated RBD (Omicron BA.5)
SARS-CoV-2 Biotyinlated RBD (Omicron XBB.1.5)
SARS-CoV-2 Biotyinlated Nucleocapsid
BV421 Streptavidin

BV605 Streptavidin

BV711 Streptavidin

BV786 Streptavidin

BUV615 Streptavidin

BUV737 Streptavidin

PE Streptavidin

PE-Cy7 Streptavidin

APC Streptavidin

Ghost Viability Dye Violet 510

Human TruStain FcX
(Fc Receptor Blocking Solution)

Free biotin
HIFI DNA assembly mastermix
Carboxyl magnetic beads

Acro Biosystems
Acro Biosystems
Acro Biosystems
R&D Systems
Biolegend
Biolegend

BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
Biolegend
Biolegend
Biolegend
Tonbo
Biolegend

Avidity
NEB
Ray-biotech

Cat#SPD-C82E9-25ug
Cat#SPD-C82Ew-25ug
Cat#SPD-C82Q3-25ug
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Cat#405229
Cat#563262
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Cat#613013
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Cat#422302
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N/A
Cat# 801-114
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Critical commercial assays

Agilent QuikChange Il XL Agilent Cat#200521

Experimental models: Cell lines

293T ATCC Cat#CRL-3216; RRID: CVCL_0063
293F ThermoFisher Cat#R79007

VeroE6/TMPRSS2 Stefan Péhimann, German Hoffmann et al.®*

Primate Center, Germany

Oligonucleotides

See Table S2 for list of oligonucleotides
Recombinant DNA

Plasmid: pCAGGS SARS-CoV-2 spike Florian Krammer, Mt. Sinai, NY Amanat et al.*®
Plasmid: pSport6 SARS-CoV-2 BA.5 spike This paper N/A
Plasmid: pSport6 SARS-CoV-2 BA.5 mutants This paper N/A
Plasmid: pSport6 SARS-CoV-2 XBB.1.5 spike This paper N/A
Plasmid: pSport6 SARS-CoV-2 Wuhan RBD This paper N/A
Plasmid: pSporté SARS-CoV-2 BA.5 RBD This paper N/A
Plasmid: pSport6 SARS-CoV-2 XBB.1.5 RBD This paper N/A
Plasmid: pCG1 SARS-CoV-2 D614G delta18 This paper N/A
Plasmid: pCG1 SARS-CoV-2 BA.5 delta18 This paper N/A
Plasmid: pCG1 SARS-CoV-2 XBB.1.5 delta18 This paper N/A
Software and algorithms
R R Foundation for https://www.r-project.org;
Statistical Computing RRID:SCR_001905
RStudio Posit https://posit.co/download/rstudio-desktop/
Prism GraphPad Software www.graphpad.com/scientificsoftware/prism/
PyMOL N/A https://pymol.org/2/
oMiQ Dotmatics https://www.omig.ai/

RESOURCE AVAILABILITY

Lead contact
Additional information or requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Scott E.
Hensley (hensley@pennmedicine.upenn.edu).

Materials availability
Unique reagents generated in this study are available from lead contact upon reasonable request.

Data and code availability
e All data reported in this paper will be shared by the lead contact upon request.
® This study 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.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human subject recruitment and sampling

Human subjects were recruited for this study for longitudinal sampling before and after either mRNA booster vaccination or SARS-
CoV-2 breakthrough infection with approval by the University of Pennsylvania IRB (IRB#851465). Full cohort and demographic
information are provided in Table S1. Additional healthy donor PBMC samples were collected with approval from the University of
Pennsylvania Institutional Review Board (IRB# 845061). Informed consent was obtained from all participants. For many individuals,
baseline samples were acquired prior to SARS-CoV-2 infection or vaccination but at least 2 months after their most recent infection or
vaccine dose. These samples are labeled as day 0 throughout the manuscript. Samples were collected on days 7, 15, and 45 based
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on the date of booster vaccination or the reported date of first symptom onset (IRB#851465). Prior SARS-CoV-2 infection status was
determined by self-reporting. All participants were otherwise healthy, with no self-reported history of chronic health conditions, and
none were hospitalized during SARS-CoV-2 infection. Peripheral blood samples (30-100mL) and clinical questionnaire data were
collected at each study visit. Analyses of the influence of sex, gender, ancestry, race and ethnicity, socioeconomic status, or a com-
bination of these factors could not be performed due to lack of power. It is likely a combination of these factors that contributes to
immune responses. As most of our cohorts were Caucasian and between the ages of 25-44, the ability to generalize these data to all
groups is limited.

