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SUMMARY

Following infection orimmunization, memory B cells (MBCs) and long-lived plasma cells provide humoral im-
munity that can last for decades. Most principles of MBC biology have been determined with hapten-protein
carrier models or fluorescent protein immunizations. Here, we examine the temporal dynamics of the
germinal center (GC) B cell and MBC response following mouse influenza A virus infection. We find that anti-
viral B cell responses within the lung-draining mediastinal lymph node (mLN) and the spleen are distinct in
regard to duration, enrichment for antigen-binding cells, and class switching dynamics. While splenic GCs
dissolve after 6 weeks post-infection, mLN hemagglutinin-specific (HA*) GCs can persist for 22 weeks.
Persistent GCs continuously differentiate MBCs, with “peak” and “late” GCs contributing equal numbers
of HA®™ MBCs to the long-lived compartment. Our findings highlight critical aspects of persistent GC re-
sponses and MBC differentiation following respiratory virus infection with direct implications for developing

effective vaccination strategies.

INTRODUCTION

Upon exposure to viruses or vaccines, immunogen-activated B
cells can differentiate into plasma cells (PCs), return to a naive-
like resting state as memory B cells (MBCs), or enter a germinal
center (GC) reaction. Within GCs, B cells undergo somatic hy-
permutation (SHM)-based affinity maturation and selection for
higher affinity clones that face similar cell fate decisions (Mesin
et al., 2016). PCs selectively differentiate from higher-affinity
GC B cells (Ise et al.,, 2018; Phan et al., 2006; Smith et al.,
1997; Taylor et al., 2015); however, their terminal differentiation
precludes expansion upon subsequent challenges. MBCs
exhibit increased clonal diversity, which in conjunction with
further somatic mutations and selection provides enormous flex-
ibility to rapidly respond and adapt to homologous and heterol-
ogous challenges (Leach et al., 2019; Mesin et al., 2020; Purtha
et al., 2011; Wong et al., 2020). Thus, PCs and MBCs perform
complementary roles in providing antiviral immunity (Akkaya
et al., 2020).

MBCs are inherently challenging to study. Present at low fre-
quencies and not readily defined by unique cell surface markers,
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their study requires experiments spanning months. Transgenic
hapten-specific B cell receptor (BCR) mouse models, adoptive
transfer protocols and elegant studies using fluorescent protein
immunizations helped surmount these challenges and estab-
lished basic principles of MBC biology. However, fewer studies
investigate anti-microbial MBC responses, in which polyclonal
B cells experience vastly different immunogens and innate sig-
nals. The introduction of fluorescent pathogen-derived immuno-
gens has enabled the tracking of microbe-specific polyclonal B
cells and accelerated the understanding of MBC responses dur-
ing infections (Frank et al., 2015; Krishnamurty et al., 2016; Ono-
dera et al., 2012; Purtha et al., 2011; Wong et al., 2020).
Influenza A virus (IAV), a ubiquitous human virus that infects a
significant fraction of humanity every year (Victora and Wilson,
2015), induces persistent GC responses (Adachi et al., 2015;
Onodera et al.,, 2012; Rothaeusler and Baumgarth, 2010),
although the temporal dynamics of antiviral GCs and MBC differ-
entiation are largely uncharacterized. While MBCs are thought to
predominantly differentiate early on during shorter-lived GC re-
sponses (Weisel et al., 2016), a major question is whether persis-
tent GC responses adhere to a similar temporal regulation. The
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observations that severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2) infection, as well as some vaccinations
with replication-competent virus, induce a gradual increase in
MBC BCR somatic mutations spanning many months suggest
that MBCs continually differentiate from persistent GCs (Dugan
etal.,2021; Gaebler et al., 2021; Matsuda et al., 2019; Sakharkar
et al.,, 2021; Sokal et al., 2021; Wang et al., 2021). However, this
hypothesis has never been formally tested. Furthermore, under-
standing the temporal regulation of MBCs has critical implica-
tions for the design of vaccination strategies that take full advan-
tage of ongoing antibody affinity maturation within persistent
GCs.

To comprehensively evaluate the humoral response to respira-
tory virus infection, we infected mice intranasally with 1AV to
generate an upper and lower airway infection, and examined
the temporal dynamics of persistent GCs and MBC differentia-
tion. Hemagglutinin-specific (HA*) GCs can persist for well
over 100 days within lung-draining mediastinal lymph nodes
(mLNs), while splenic GCs dissolve after 6 weeks post-infection.
Furthermore, HA* B cells are more frequent within mLN GCs and
MBC compartments versus the spleen and undergo differential
class switching dynamics, depending on the lymphoid organ.
Persistent GCs continually differentiate HA* MBCs for at least
3 months post-infection, and we estimate their peak output is
on the order of 3 HA* MBCs per day. Lastly, single-cell genomic
analysis of long-lived HA* MBCs revealed key gene products
that may contribute to MBC longevity and self-renewal. Our find-
ings uncover fundamental properties of persistent antiviral GC B
cell responses and MBC differentiation, which have direct rele-
vance to the development of optimal vaccination strategies
against respiratory viruses such as IAV and SARS-CoV-2.

RESULTS

Influenza infection induces persistent HA-specific GCs
To investigate the dynamics of the B cell response to viral infec-
tion, we infected mice intranasally with the highly mouse-adapt-
ed PR8 strain of influenza A virus, and analyzed B cell responses
by flow cytometry spanning 182 days post-infection. To track
IAV-specific B cells, we used a fluorescently labeled recombi-
nant HA trimer (Whittle et al., 2014); HA is the immunodominant
antigen following infection, comprising upward of 50% of the B
cell response (Altman et al., 2018). To control for the specificity
of HA staining, we infected mice with J1, a reassortant virus iden-
tical to PR8 aside from replacement with the H3 HA gene
segment; antibodies to the widely divergent H1 and H3 HAs do
not significantly cross-react (Frank et al., 2015; Palese, 1977)
(Figures 1A and S1A).

