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center reaction can hone the B cell and
antibody repertoire over time.
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SUMMARY

Germinal centers (GCs) form in secondary lymphoid organs in response to infection and immunization and
are the source of affinity-matured B cells. The duration of GC reactions spans a wide range, and long-lasting
GCs (LLGCs) are potentially a source of highly mutated B cells. We show that rather than consisting of contin-
uously evolving B cell clones, LLGCs elicited by influenza virus or SARS-CoV-2 infection in mice are sustained
by progressive replacement of founder clones by naive-derived invader B cells that do not detectably bind
viral antigens. Rare founder clones that resist replacement for long periods are enriched in clones with heavily
mutated immunoglobulins, including some with very high affinity for antigen, that can be recalled by boost-
ing. Our findings reveal underappreciated aspects of the biology of LLGCs generated by respiratory virus
infection and identify clonal replacement as a potential constraint on the development of highly mutated

antibodies within these structures.

INTRODUCTION

Germinal centers (GCs) are the microanatomical site of affinity
maturation, a Darwinian evolutionary process acting on B cells
that ultimately results in the production of high-affinity antibodies
to the driving antigen.” ™ As such, GCs play a key role in the gen-
eration of humoral immunity to infection and vaccination. GC B
cells undergo a cyclic process of somatic hypermutation
(SHM) of immunoglobulin (/g) genes followed by selection of mu-
tants with improved affinity for antigen, which take place in the
GC dark and light zones, respectively.>® From this cyclic nature,
it follows that the more time a B cell clone spends within a GC re-
action, the greater the number of mutations it will accrue, and at
least in theory, the higher the affinity it can ultimately achieve.’
Extreme examples of this evolutionary process are the classic
broadly neutralizing antibodies to HIV, which can replace up to
30% of variable-region amino acids by means of this pro-
cess®—including substitutions that are highly improbable due

to codon constraints or activation-induced cytidine deaminase
(AID) mutational preferences®'®—thus acquiring extraordinary
potency and cross-variant breadth. Achieving such high SHM
load by immunization is a high priority for the field of HIV
vaccination.’

Despite its importance, the factors that determine the dura-
tion of GC responses are poorly understood. GC reactions
induced in mice by immunization with proteins in adjuvant
persist from a few weeks to well over 1 month, depending on
the antigen-adjuvant system used,’®'® but do not normally
allow formation of B cells with high SHM load.'* On the other
hand, GCs induced by certain acute viral infections, such as
influenza, vesicular stomatitis virus, and likely SARS-CoV-2,
can persist for several months.'®"'® The nature of these long-
lasting GCs (LLGCs) and their consequences in terms of
SHM and affinity maturation remain largely unexplored.”*’
Better understanding of the biology of LLGCs would not only
provide insight into general GC biology but may also pave
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Figure 1. Kinetics and mutation profile of influenza-primed LLGCs up to 6 months after infection

(A and B) Representative flow cytometry plots showing frequency of GC B cells (FAS*CD38'°") among total B cells (B220") and frequency of HA-binding B cells
among all GC B cells in the mLN of wild-type C57BL/6 mice at different time points after influenza infection. Graphs on the right show pooled data from 3-4
independent experiments. Non-infected (NI) age-matched control mice assayed at the 24 wpi time point are shown for comparison. Each symbol is one mouse,

and the line represents the mean.

(C and D) Somatic mutations in the Igh variable gene (Ighv) in single-sorted GC B cells at various time points post-infection, as in (A). In (C), each symbol rep-
resents one sequenced B cell (n = 55-74 cells/mouse), at least 2 mice per time point are shown (C). The same data are binned into cells with low, medium, and high

SHM in (D).
See also Figure S1.

the way toward generating antibodies with long and complex
SHM patterns by vaccination.

Here, we sought to investigate the properties and characteris-
tics of the LLGCs triggered by acute viral infection in mice. We
show that LLGCs primed by either influenza virus or SARS-
CoV-2 are not maintained by long-lived B cell clones but rather
persist as a result of constant replacement of virus-specific
founder B cells by “naive”-derived invaders of undefined speci-
ficity. Nevertheless, rare founder B cells that persisted in GCs for
6 months or longer accumulated substantial SHM loads and
developed high affinity for antigen, indicating that virus-primed
LLGCs can be the source of highly mutated and potent anti-
bodies despite pronounced clonal turnover.