METHOD DETAILS

Peripheral blood sample processing

Following standard phlebotomy procedures, 30-100mL of venous blood was collected into sodium heparin tubes. Plasma was sepa-
rated by centrifugation at 1800xg for 15 minutes, aliquoted, stored at —80°C, and heat inactivated for 30 minutes at 56°C prior to
binding and neutralizing antibody analyses. After removing plasma, the remaining fractions were diluted with RPMI + 1% FBS +
2mM L-Glutamine + 100 U Penicillin/Streptomycin (R1) to achieve a final volume double that of the original whole blood. The diluted
blood was then layered over 15mL lymphoprep gradients (STEMCELL Technologies) in SEPMATE tubes (STEMCELL Technologies)
and spun at 1200xg for 10 minutes. The peripheral blood mononuclear cell (PBMC) fraction was harvested from SEPMATE tubes,
washed once with R1 and pelleted, and cell pellets were resuspended in ACK lysis buffer (Thermo Fisher). After 5 minutes of red blood
cell lysis at room temperature, the lysis was quenched by adding R1. PBMCs were then filtered through a 70um cell strainer and
counted using a Countess automated cell counter (Thermo Fisher). Aliquots containing 10x10% PBMCs were cryopreserved in
90% FBS 10% DMSO and stored at —80°C for later flow cytometric analyses.

Recombinant protein production and expression
SARS-CoV-2 full-length spike or RBD plasmids were transfected into 293F cells at 1e6 cells/mL at a 1pug:1mL ratio. Cells were incu-
bated for 6 days (full-length spike) or 4 days (RBD) at 37°C and 150 RPM before purification. To purify, cultures were centrifuged at
3200xg for 6 minutes to clarify supernatant. Ni-NTA resin (Qiagen) was resuspended and 5mL was transferred into a 50mL conical for
each flask being purified. Volume was brought to 50mL with sterile PBS and conical tubes were centrifuged for 10 minutes at 3200xg.
After centrifugation, excess PBS was removed, and resin was added to clarified supernatant. Resin-supernatant mixtures were incu-
bated for 2 hours at 4°C and 220 RPM. After incubation, resin-supernatant was added to gravity columns (Bio-rad), then washed 4X
with wash buffer (50 mM NaHCO3, 300 mM NaCl, 20 mM imidazole, pH 8) and eluted in a total volume of 8 mL elution buffer (50 mM
NaHCO3, 300 mM NaCl, 300 mM imidazole, pH 8). Eluted protein was concentrated and PBS buffer exchanged using 10kDa (RBD) or
30kDa (full-length spike) centrifugal filters (Sigma-Aldrich). Protein concentrations were measured by BCA assay (Thermo Fisher).
For antibody mapping experiments, we created BA.5 full-length spike proteins that possessed RBD mutations found in XBB.1.5.
For this, we used the QuikChange Il XL Site-Directed Mutagenesis Kit (Agilent) or HIFI DNA Assembly Mastermix (NEB) to introduce
mutations into plasmids expressing BA.5 full-length spike. We created BA.5 full-length spikes with R346T, L368I, V445P/G446S,
N460K, or F490S. We also created spikes with different combinations of these mutations. It was impractical to create proteins
with all different combinations of mutations (63 different potential combinations), so we focused on creating proteins with combina-
tions of mutations in close proximity to the ACE2 binding site.