GC responses in the lung-draining mLN peaked in frequency
and absolute number at d21 post-infection and persisted through
d154, while splenic GCs peaked at d14 and returned to uninfected
control levels by d49 (Figures 1B and S1B). We detected mLN HA*
GCs from d7 to d154 post-infection, whereas splenic HA* GCs
diminished to J1 control levels by d56 (Figures 1C and 1D). HA*
GC B cells were present at low but consistent frequencies in
both lymphoid organs early in the response. There was a sharp in-
crease in average frequency at d21 in the mLN, after which up to
30% of mice contained GCs with >10% HA* B cells. Subse-
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quently, the average frequency of HA* B cells within mLN GCs per-
sisted between 5% and 10% through d77 post-infection, and then
gradually declined (Figures 1C and 1D). GCs consist of light zone
(LZ) and dark zone (DZ) regions (Mesin et al., 2016), leading us to
test whether their frequencies fluctuate during a persistent GC
response. We found that after d7, the proportion of DZ and LZ
GC B cells remained relatively stable (Figure S1C). These data
indicate that splenic and draining LN virus-specific GCs exhibit
differential temporal regulation and enrichment for antigen-bind-
ing cells. The presence of HA* GCs well past 100 days post-infec-
tion suggests IAV antigen persistence in the mLN versus spleen,
extending the intriguing finding that IAV-specific CD8 T cells are
activated in the mLN of infected mice when adoptively transferred
60 days post-infection (Zammit et al., 2006).

Differential class-switching dynamics among splenic
and mLN HA* B cells

To examine the kinetics of immunoglobulin heavy chain (Igh)
class-switch recombination (CSR) following IAV infection, we
measured the frequency of class-switched B cells in the mLN
and spleen. The majority of mLN GC B cells had undergone
CSR by d7 (Figure 2A), consistent with reports that CSR can
begin before GC B cell differentiation (Roco et al., 2019), and by
d28, mLN GC B cells were 90% class switched. Bulk GC and
HA* B cell CSR dynamics were similar in the mLN. In contrast,
splenic HA* B cell CSR was markedly delayed early in the
response (Figure 2A). Intriguingly, bulk splenic GC B cells were
60% class-switched at d10 versus 30% among HA* GC B cells.
At d14 post-infection, splenic GCs contained more than twice as
many lgG1 class-switched B cells versus any other isotype,
whereas IgG2c was predominant in mLN GCs (Figures 2B and
2C). Despite the predominance of IgG1 class switching in overall
splenic GCs, splenic HA* GC B cells were enriched for IgG2c and
1gG2b, as found in the mLN (Figures 2B and 2C). These data sug-
gest that splenic GCs contain B cells that undergo an early wave
of IgG1 CSR (Figure 2D) that is temporally and qualitatively
distinct from HA* B cell CSR. Early IgG1* CSR could be triggered
by another IAV antigen or could be IAV antigen independent, and
may be related to an early wave of natural killer (NK) T cell-derived
interleukin-4 (IL-4) following viral infection (Gaya et al., 2018), as
IL-4 activates the Ighy1 germline transcription required for IgG1
CSR (Yewdell and Chaudhuri, 2017).

HA* MBCs persist in mLNs for at least 6 months post
infection

We next examined the temporal dynamics of HA* MBCs, defined
as HA"CD38*GL7 IgD " IgM~B220" live cells. We detected HA*
MBCs in the mLN from d10 post-infection onward, whereas
splenic HA* MBCs were detectable from d10 to d98, after which
they did not exceed J1 control levels (Figures 3A-3C). In contrast
to a previous report (Viant et al., 2020), antigen binding (HA")
cells were enriched among bulk MBCs (Figure S2A), although
this may reflect inherent differences in immunogens, or the con-
centration of antigen used to stain cells. As a proportion of
resting class-switched cells, HA* MBCs were ~4-fold more
frequent in the mLN than spleen, with a notable peak at d70.
mLN HA* MBCs numbered in the hundreds and were present
at 10-fold higher frequencies and numbers than J1 controls,
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Figure 1. Temporal dynamics of the germinal center B cell response to influenza A virus infection

Mice were infected intranasally with 50 TCIDso PR8 (blue), 50 TCIDso J1 (orange), or PBS (red), and the mediastinal lymph node (mLN) and spleen were analyzed at
the indicated time points post-infection.

(A) Representative gates for germinal center (GC) B cells (GL7*Fas* of B220" live cells) (top), and hemagglutinin-specific (HA*) GC B cells (HA* of GL7*Fas*B220*
live cells) (bottom), in the mLN (left) and spleen (right).

(B) Quantification of GC B cell frequency within the mLN (left) and spleen (right).

(C and D) Quantification of HA* frequency within GC B cells (top), and their absolute number (bottom), within the mLN (C) and spleen (D).

The data for each time point in (A)-(D) are from, or representative of, 1-4 independent experiments, with 4-6 PR8-infected mice, 0-5 J1-infected mice, and 0-6
PBS controls per experiment, with each group containing approximately equal numbers of male and female mice. Error bars represent means + SDs.
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Figure 2. Differential class switching dynamics in the draining LN and spleen following influenza A virus infection

Mice were infected intranasally with 50 TCIDso PR8 (blue and purple) or PBS (red), and the mLN and spleen were analyzed at the indicated time points post-
infection.

(A) Quantification of class-switched B cells within bulk GC B cells (blue) or HA* GC B cells (orange) in the mLN (left) or spleen (right) following PR8 infection. The
gating strategy is shown in Figure S1A.

(B and C) Representative gates for various class-switched isotypes among GC B cells (GL7*Fas™ of B220" live cells) and HA* GC B cells at d14 post-infection (B),
quantified in (C).

(D) Quantification of IgG1* class-switched B cells among splenic GC B cells.

(legend continued on next page)
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whereas absolute numbers of splenic HA* MBCs were slightly
higher, but only 2- to 3-fold more frequent than J1 controls (Fig-
ures 3B and 3C).

At d104-109 post-infection, mLN HA* MBCs were predomi-
nantly IgG2c* (41%), followed by IgG2b* (22%) and IgG1*
(11%) (Figure 3D), reflecting the spectrum of HA* GC B cell
CSR at d14 (30% lgG2c™, 23% IgG2b*, and 11% IgG1*) (Fig-
ure 2C). We detected a low but significant frequency of IgM*
HA* MBCs (defined as HA*CD38*GL7 IgM*IgD~B220" live
cells); however, their absolute numbers were 10-fold lower
than class-switched HA* MBCs (Figure S2B). It is possible that
they are recently activated naive B cells that have not yet upre-
gulated GL7, or they were generated in a GC-independent
pathway (Taylor et al., 2012).

Given the predominance of IgG2c* HA* MBCs (Figure 3D), the
requirement for the transcription factor T-bet in IgG2c CSR
(Peng et al., 2002), and the known role for T-bet in antiviral re-
sponses (Barnett et al., 2016; Mendoza et al., 2021), we used a
reporter mouse in which tdTomato expression is driven from
the endogenous Thx21 locus to assess T-bet expression in
HA* MBCs (Figure S2C) (Levine et al., 2017). We found that
90% of HA* MBCs and GC B cells expressed T-bet at d84-85
post-infection, compared to 37% of naive B cells. Among T-
bet* B cells, HA* MBCs exhibited the highest T-bet expression,
followed by bulk MBCs and GC and naive B cells (Figures 3E and
3F). The uniformly high T-bet expression among HA* MBCs indi-
cates that T-bet may play an important role in their maintenance
or function, augmenting the finding that B cell-intrinsic T-bet is
required for the formation of antibody secreting cells upon sec-
ondary challenge (Stone et al., 2019).