RESULTS

Kinetics of formation and hypermutation in long-lasting
influenza-primed GCs

To investigate the relationship between GC lifetime and SHM
levels, we first determined the kinetics of GC formation and /g hy-
permutation in the mediastinal lymph node (mLN) in response

132 Cell 186, 131-146, January 5, 2023

to influenza infection. We infected cohorts of wild-type C57BL/
6J mice intranasally with 33 plaque forming units (p.f.u.) of
mouse-adapted influenza A/Puerto Rico/8/1934 (PR8) virus and
harvested mLNs at different time points up to 24 weeks post-
infection (wpi). Large GCs were evident at 2 and 4 wpi, when
GC-phenotype cells (CD38"°"~Fas™) accounted for an average
of 15% of all B cells in the mLN (Figures 1A and S1). Following
this peak, GC size decayed in two distinct phases. First, there
was a rapid decline from 15% to 6.4% of GC B cells between 4
and 8 wpi. This decrease was followed by a period of relative sta-
bility, during which GC B cells fluctuated in frequency between
4.2% and 2.2% of all B cells, consistently higher than the back-
ground of GC B cells in the mLN of uninfected co-housed litter-
mates (Figure 1A) and in line with previous publications using
similar influenza models.'®'® Staining with H1pgg tetramers
showed that the proportion of GC B cells that bound HA, although
highly variable, tended to decrease with time. Still, HA-binding B
cells were observable in some mice as late as 24 wpi (Figure 1B).

To determine whether these LLGCs are an abundant source of
B cells with high SHM load, we sequenced the Igh genes of single
B cells sorted from mLN GCs at several time points after influenza
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infection. As expected, the median number of nucleotide (nt) mu-
tations per/ghv segmentincreased from2ntat2 wpito 11 ntat12
wpi. However, rather than continuing to increase, median SHM
began to drop at 12 wpi, falling to 8 nt at both 16 and 24 wpi (Fig-
ure 1C). Accordingly, the proportion of cells carrying 0-3 Ighv nt
mutations decreased from 70% at 2 wpi to 10% at 8 wpi, after
which it climbed again to 22% at 24 wpi. Highly mutated cells
(defined as carrying >20 Ighv nt mutations) initially increased
with time, peaking at 14% at 16 wpi, after which they also
decreased (Figure 1D). Therefore, rather than increasing mono-
tonically, the degree of SHM in influenza-primed LLGCs peaks
and then decreases as the GC progresses.

LLGCs are sustained by turnover of B cell clones within a
persistent GC B cell population
A likely explanation for the failure of LLGCs to accumulate so-
matic mutations monotonically is that the founder clones present
in early and peak GCs are gradually replaced by incoming B cells
that are unmutated. To verify this, we fate-mapped B cells at the
GC peak in S1pr2-CreERT2 x Rosa26-0%Stop-Lox-tdTomato (g4 5,5
Tomato) mice (Figure 2A), which allow highly efficient fate-map-
ping of GC B cells.”® A single dose of tamoxifen administered at
day 14 post-infection resulted in labeling of on average 86% of
mLN GC B cells a week later (Figures 2B and 2C). The proportion
of fate-mapped B cells remained high in GCs throughout the
initial decay phase (between 4 and 8 wpi) but fell sharply be-
tween 8 and 16 wpi. Although kinetics varied between mice,
founders accounted for a uniformly low fraction of all GC B cells
at 16 and 24 weeks (Figures 2B and 2C). Thus, late-stage influ-
enza-induced mLN GCs are largely devoid of the B cell clones
that seeded these reactions.

Igh sequencing (Figures 2D-2G and S2A) showed that SHM
load increased more reliably with time in the fate-mapped popu-

Cell

lation (Figures 2E, 2F, and S2A), so that B cells with few (0-3) Ighv
nt mutations became progressively depleted as highly mutated
cells (=20 Ighv nt mutations) accumulated (Figure 2G). By
contrast, non-fate-mapped cells were significantly less mutated
(Figure 2E) and included a substantial contingent of cells with 0-3
Ighv nt mutations even at the latest time point (Figure 2G).
Despite the overall lower mutation frequency among non-fate-
mapped clones, somatic mutations still accumulated over time
in this population (Figures 2E, 2G, and S2A), consistent with at
least some of these clones becoming long-term participants in
the ongoing GC.