Serum absorptions
Recombinant spike proteins were coupled to carboxyl magnetic beads (Ray-biotech) at a ratio of 35ug antigen to 100uL beads. The
bead-antigen mixture was vortexed then incubated at 4°C with rocking for 2 hours. The unbound fraction was removed by placing
beads to a magnetic stand, and beads were quenched by incubating in 50 mM Tris, pH 7.4 for 15 minutes at RT with rocking. After
15 minutes, beads were placed back on the magnet to remove the quenching buffer. Beads were washed 4x with wash buffer (DPBS
supplemented with 0.1% BSA and 0.05% Tween-20). For each wash, 1 bead volume of wash buffer was added to the beads, vor-
texed, then placed back on the magnet. Beads were finally resuspended in 1 bead-volume of wash buffer before storage at 4°C.
For absorptions, sera were first diluted 1:35.7 with sterile DPBS and then brought to 1:50 dilution with the addition of recombinant
protein-coupled beads at a final bead:sera volume ratio of 1:2. The bead-sera mixture was vortexed, then shaken at 1100 RPM for 1
hour at RT. Bead-sera mixtures were then placed on a magnet for separation and unabsorbed fractions were removed and trans-
ferred to a clean tube.

Antigen-specific ELISAs

Antigen-specific ELISAs were performed as previously described.®® Briefly, high-binding plates (Thermo Fisher) were coated with
2 pg/mL of recombinant protein or with DPBS to control for background antibody binding at 4°C overnight. The next day, plates
were washed 3x with PBS containing 0.1% Tween 20 (PBS-T) and blocked for 1 hour with 200uL blocking buffer (DPBS supple-
mented with 3% milk powder and 0.1% tween-20). Plates were then washed 3x with PBS-T, and 50uL serum diluted in dilution buffer
(DPBS supplemented with 1% milk and 0.1% T Tween-20) were added. After 2 hours of incubation, plates were washed 3x with PBS-T
and 50uL goat anti-human IgG HRP conjugate (Jackson) was added to each well and allowed to incubate for 1 hour. Plates were
washed 3x with PBS-T, then 50uL SureBlue 3,3’,5,5’-tetramethylbenzidine substrate (SeraCare) was added to each well. The

e3 Immunity 57, 912-925.e1-e4, April 9, 2024



Immunity ¢? CellPress

reaction was allowed to incubate in the dark for 5 minutes before addition of 25uL 250 mM hydrochloric acid stop solution. Plates
were shaken to distribute solution and read at OD450nm immediately using a Spectramax plate reader (Molecular Devices). Serum
antibody titers were obtained from a standard curve of serially diluted pooled serum (starting dilution 1:100). Standard curves were
included on all plates for plate-to-plate variation. PBS controls were included for each sample dilution plate to account for nonspecific
binding. Antibody titers for each sample were measured in two technical replicates performed on separate days.

SARS-CoV-2 pseudovirus production

SARS-CoV-2 pseudotyped vesicular stomatitis virus (VSV) were produced as previously described.**°® Briefly, 293T cells were
seeded at 3.5x10°8 cells in collagen-coated 10 cm tissue culture dish, incubated for 24 hours, and transfected using calcium
phosphate with 25 ng of SARS-CoV-2 variant plasmids encoding a codon optimized SARS-CoV-2 spike gene with an 18-residue
truncation in the cytoplasmic tail. After 24 hours, the SARS-CoV-2 Spike-expressing cells were infected for 2-4 hours with VSV-G
pseudotyped VSVAG-RFP at an MOI of ~2-4. Virus-containing media was removed, and the cells were re-fed with media.
VSVAG-RFP SARS-CoV-2 pseudotypes were harvested 24-28 hours after infection, clarified by centrifugation twice at 6000xg,
then aliquoted and stored at —80°C.