Overall, these data indicate that first, HA* MBCs are preferen-
tially enriched in the mLNs versus the spleen; second, that they
persist in the mLNs for at least 182 days; and third, that the IgG
isotype is not likely to bias HA* MBC differentiation from GCs, as
HA* MBC BCR isotypes mirror d14 HA* GC B cell isotypes.

HA* MBCs continuously differentiate from persistent
GCs

To assess the kinetics of MBC differentiation from persistent
GCs, we added 5-ethynyl-2’-deoxyuridine (EdU) to the drinking
water of PR8-infected mice during 3 distinct labeling windows:
“early” (d0-14), “peak” (d14-42), and “late” (d42-88) (Fig-
ure 4A), and assessed EdU incorporation into HA* MBCs at
d104-109 post-infection (Figure 4B). EdAU is incorporated into
the DNA of dividing cells; thus, MBCs that differentiate within
each labeling window and become quiescent will retain incorpo-
rated EAU, which can be detected by flow cytometry. EdU label-
ing did not drastically affect the frequency or number of HA*
MBCs (Figures S3A and S3B). Early window labeling resulted
in 2% EdU* of mLN HA* MBCs, whereas peak and late labeling
each resulted in ~30% EdU labeling (Figure 4C). Splenic HA*
MBCs revealed a similar temporal regulation of differentiation
(Figure S3C). Compared to bulk MBCs, HA* MBCs were en-
riched for EAU labeling across all windows in both organs (Fig-
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ures S3D and S3E), indicating that either a large fraction of
bulk MBCs had differentiated before IAV infection, HA* MBCs
selectively persisted, or HA* MBCs were selectively retained
within lymphoid organs, which are not mutually exclusive. To
assess the longevity of HA* MBCs, we performed EdU labeling
from dO to d88, followed by a chase to d180. We found that 45%
of HA* MBCs retained EdU (Figures 4D and S3F), indicating that
a large fraction of long-lived HA* MBCs generated during the
first 3 months post-infection persist with minimal cell division
for at least 3 months.

To gauge the output of HA* MBC differentiation during each
labeling window, we normalized the frequency of EdU positivity
among HA* MBCs to the duration of each labeling window. This
metric relates the percentage of total HA* MBCs differentiating
per day, with the caveat that earlier differentiating HA* MBCs
have more time to exit the LNs or to re-enter ongoing GCs.
Thus, their output may be underrepresented at d104-109. We
found that peak GCs output 0.94% of total HA* MBCs per day,
while early and late GCs output 0.13% and 0.53%, respectively
(Figure 4E). Given an average of 351 total HA* MBCs present
within mLNs at d104-109 (Figure S3A), early, peak, and late
GCs produce ~0.45, 3.3, and 1.9 of these HA* MBCs per day,
respectively. Furthermore, given that mLNs and splenic GCs
contain an average total of 20,000 HA* B cells throughout the
peak labeling window (Figure 1C), and we estimate peak HA*
MBC differentiation to be on the order of 1-10 HA* MBCs/day
(to account for EdU™ HA* MBCs not present within mLNs at
d104-109), differentiation of a long-lived HA* MBC from peak
GCs is approximately a 1 in 2,000-1 in 20,000/day event. These
data indicate that long-lived HA* MBCs continually differentiate
from persistent GCs, with the maximum output (MBCs/day) likely
occurring during the peak of the GC response and diminishing
thereafter.

Single-cell BCR and RNA sequencing of long-lived HA*
MBCs

While recent studies have identified critical regulators of MBC
differentiation (Laidlaw and Cyster, 2021), less is known about
the requirements for MBC longevity; MBCs can persist for de-
cades (Crotty et al., 2003), while naive B cells have an estimated
half-life of 6 weeks (Fulcher and Basten, 1997). Factors such as
BAFF and BCR signaling are required for MBC survival (Acker-
mann et al., 2015; Muller-Winkler et al., 2021); however, they
are also required for the survival of mature naive B cells (Lam
et al., 1997; Schiemann et al., 2001; Schneider et al., 2001).
Thus, a key challenge is identifying specific factors that endow
MBC longevity in comparison to shorter-lived but otherwise
phenotypically similar naive B cells.

To this end, we performed single-cell BCR and transcriptome
analyses of 1,326 mLN HA" MBCs and 5,421 naive B cells sorted
at d109 post-infection (Figure S4A), a time point that contains
a high proportion of bona fide long-lived HA* MBCs (Figures
4C and 4D). Unbiased clustering revealed that naive B cells
clustered distinctly from HA* MBCs and were defined by the

The data for each time point in (A)-(D) are from, or representative of, 1-4 independent experiments, with 4-6 PR8-infected mice per experiment and 0-6 PBS
controls per experiment, with each group containing approximately equal numbers of male and female mice. Error bars represent means + SDs. *p < 0.05, ***p <

0.0001; p values calculated using a paired t test.
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Figure 3. Temporal dynamics of memory B cell differentiation following influenza A virus infection
Mice were infected intranasally with 50 TCIDso PR8 (blue), 50 TCIDsg J1 (orange), or PBS (red), and the mLN and spleen were analyzed at the indicated time points

post-infection.
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expression of Ighm, Ighd, Fcer2a (CD23), and Sell (CD62L) (Fig-
ures 5A-5D). In addition to expressing class-switched IgG BCRs,
HA* MBCs were defined by the chemokine receptor Cxcr3,
which was recently implicated in antiviral MBC biology (Oh
etal., 2019; Stone et al., 2019), and Zbtb20, a transcription factor
that regulates PC differentiation and longevity (Chevrier et al.,
2014; Wang and Bhattacharya, 2014) (Figures 5B-5D). The
top-ranked gene defining HA* MBCs was apolipoprotein E
(Apoe), which was highly expressed by 91% of MBCs (Figures
5B, 5D, and S4B), and was recently found to define IgG2b*
and 1gG2c* MBCs in the spleen and bone marrow (Riedel
et al., 2020) and HA* MBCs isolated at d7-28 post-IAV infection
(Mathew et al., 2021). Intriguingly, ApoE expression is part of a
transcriptional program shared among hematopoietic stem cells
(HSCs) and memory T and B cells, suggesting a potential role in
promoting self-renewal and/or longevity (Luckey et al., 2006). A
small subset of HA* MBCs expressed detectable levels of the
canonical MBC markers CD80, PD-L2, or CD73 (Figure 5D)
(Tomayko et al., 2010). However, it is important to note that while
nearly all HA* MBCs had high levels of T-bet expression as indi-
cated by the Tbx217F reporter (Figure S2C), only a small fraction
of HA* MBCs expressed detectable T-bet via single-cell RNA
(scRNA) transcriptome analysis (Figure S4B).