To define the origin of non-fate-mapped B cells in LLGCs and
to rule out that replacement of fate-mapped cells was due to
either lower fitness or immune rejection of cells expressing the
non-self tdTomato protein, we carried out analogous experi-
ments using parabiosis. Wild-type mice were infected with
PR8 influenza virus, joined parabiotically to mice carrying a
different allele of CD45, and assayed 4 weeks after surgery (Fig-
ure 2H). Seeding of ongoing GCs by B cells derived from the un-
infected parabiont was evident at this time point, with an average
GC chimerism of 24%, compared with 55% in non-GC B cells
(Figure 2I), supporting a naive origin for the incoming B cell
clones. Similar analysis of Tth cells showed that this population
is replaced at an even higher rate than GC B cells are
(Figures S3A-S3C), consistent with our previous observation
that GCs are permissive to exchange and replacement of Tfh
cell clones.”’

To determine whether clonal replacement in LLGCs is general
feature of respiratory tract infections, we infected S1pr2-Tomato
mice with mouse-adapted SARS-CoV-2,?? fate-mapping GC B
cells at 2 wpi (Figure 2J). SARS-CoV-2-infected mice showed
abundant GCs in the mLN that did not decay substantially over
the 16-week follow-up (Figures 2K and S2B). Nevertheless, as

Figure 2. Replacement of founder clones over time in influenza-primed LLGCs

(A) Experimental setup.

(B and C) Representative flow cytometry plots showing frequency of GC B cells (FAS*CD38"") among total B cells (B220*) (B) and frequency of fate-mapped B
cells among all GC B cells (C) in the mLN of tamoxifen-pulsed S1pr2-Tomato mice at different time points after influenza infection. Graphs on the right show
pooled data from 2 to 5 independent experiments. Each symbol is one mouse, and the line represents the mean.

(D) Representative charts showing distribution of tdTomato™* founder (red) and tdTomato™ invader (gray) B cells sorted from GCs at different time points after
influenza infection. Each slice represents one clone (defined as B cells with the same Igh VDJ rearrangement). Gray and red numbers in the center of the pie charts
denote how many invader and founder GC B cells were sequenced, respectively, when GC B cell samples were sorted in an unbiased manner (thus, the zero fate-
mapped cells in the 24 wpi pie chart). Each chart is from one mouse; additional charts shown in Figure S2.

(E) Numbers of nucleotide mutations in /ghv among the cells shown in (D). Each symbol represents one sequenced B cell (n = 55-74 cells/mouse). Additional
plates of rare fate-mapped GC B cells were sorted for the late time points (16 and 24 wpi). p values are for Mann-Whitney U test.

(F) Median SHM per mouse for combined data from (E) and from additional mice shown in Figure S2A.

(G) Same data as in (F), binned into cells with low, medium, and high SHM.

(H) Experimental setup. A C57BL/6 (CD45.2) mouse was infected with influenza and joined parabiotically to a naive B6.SJL mouse (CD45.1) at 4 wpi.

(I) Representative flow cytometry plots showing the participation of CD45.2 founder and CD45.1 invader cells in mLN GCs of the infected CD45.2 parabiont at 8
wpi. Non-GC B cells are shown for comparison. Graph on the right summarizes data for 4 parabiosis pairs. Either the CD45.2 or CD45.1 partners were infected in
different experiments.

(J) Experimental setup as in (A). S1pr2-Tomato mice are infected with mouse-adapted SARS-CoV-2, GC B cells are fate-mapped at 2 wpi, and GC composition is
followed by flow cytometry at different time points.

(K and L) Graphical representation of the kinetics of total GC B cells (K) and fate-mapped GC B cells over time (4-16 weeks), after infection with SARS-CoV-2. The
results are pooled from 2 independent experiments. Each symbol is one mouse, and the line represents the mean.