Pseudovirus neutralization assays

Focus reduction neutralization titers were determined as previously described.**® Briefly, 96-well collagen-coated plates were
seeded with 2.5 x 10* TMPRSS2 expressing VeroES cells per well the night prior. The next day, heat-inactivated sera or post-absorp-
tion sera were serially diluted 2-fold and mixed with 200-300 focus forming units per well of VSVAG-RFP SARS-CoV-2 pseudotype
viruses. Media used for serum and virus dilution contained 600 ng/mL of an anti-VSV-G antibody 1E9F9 to ensure neutralization of
any VSV-G carryover virus from pseudotype production. The serum-virus mixture was incubated for 1 hour at 37°C before being
plated on VeroE6 TMPRSS2 cells. After 22 hours of incubation at 37°C, plates were washed with DPBS and fixed with 4% parafor-
maldehyde. The spots were visualized and counted on an S6 FluoroSpot Analyzer (CTL). The focus reduction neutralization titer 50%
(FRNT50) was determined as the greatest serum dilution at which focus count was reduced by at least 50% relative to control wells
infected with only pseudotype viruses in the absence of human serum. FRNT50 titers for each sample were measured in two technical
replicates.

Flow cytometric analysis

Antigen-specific B cells were detected using biotinylated proteins in combination with different streptavidin (SA)-fluorophore conju-
gates as described.”® All reagents are listed in the key resources table. For each sample, biotinylated proteins were multimerized with
fluorescently labeled streptavidin (SA) for 1.5 h at 4°C at the following ratios, all of which are ~4:1 molar ratios calculated relative to
the SA-only component irrespective of fluorophore: 200 ng full-length spike protein was mixed with 20 ng SA-BV421, 25 ng WT RBD
was mixed with 12.5 ng SA-PE, 25 ng XBB.1.5 RBD was mixed with 12.5 ng SA-BV711, 25 ng XBB.1.5 RBD was mixed with 12.5 ng
SA-PE-Cy7, 25 ng BA.5 RBD was mixed with 12.5 ng SA-BUV615, 25 ng BA.5 was mixed with 12.5 ng SA-APC, and 50 ng nucle-
ocapsid protein was mixed with 14 ng SA-BV605. In total, 12.5 ng SA-PE-Cy5 was used as a decoy probe without biotinylated protein
to gate out cells that nonspecifically bound SA. All experimental steps were performed in a 50/50 mixture of PBS + 2% FBS and Bril-
liant buffer (BD Bioscience). Antigen probes were prepared individually and combined after multimerization with 5 uM free D-biotin
(Avidity) to minimize potential cross-reactivity between probes. For staining, 2-10 x 108 PBMCs per sample were thawed from cryo-
preservation and prepared in a 96-well round-bottom plate. Cells were first stained with Fc block (BioLegend, 1:200) and Ghost Violet
510 Viability Dye (Tonbo) for 15 min at 4 °C. Cells were then washed and stained for 1 h at 4 °C with 50 uL antigen probe master mix
containing the above probes combined immediately before staining. Following this incubation period, cells were washed again and
stained with anti-CD27-BUV395, anti-CD3-BUV563, anti-CD38-BUV661, anti-lgD-BV480, anti-CD19-BV750, anti-IgA-FITC, anti-
CD21-PE-CF594, anti-lgG-AF700 and anti-CD71-APC-H7 for 30 min at 4°C. After surface stain, cells were washed and fixed in
1x Stabilizing Fixative (BD Biosciences) overnight at 4°C.

QUANTIFICATION AND STATISTICAL ANALYSIS

Flow cytometry data were analyzed using OMIQ to quantify median fluorescence intensities and gated population counts. All statis-
tical tests were performed using Graphpad Prism version 10.1.1 or R version 4.3.2, and data were visualized using Graphpad Prism or
custom scripts in R studio. All analysis scripts are available from the lead contact upon request. PyMOL version 2.5.5 was used to
visualize ancestral SARS-CoV-2 RBD. Sample sizes were determined based on sample availability. Wilcoxon rank-sum or signed-
rank tests were performed depending on unmatched or matched samples. Benjamini-Hochberg corrections were made for multiple
comparisons. Statistical significance was defined as p < 0.05.
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