We found that 92% of HA* MBCs had somatically hypermu-
tated Igh BCRs, indicating activation-induced cytidine deami-
nase expression and likely GC differentiation, while 8% had no
detectable mutations, and thus may be GC-independent (Taylor
et al., 2012) (Figure 5E). Among HA* MBCs, IgG2c* and IgG2b*
cells had the highest average mutation rates (Figure 5F), and we
identified 2 V genes, Ighv14-2 and Ighv1-63, that were enriched
8.63-fold and 23.2-fold, respectively, relative to the naive B cell
repertoire (Figure S4C). A previous study found Ighv14-2 en-
riched among late GC B cells following HA immunization (Kur-
aoka et al., 2016); thus, this particular rearranged BCR may be
useful for the development of transgenic HA-specific mouse
models. These data identify several key gene products that
have been implicated in either MBC function upon recall or
longevity, and are thus prime candidates for future studies
examining their role in vivo following viral infection.

DISCUSSION

Unlike B cell responses to protein antigens in standard adju-
vants, viral infections induce a vastly different innate immune
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response driven by cytokines and chemokines released by in-
fected cells. The SARS-CoV-2 pandemic highlights the critical
need for a better understanding of the factors leading to durable
protective antibody responses following infection and vaccina-
tion. Here, we studied the unique features of the B cell response
to 1AV, another important human respiratory pathogen. We de-
tected sizeable HA* GCs in the mLN up to 126 days post-infec-
tion, suggesting persistent viral antigen presentation. These data
are consistent with the previous findings that while infectious IAV
and viral RNA are undetectable in the mLNs past d10 post-infec-
tion, naive IAV-specific CD4 and CD8 T cells become activated in
the mLNs of infected mice when adoptively transferred up to 30
and 60 days post-infection, respectively (Jelley-Gibbs et al.,
2005; Kim et al., 2010; Zammit et al., 2006). The persistence of
viral antigens is not unique to IAV; naive OT-1CD8 T cells become
activated when adoptively transferred 45 days post-intranasal
infection with vesicular stomatitis virus expressing Ova (VSV-
Ova) (Turner et al., 2007), and VSV immunization is thought to
induce persistent GCs associated with persistent viral antigens
(Bachmann et al., 1996). However, antigen persistence is not
an inevitable consequence of microbially induced lung inflam-
mation, as intranasal infection with Listeria monocytogenes ex-
pressing Ova does not result in comparable OT-1 CD8 T cell acti-
vation following adoptive transfer at d22 post-infection (Turner
et al., 2007). Understanding whether antigen persistence is a
unique feature of certain viruses and/or dependent on the route
of infection is an important question for future studies.

How are viral antigens maintained for such long periods of
time? Follicular dendritic cells (FDCs) play a central role in GC B
cell positive selection by presenting antigens to LZ B cells as-
sessing their own BCRs post-SHM (Heesters et al., 2016; Mesin
et al.,, 2016). The ability of FDCs to internalize complement-
coated immune complexes to nondegradative endosomal com-
partments, which can then undergo multiple rounds of surface re-
cycling (Heesters et al., 2013), make them a prime candidate to
store persistent viral antigens. FDCs are generally thought to be
able to retain intact antigen for weeks to many months, although
experimentally validating the limits of FDC antigen retention has
been a major challenge (Heesters et al., 2014; Mandel et al.,
1980; Tew and Mandel, 1979). Our data, in conjunction with the
current model for GC B cell positive selection, indicate that
FDCs may retain native HA well past 100 days post-infection.

While the presence of HA binding GC B cells suggests the
persistence of native HA, a previous study found that a large

(A) Representative gates for HA* memory B cells (MBCs), gated on B220" live cells.
B and C) Quantification of HA* MBC frequency (top), and their absolute number (bottom) within the mLN (B) and spleen (C).

(
(D) Quantification of class-switched B cell frequency among HA* MBCs.
(

E and F) T-bet reporter mice (Tbx217F) or wild-type (WT) controls were infected intranasally with 50 TCIDso PR8, and the mLN was analyzed on d84-85 post-

infection.

(E) Representative histograms depicting red fluorescent protein (RFP) expression among the indicated B cell subsets (parent gates shown in Figure S2C).

(F) Quantification of RFP* frequency among indicated B cell subsets (left), and RFP mean fluorescence intensity (MFI) among indicated T-bet* B cell subsets or
WT naive B cells (right).

The data for each time point in (A)-(C) are from, or representative of, 1-4 independent experiments, with 4-6 PR8 infected mice, 0-5 J1 infected mice, and 0-6
PBS controls per experiment. The data for each time point in (D) are from 4 independent experiments, with 4-5 PR8-infected mice per experiment. The data for
each time point in (E) and (F) are from 2 independent experiments, with 7-11 Tbx217"" PR8-infected mice, 3-4 WT PR8-infected mice, 4 Tbx217" J1-infected
mice, and 4 Tbx217F PBS-infected mice per experiment.

The data in (A)-(C), (E), and (F) contain approximately equal numbers of male and female mice; the data in (D) contain female mice only. Error bars represent means
+ SDs. **p < 0.001, ****p < 0.0001; p values calculated using a 1-way ANOVA with Tukey’s multiple-comparisons test without pairing.
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Figure 4. HA* MBCs continually differentiate from persistent GCs following influenza A virus infection
Following intranasal infection with 50 TCIDso PR8, 50 TCIDso J1, or PBS, EdU was added to drinking water during the indicated labeling windows, subsequently
chased with normal water, and the mLN was analyzed at d104-109 or d180 post-infection.

(A) Pulse-chase experimental design. EdU labeling windows indicated in green.

(B) Representative gates for EQU* bulk MBCs and HA* MBCs, gated on IgD~IgM~B220" live cells.
(C and D) Quantification of EAU* frequency within HA* MBCs following EdU labeling during the indicated pulse windows at d104-109 (C) and d180 (D) post-

infection.