(M) Pie charts showing distribution of tdTomato* founder (red) and tdTomato ™~ invader (gray) B cells sorted from GCs at 16 weeks after SARS-CoV-2 infection.
Each slice represents one clone (defined as B cells with the same Igh VDJ rearrangement). Gray and red numbers in the center of the pie charts denote how many
invader and founder cells were sequenced, respectively. Each plot is from one mouse.

(N) Number of nucleotide mutations in Ighv among the cells shown in (M). Each symbol represents one sequenced B cell. Median SHM per mouse is shown on the
right. p values are for Mann-Whitney U test.

See also Figures S2 and S3.
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Figure 3. Clonal replacement results from invasion of ongoing GCs by naive-derived B cells

(A) Experimental setup.
(B) Cellular composition of invaded GCs.

(C) Multiphoton imaging of an infected mLN (collapsed 3-slice, 40 um z stack), highlighting GCs with different degrees of invasion by parabiont-derived B cells (i.,

(D) Representative flow cytometry plot showing the identification of parabiont-derived invader cells (AID-GFP) in whole mLN.
(E) Frequency of AID-GFP™* invaders among individual GCs, determined by imaging. Each symbol represents the ratio of GFP* over tdTomato* cells in one
individual GC. Each column shows all of GCs analyzed in 4 individual mice from 4 independent experiments.

with influenza virus, the percentage of fate-mapped B cells in
SARS-CoV-2 GCs decreased with time, from 76% at 4 wpi to
17% at 16 wpi (Figures 2L and S2C), indicative of clonal replace-
ment also in this system. Sequencing of tdTomato™ (founder) and
tdTomato™ (invader) GC B cells at 16 wpi showed that SHM
loads among founder B cells were on average 3 times those of
invader cells (Figures 2M and 2N), again in line with what was
seen for influenza-induced GCs. Thus, clonal replacement is
not an exclusive feature of influenza and may represent a com-
mon feature of late-stage GCs, especially those primed by respi-
ratory viral infection.

We conclude that in LLGCs induced by both influenza and
SARS-CoV-2 infection, mean SHM load does not increase indef-
initely with time due to progressive replacement of founder
clones by incoming naive-derived B cells.

Clonal replacement results from invasion of ongoing GC
structures

Although our fate-mapping and parabiosis showed that
incoming naive B cells contribute substantially to LLGCs at
the population level, they did not distinguish between de

novo establishment of new GC structures in empty follicular
dendritic cell (FDC) niches and true invasion of ongoing GCs,
as achieved under controlled conditions in hapten-carrier im-
munization systems.”*>?* To make such a distinction, we in-
fected S1pr2-Tomato mice with PR8 influenza virus, which
we fate-mapped with tamoxifen at 2 wpi and then joined para-
biotically to uninfected AID-GFP mice at 4 wpi (Figure 3A). In
this setup, tdTomato™* cells are founder B cells (plus a negligible
fraction of fate-mapped Tfh cells, given the low efficiency of
S1pr2-Tomato in fate-mapping this population), and GFP* cells
represent the roughly one-half of invaders derived from the par-
abiont. Non-fluorescent GC B cells include the other half of in-
vaders coming from the S1pr2-Tomato host itself, plus a minor
fraction of non-labeled founders (Figure 3B). We imaged intact
explanted mLNs of infected S1pr2-Tomato partners by two-
photon microscopy at 8 wpi (Figure 3C), when the full GC pop-
ulation contained an average of 4% GFP* invader B cells, as
measured by flow cytometry (Figure 3D). mLN imaging revealed
that GCs that contained GFP* B cells also consistently con-
tained fate-mapped S1pr2-Tomato cells, whereas we observed
no instances of GCs containing only GFP* B cells among their
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(D) Clonal distribution of founder (orange) and invader (green) clones in sorted GCs. CD45.2"tdTomato ™ cells (hatched) were not sequenced. The size of the
orange, green, and hatched sectors of the chart was determined by flow cytometry. Internal slices are based on Igh sequencing. 6 GCs from 2 parabiosis pairs

were analyzed.