(E) Normalization of the data shown in (C), wherein the frequency of EdU" cells among HA* MBCs is divided by the duration of the labeling window.
Data in (A)—(E) are from, or representative of, 1-2 independent experiments with 8-11 PR8-infected female mice per experiment. Error bars represent means +

SDs.

fraction of GC B cells responding to immunization with recom-
binant HA do not display any detectable binding to native HA,
yet underwent both SHM and selection (Kuraoka et al., 2016).
The authors hypothesized that these GC B cells recognized
non-native HA conformations, or “dark antigens,” which could
be exposed via degradation or other processes. Given the po-
tential for persisting viral antigens to transform over the
course of 100 days post-infection, the possibility of dark anti-
gens arising within persistent GCs as native viral antigens

8 Cell Reports 37, 109961, November 9, 2021

degrade is intriguing. We observe that the average frequency
of HA* GC B cells gradually decreases from d77-126, while
the frequency and absolute number of total GC B cells remain
relatively constant. The rise of dark antigens and the
increased clonal diversity observed in late GCs may provide
the benefit of an expanded repertoire to combat future heter-
ologous infections (Kuraoka et al., 2016) or may be useless or
even deleterious if denatured immunogens induce self-reac-
tive antibodies.
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Figure 5. Single-cell B cell receptor and transcriptome analyses of long-lived HA* MBCs

Mice were infected intranasally with 50 TCIDso PR8, and HA* MBCs and naive B cells were sorted from the mLN at d109 post-infection (gates shown in Fig-
ure S4A) and subjected to single-cell B cell receptor (BCR) and transcriptome analyses (see Method details).

(A) Uniform manifold approximation and projection (UMAP) of 5,421 sorted naive B cells and 1,326 HA* MBCs (T cell and GC B cell clusters removed for UMAPs
in C-E).

(B) Expression of top 10 genes defining the naive B cell and HA* MBC clusters.

(C) BCR isotype expression displayed on a UMAP, derived from BCR-sequencing data.

(D) Expression of selected genes displayed on a UMAP.

(legend continued on next page)
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The landmark finding that MBCs predominantly differentiate
from early GCs (Weisel et al., 2016) raised the major question
of whether persistent GCs follow a similar temporal regulation.
While we found that hundreds of HA* MBCs had differentiated
by d10 or d14 in both the spleen and the mLN, the early (d0-14)
EdU pulse window accounted for only 2% of the mLN HA*
MBCs at d109 post-infection, suggesting that long-lived HA*
MBCs predominantly differentiate after the first 2 weeks
post-infection. We observed that the maximal output of long-
lived HA® MBCs (3.3 cells/day) corresponded with the peak
of the mLN GC response (d14-42); this was 7.3-fold greater
than the early (d0-14) long-lived HA* MBC output (0.45 cells/
day). Notably, the output during the late (d42-88) EdU pulse
window (1.9 cells/day) was only 1.7-fold less than the peak
window, and peak and late pulse windows accounted for virtu-
ally identical fractions of mLN HA* MBCs at d109 post-infec-
tion. These data indicate that while HA* MBCs continually
differentiate from persistent GCs, the majority of long-lived
HA* MBCs predominantly differentiate after the first 2 weeks
post-infection, and peak and late GCs contribute equal frac-
tions of HA* MBCs to the long-lived pool. Furthermore, the
long temporal window of differentiation may facilitate the
time-dependent differentiation of MBCs with different functions
and capabilities.

Three findings support the relevance of these data to human
responses to vaccination and infection. First, fine-needle aspi-
ration of draining LNs revealed persistent GCs in a subset of
quadrivalent inactivated IAV vaccine trial participants (Turner
et al., 2020), as well as following SARS-CoV-2 mRNA-based
vaccination (Turner et al., 2021). Second, vaccination with an
HA-expressing replication-competent adenovirus induced
MBC responses that continuously evolved over the course of
many months (Matsuda et al., 2019). Third, infection with
SARS-CoV-2 induces GCs that can persist for 6 months
(Poon et al., 2021), as well as a gradual increase in MBC
BCR somatic hypermutation spanning 12 months post-infec-
tion (Gaebler et al., 2021; Sakharkar et al., 2021; Sokal et al.,
2021; Wang et al., 2021). These results suggest the continuous
differentiation of MBCs from persistent GCs in humans, and
highlight the importance of reconsidering the timing of boost-
ing immunizations following vaccination or infection (Matsuda
et al,, 2019). In light of the continuous differentiation of
MBCs, boosting immunizations typically administered 1-
2 months post-vaccination (or post-infection) cannot access
fully matured MBC responses that are driven by persistent
GCs, and may be delayed or perhaps boosted with a third
vaccination.

Our EdU pulse-chase analysis estimated the occurrence of
long-lived HA™ MBC differentiation from peak GCs to be a 1 in
2,000-1 in 20,000 event. This underscores the rarity of long-
lived antiviral MBC differentiation and highlights the importance
of investigating the mechanisms that regulate this process.
Recent studies have implicated numerous factors in the regula-

Cell Reports

tion of MBC differentiation, including the transcription factors
Bach2 and Hhex (Laidlaw et al., 2020; Shinnakasu et al.,
2016), IL-9 signaling molecules (Takatsuka et al., 2018; Wang
et al., 2017), the chemokine receptor Ccr6 (Suan et al., 2017),
and mammalian target of rapamycin complex 1 (mTORCH1)
signaling and the tyrosine kinase ligand Ephrin-B1 (Inoue
et al., 2021; Laidlaw et al., 2017). However, identifying factors
with differential requirements in MBC and naive B cell survival
remains a challenge. To this end, we performed scRNA BCR
and transcriptome analyses on sorted, long-lived HA* MBCs
mixed with contemporaneous naive B cells. With limited excep-
tions, previous MBC scRNA analyses have been limited to
homeostatic MBC populations or were performed at earlier
time points post-infection, likely due to the technical challenges
in sorting small numbers of cells after long periods of time. Our
rigorous, quantitative temporal analysis, J1 negative controls,
and EdU pulse-chase data ensured that we were sorting bona
fide long-lived HA* MBCs, and provided the guidance to
retrieve sufficient cell numbers for analysis at d109 post-infec-
tion. Given that we pooled cells from 2 independent experi-
ments containing 62 total mice, the relative homogeneity among
HA* MBCs suggests that this population is reliably generated
following intranasal infection, despite any differences in viral
clearance, persistent GC dynamics, or other biological variables
that may arise within individual mice.

We identified ApoE as the foremost gene differentiating long-
lived HA" MBCs from naive B cells; ApoE was highly expressed
among virtually all HA* MBCs. Strikingly, ApoE was previously
identified as a component of a transcriptional program shared
among HSCs, memory T cells, and MBCs, indicating a potential
role in self-renewal and/or longevity (Luckey et al., 2006). While
MBCs can persist for decades (Crotty et al., 2003), there is
currently no consensus regarding their requirements for homeo-
static cell division or self-renewal. Pulse-chase experiments
using a doxycycline-inducible H2B-GFP reporter found that 4-hy-
droxy-3-nitrophenylacetyl (NP)-binding MBCs persist without
measurable cell division for at least 300 days post-immunization
(Jones et al., 2015). However, other data hint that MBCs may un-
dergo some low level of homeostatic proliferation (Schittek and
Rajewsky, 1990), similar to the landmark finding that yellow fever
virus-specific memory CD8 T cells have a doubling half-time of
493 days (Akondy et al., 2017). Further studies of ApoE and the
other gene products identified herein will, it is hoped, illuminate
the molecular mechanisms underlying the remarkable longevity
of MBCs and their accelerated function upon recall, both of which
are critical to developing effective vaccination strategies.

Limitations of the study

There are some key limitations to the interpretations of the
data presented here. First, we defined MBCs as resting,
class-switched, HA-binding cells. However, unbiased fate map-
ping of MBCs has revealed that, under certain experimental
conditions, a significant fraction of fate-mapped MBCs can be

(E and F) Analysis of lgh BCR mutation frequency (mutations per base pair), displayed on a UMAP (E) or violin plots parsed by BCR isotype (F). The number of cells
detected expressing each isotype, and their frequency among HA* MBCs, shown below (F).
Data in (A)—(F) are pooled from 2 independent experiments, with 30-32 PR8-infected female mice per experiment. *p < 0.05, **p < 0.01; p values calculated using a

1-way ANOVA with Tukey’s multiple-comparisons test without pairing.
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characterized as antigen binding only under conditions of
increased valency and not via conventional flow cytometry
staining (Viant et al., 2020). Given that our study defines HA
binding via flow cytometry, we do not capture the dynamics
of these lower-avidity MBCs. Second, enriching for antigen-
binding cells with magnetic beads coupled to HA may enhance
the detection of HA® MBCs relative to J1 and PBS control
levels. Previous studies have used this strategy to enrich for
phycoerythrin (PE)- and plasmodium-specific MBCs (Krishna-
murty et al., 2016; Pape et al., 2011).
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GSE181009, https://www.ncbi.nlm.nih.
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Experimental models: cell lines

FreeStyle 293-F Cells

Thermo Fisher Scientific

Cat#: R79007

Madin Darby Canine Kidney Cell Line Yewdell laboratory, N/A
(NIAID, NIH)
Experimental models: organisms/strains
Mouse: Thx217 A. Rudensky N/A
(Levine et al., 2017)
Mouse: C57BL6/J The Jackson Laboratory JAX: 000664
Recombinant DNA
PR8 HA McDermott laboratory VRC 3687

(VRC, NIAID,NIH)

Software and algorithms

10x Genomics Cell Ranger (v4.0.0)

R Software v4.0.2
Seurat R package (v3.2.2)
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ggPlot2

Prism

FlowJo

Excel
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10x Genomics

CRAN
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(Wickham, 2009)
Graphpad
TreeStar
Microsoft

Adobe
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RESOURCE AVAILABILITY

Lead contact

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

Chaudhuri, (chaudhuj@mskcc.org).

Materials availability

All materials generated in this study are available upon request with a completed Materials Transfer Agreement.

Data and code availability

o Single-cell BCR and RNA-seq data have been deposited at the Gene Expression Omnibus repository and are publicly available
as of the date of publication. Accession numbers are listed in the Key resources table.

® 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.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

All mice were bred and housed under specific pathogen-free conditions and handled in accordance with the guidelines for animal
care of MSKCC Research Animal Resource Center and the Institutional Animal Care and Use Committee (IACUC). Mouse strains
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include C57BL/6J (WT) and Tbx217 (Levine et al., 2017). Experiments were conducted using 8-14 week old male and female mice
as indicated in the figure legends. Tbx217F mice were provided by Alexander Rudensky, C57BL/6J mice were ordered from The
Jackson Laboratory.

Cell lines

Madin-Darby Canine Kidney (MDCK) cells were cultured in DMEM (11965118, GIBCO) supplemented with 10% heat-inactivated FBS
and 1% Pen-Strep (400-109, Gemini) under 5% CO, atmosphere at 37°C. FreeStyle 293-F cells were cultured in FreeStyle 293
Expression Medium (12338018, ThermoFisher Scientific) in sterile polycarbonate Erlenmeyer flasks under 8% CO, atmosphere at
37°C in an orbital shaker (135 rpm).

Influenza viruses

10 day-old embryonated chicken eggs were inoculated with 10° TCIDsg of Influenza A/Puerto Rico/8/34 (PR8) or J1, and viruses were
grown for 48 h at 35°C and 55% humidity with gentle rotation. Eggs were chilled at 4°C for several hours prior to harvesting allantoic
fluid, which was then clarified by centrifugation at 3,000 g for 15 min, aliquoted and stored at —80°C.

METHOD DETAILS

Influenza infections

For intranasal infections, mice were anesthetized with 3% isofluorane and nasally inoculated with 50 TCIDsq of PR8 or J1 diluted in
PBS plus 0.1% BSA (Sigma, A2153). TCIDsq values for viral stocks were determined by scoring cytopathic effects of infected MDCK
cells. Briefly, 100 puL of MDCK cells were seeded at 4 x 10° cells/mL in a 96-well flat-bottom plate, and cultured overnight under 5%
CO, atmosphere at 37°C. The following day, MDCK cells were washed twice with 200 uL of TCIDsg media (serum free MEM plus non-
essential amino acids, 1 mM sodium pyruvate, 1.5 g/L sodium bicarbonate, 1 mM HEPES, 1 pg/mL TPCK treated trypsin (T1426,
Sigma) and 1% Pen-Strep (400-109, Gemini)) per well, after which 180 uL of TCIDso media was added per well. 20 uL of PR8 or
J1 viral stocks were then added to the first well (1:10 dilution) in quadruplicate, and 1:10 serial dilutions were performed from row
1 to row 11, leaving row 12 as a no virus control. Cells were cultured for 72-96 h under 5% CO, atmosphere at 37°C, after which
the number of wells displaying cytopathic effects of viral infection at each dilution were recorded, and TCIDs, values were calculated
using the Reed and Muench method.

Flow cytometry and cell sorting

Single-cell suspensions were prepared from mouse lymph nodes and spleen by mashing through a 70 um cell strainer (352350, Corn-
ing). Single-cell suspensions from the spleen were resuspended in 2 mLs of red blood cell lysis buffer (150 mM NH4CI, 10 mM KHCO,,
0.1 mM EDTA) for 5 min at 25°C, followed by neutralization with B cell media (RPMI 1640 plus L-Glutamine (11875, GIBCO), supple-
mented with 15% FBS, 1% Pen-Strep (400-109, Gemini), 55 uM B-Mercaptoethanol (21985023, GIBCO), and 2 mM L-Glutamine). For
the PR8 time-course stain, PR8 HA* MBC sorting stain and PR8 T-bet stain, approximately 5-10 x 10° cells were washed once with
250 puL PBS, stained with Zombie Red fixable viability dye (423109, BioLegend, 1:500) or Ghost Dye Violet 510 (13-0870, Tonbo Bio-
sciences, 1:1,000) for 15 min at 25°C in 200 pL in the dark, washed once with 250 uL. FACS buffer (PBS + 2.5% FBS), stained with rat
anti-mouse CD16/CD32 Fc Block (553142, BD Biosciences, 1:50) for 5 min at 25°C in 100 uL in the dark, and washed once with
250 pL FACS buffer before surface staining.

The following antibodies were used in various staining panels: B220-BV786 (563894, BD Biosciences), B220-BUV737 (612838, BD
Biosciences), B220-FITC (553088, BD Biosciences), B220-BUV395 (563793, BD Biosciences), IgM-BUV395 (743329, BD Biosci-
ences), IgM-BV786 (743328, BD Biosciences), IgM-APC-Cy7 (47-5790, eBioscience), lgG2b-APC-Cy7 (1090-19, Southern Biotech),
IgG1-BV510 (742476, BD Biosciences), IgG1-BV786 (742480, BD Biosciences), Fas-PE-Cy7 (557653, BD Biosciences), GL7-eFluor
450 (48-5902-80, eBioscience), CD38-AF700 (56-0381-82, eBioscience), lgG2c-FITC (1079-02, Southern Biotech), CD86-PE (12-
0862-82, eBioscience), CD86-BUV395 (564199, BD Biosciences), IgD-BV711 (405731, BioLegend), CXCR4-PerCP-eFluor 710
(46-9991-82, eBioscience), biotinylated HA trimer (recombinant protein produced in house), CD138-BUV737 (564430, BD Biosci-
ences), streptavidin-APC (405207, BioLegend).

The staining panels and antibody dilutions used were as follows:

PR8 time-course stain: B220-BV786 (1:750), IgM-BUV395 (1:750), IgG2b-APC-Cy7 (1:150), IgG1-BV510 (1:750), Fas-PE-Cy7
(1:750), GL7-eFluor 450 (1:750), CD38-AF700 (1:750), IgG2c-FITC (1:200), CD86-PE (1:5,000), IgD-BV711 (1:750), CXCR4-
PerCP-eFluor 710 (1:250), biotinylated HA trimer (concentration = 2.6 nM), streptavidin-APC (1:1652).

PR8 EdU stain: IgM-BV786 (1:750), CD86-BUV395 (1:4000), IgG2b-APC-Cy7 (1:150), IgG1-BV510 (1:750), IgG2c-PE (1:150), Fas-
PE-Cy7 (:750), GL7-eFluor 450 (1:750), CD38-AF700 (1:750), IgD-BV711 (1:750), CXCR4-PerCP-eFluor 710 (1:250), B220-
BUV737 (1:750), biotinylated HA trimer (final concentration = 8 nM), streptavidin-APC (1:542).

PR8 HA" MBC sorting stain: IgM-APC-Cy7 (1:750), Fas-PE-Cy7 (1:750), GL7-eFluor 450 (1:750), CD38-AF700 (1:750), IgD-BV711
(1:750), B220-FITC (1:750), biotinylated HA trimer (final concentration = 22.9 nM), streptavidin-APC (1:190).
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PR8 T-bet stain: IgG1-BV786 (1:500), IgM-BUV395 (1:750), IgG2b-APC-Cy7 (1:150), Fas-PE-Cy7 (1:750), GL7-eFluor 450 (1:750),
CD38-AF700 (1:750), IgG2c-FITC (1:200), IgD-BV711 (1:750), B220-BUV737 (1:750), biotinylated HA trimer (final concentration =
2.6 nM), streptavidin-APC (1:1652).

For the PR8 time-course stain, PR8 HA* MBC sorting stain and PR8 T-bet stain, surface antibodies were stained for 1 h at 4°C in
100 pL in the dark. Cells were washed 3X with 250 pL FACS buffer, stained with streptavidin-APC for 30 min at 4°C in 100 pL in the
dark, washed 3X with FACS buffer, and resuspended in 135 pL FACS buffer. 15 uL of CountBright Absolute Counting Beads (C36950,
ThermoFisher) were added prior to analysis on a flow cytometer, aside from samples used for cell sorting.

Data was acquired using an LSR Il flow cytometer (BD Biosciences), and analyzed using FlowJo software (version 9.9). HA* mem-
ory B cells and naive B cells were sorted using a BDFACS Aria Il (BD Biosciences), and analyzed post-sort for purity using an LSR Il

EdU labeling and detection

2'-Deoxy-5-ethynyluridine (EdU) (NEO8701, Carbosynth) was added to the drinking water of mice at a final concentration of 0.5 mg/
mL during the indicated labeling windows, and the drinking water was changed every 4 days. Lymph nodes and spleen were pro-
cessed as detailed above, and the Click-iT EdU Alexa Fluor 488 flow cytometry assay kit (C10425, Invitrogen) was used to detect
EdU incorporation according to the manufacturers protocol. Briefly, following Zombie Red fixable viability dye and Fc block staining,
surface antibodies were stained for 1 h at 4°C in 100 pL in the dark, aside from Fas-PE-Cy7 and IgG2c-PE (see PR8 EdU stain above).
Cells were washed 3X with 250 uL FACS buffer, stained with streptavidin-APC for 30 min at 4°C in 100 pL in the dark, washed 2X with
250 pL FACS buffer, and washed 2X with 250 uL PBS + 0.1% BSA (Sigma, A2153). Cells were then fixed with 4% paraformaldehyde
in PBS for 15 min at 25°C in 100 pL in the dark, washed 2X with 250 uL PBS + 0.1% BSA (Sigma, A2153), and permeabilized by re-
suspending in 100 pL of saponin-based permeabilization and wash reagent for 15 min at 25°C in the dark. Cells were then spun down
and resuspended in 200 uL of the Click-iT cocktail, incubated at 25°C for 30 min in the dark, washed 2X with 250 pL of saponin-based
permeabilization and wash reagent, washed 2X with 250 pL FACS buffer, and stained with Fas-PE-Cy7 and IgG2c-PE for 30 min at
4°C in 100 pL in the dark. Cells were then washed 2X with 250 uL FACS buffer, resuspended in 135 uL FACS buffer, and 15 puL of
CountBright Absolute Counting Beads (C36950, ThermoFisher) were added prior to analysis on a flow cytometer.

PR8 HA prep

The VRC 3687 plasmid for recombinant PR8 HA expression was a kind gift from Adrian McDermott to the Chaudhuri Lab. PR8 HA was
expressed and purified as previously described (Whittle et al., 2014). Briefly, 293F cells were cultured in FreeStyle 293 Expression
Medium (12338018, ThermoFisher Scientific) in sterile polycarbonate Erlenmeyer flasks at 37°C and under 8% CO, atmosphere,
and diluted to a concentration of 1 x 10° cells/mL prior to transfection. Cells were transfected with 100 pg of PR8 HA plasmid mixed
with 400 pg of PEI MAX (24765-1, Polysciences, Inc.) per 100mLs of culture, and cultured for 5 days. The supernatant was collected
by centrifuging cells at 4000 x g, and loaded on a HisTrap excel column (17371205, GE) equilibrated in 20 mM sodium phosphate pH
7.4, 0.5 M NaCl. Columns were washed with 20 column volumes (CV) of wash buffer (20 mM sodium phosphate pH 7.4, 0.5 M NaCl,
10 mM imidazole), and eluted with 5 CV of elution buffer (20 mM sodium phosphate pH 7.4, 0.5 M NaCl, 500 mM imidazole) using an
AKTA FPLC (Amersham Biosciences). The elute was dialyzed into PBS, concentrated using an Amicon 100 kDa filter (UFC910024,
Millipore), and loaded on a Superdex 200 Increase 10/300 GL column (28990944, GE) equilibrated in PBS, using an AKTA FPLC.
Fractions corresponding to trimeric HA were pooled, concentrated and buffer exchanged into Tris pH 8.0 using an Amicon
100 kDa filter in preparation for biotinylation. Purified HA was biotinylated using a BirA500 biotin-protein ligase standard reaction
kit (BirA500, Avidity) according to the manufacturer’s protocol. Biotinylated HA was buffer exchanged into PBS and concentrated
to 2 mg/mL using an Amicon 100 kDa and stored at —80°C until use.

Single-cell RNA sequencing analyses

In two independent experiments, 30-32 mice were infected intranasally with 50 TCIDsq PR8, and hemagglutinin-specific (HA")
memory B cells (MBCs) and naive B cells were sorted from combined mediastinal lymph nodes at d109 post-infection. For each
experiment, 50,000-60,000 sorted naive B cells were mixed with 15,000-16,000 sorted HA* MBCs, and resuspended at a final con-
centration of approximately 1,000 cells per pL. 5 puL of this mixture was taken and analyzed using flow cytometry as the ‘post-sort’
fraction, and the remaining cells were used for Chromium Single Cell 5 library construction and V(D)J enrichment (10X Genomics).

Single-cell RNA sequencing data were generated using standard 10X and lllumina techniques. Namely, Gel Bead-In-EMulsions
were formed using the Chromium Single Cell A Chip Kit (PN-120236) and barcoded with the Chromium Single Cell 5’ Library &
Gel Bead Kit (PN-1000006). Libraries were generated with the Chromium Single Cell 5’ Library Construction Kit (PN-1000020),
with B cell receptor codes enriched using the Chromium Single Cell V(D)J Enrichment Kit for Mouse B Cells (PN-1000072). Combi-
natorial libraries were annotated using the Chromium i7 Multiplex Kit (PN-120262) and Chromium i7 Multiplex Kit N, Set A, (PN-
1000084) prior to standard lllumina sequencing using a Novaseq (lllumina).

Gene expression feature barcode matrices were generated by the cellranger v4.0.0 pipeline, mapped to the mm10 mouse genome,
and loaded into R Software v4.0.2. We did not observe batch effects in the two replicates, so their barcode matrices were aggregated
and analyzed together using Seurat v3.2.2 (Stuart et al., 2019). Standard quality control removed genes expressed in fewer than 3
cells and removed cells with more than 7% of mitochondrial genes, less than 800 features, or unique feature counts less than 400
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or more than 2500. This yielded 7,033 cells for downstream analysis. The data was normalized, and the 2,000 most variable genes
were selected. The top nine principal components were used for unsupervised clustering and the data was visualized in two-dimen-
sional space using uniform manifold approximation and projection (UMAP) with a resolution of 0.15. Differentially expressed genes
were identified between the resultant clusters using the default settings of FindAlIMarkers and a log fold change cut-off of 0.3.

The V(D)J data was processed using the cellranger v4.0.0 vdj pipeline and the aggregated outputs from the two replicate exper-
iments were analyzed with the Immcantation toolbox (http://immcantation.readthedocs.io). V(D)J assignment based on the mouse
IMGT and IgBLAST reference databases was carried out using the Change-O tool. After removing cells with non-productive V-J
heavy chain spanning pairs and an unknown heavy chain isotype, the pipeline yielded 7006 unique V(D)J barcodes. The V(D)J
sequencing data captured 1061 out of the 1327 “HA™ MBCs” (79.95%) and 4936 out of the 5524 “naive B Cells” (89.3%) transcrip-
tome barcodes. The SHM load was quantified with the SHazaM Immcantation package v1.0.2. (Gupta et al., 2015), and the
observedMutations function was applied to the entire heavy chain sequence. The V gene usage was analyzed using the Alakazam
Immcantation package v1.0.2 (Gupta et al., 2015). The AddMetaData Seurat function was used to integrate the SHM and BCR iso-
type data into the Seurat object. All visualizations were done with the ggplot2 R package v3.3.3 (Wickham, 2009).

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed with GraphPad Prism 9 (GraphPad Software, Inc), with the exception of scRNA sequencing
analyses, which were performed using R software (v4.0.2). Flow cytometry data was analyzed using FloJo software (version 9.9).
Graphs were edited using GraphPad Prism 9, and graph titles and axes labels were edited using Adobe lllustrator CS6. All graphs
depict all data collected from all performed experiments, with the following exception: samples containing low counts of HA™ B cells
(< 20 cells) were omitted from the quantification of frequencies within HA* B cells, and data shown in Figure 2A does not include
splenic HA* GC B cell time points beyond d49, as the majority of samples had low counts of HA* B cells (< 20 cells). Details on
the statistical analyses performed in this study can be found in the figure legends.
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