(E) Clonal diversity (D50, or the fraction of clones accounting for 50% of cells sequenced) plotted against the degree of invasion for founder (left) and invader (right)
clones. Each symbol represents one GC. p values are for Spearman correlation.
(F) D50 and fraction of small clones (accounting for <10% of sequenced cells in that population) among founder and invader cells. Each symbol represents one
GC. p values are for Mann-Whitney U test.
(G) Number of nucleotide mutations in Ighv among founder and invader B cells in each GC. Each symbol represents one sequenced cell. ppann-whitney < 0.0001 for
all comparisons of invaders versus founders within the same GC.
(H) Clonal phylogenies of expanded clones from one founder and 3 invader-dominated GCs. Colors and roman numerals correspond to those in (D).
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fluorescent population at this time point (Figure 3E). Thus,
incoming B cells join GCs that are already occupied by founder
B cell clones, rather than starting their own GC structures de
novo. Individual GCs were invaded by naive B cells at widely
disparate rates, even within the same LN. For example, in the
mLN from mouse 1 (Figure 3E), whereas most GCs contained
relatively few invaders (0-20 per 100 tdTomato* B cells), two
GCs were heavily invaded, containing roughly equal numbers of
GFP* invaders and tdTomato* founders. Such variation was
also observed in three other imaged lymph nodes from inde-
pendent mice (Figure 3E). Thus, the clonal replacement
observed in late influenza-induced GCs results from invasion
of ongoing GCs by naive-derived B cells. We conclude that
the prolonged GC reactions observed following influenza infec-
tion in mice therefore consist of long-lived GC structures that
house predominantly shorter-lived B cell clones that progres-
sively turn over with time.

GC invasion is polyclonal and is expanded by positive
selection of invader clones

To investigate the factors responsible for the different degrees of
invasion seen in individual GCs, we combined parabiosis with in
situ photoactivation,® which allows us to obtain strictly defined
populations of founder and invader B cells from the same GC.
We infected with PR8 S1pr2-Tomato mice carrying a PAGFP-
transgene, fate-mapped these mice at 2 wpi, then parabiotically
joined them to naive PAGFP-transgenic mice carrying the
CD45.1 congenic allele 2 weeks later. mLNs were harvested
4 weeks after parabiosis for analysis (Figure 4A). Invaded
GCs in the infected parabiont contained three populations:
parabiont-derived tdTomato CD45.1" invaders, host-derived
tdTomato*CD45.2* founders, and host-derived tdTomato™
CD45.2* B cells, composed of invaders as well as any founder
clones that failed to become fate-mapped in response to tamox-
ifen (Figure 4B). From each mLN, we photoactivated individual
GCs with low or high invader content (estimated from images
based on the density of tdTomato* cells in each GC), dissected
LN into fragments containing a single photoactivated GC, and
then sorted photoactivated tdTomato* founder and CD45.1*
invaders from each fragment (Figure 4B).

We obtained cells from 6 GCs, ranging from 1.3% to 79% of
tdTomato™ invader B cells as determined by flow cytometry
(Figure 4C). Invading B cells were clonally diverse even in the
least invaded GCs. For example, the 31 cells sequenced from
the 1.3% CD45.1" invader population of the least invaded GC
(GC1) were composed of 23 different clones, most identified
only once (Figure 4D). This suggests that GC invasion is rela-
tively common, rather than being reserved for rare naive B cells
with high affinity for the viral antigen. Pronounced invasion was
associated with emergence of larger invader-derived clones
(Figure 4D): all three GCs containing ~30% or fewer founder
B cells (GC3, 4, and 6) included invader clones that repre-
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sented >15% of all cells in that GC (Figures 4E and 4F).
Regardless of the degree of invasion, invaders always carried
fewer somatic mutations than founders (means per GC ranging
from 1.7 to 4.8 nt among invaders and 11.1 to 17.8 nt among
founders) (Figure 4G). Clonal trees drawn from expanded
clones (Figure 4H) showed frequent large clonal expansions
(“clonal bursts”?°) at several points in both founder and invader
clones, suggestive of active positive selection among both
populations (Figure 4H). Thus, clonal replacement is the result
of active competition between founders and invaders within
the same GC structure.

To verify this at the transcriptional level, we performed single-
cell RNA sequencing (scRNA-seq) on samples of invader and
founder clones (fate-mapped as in Figure 2A) obtained from
GCs at 8 wpi, as well as on 3 wpi controls. B cells segregated
transcriptionally into the typical clusters defined by GC zoning,
cell cycle, and selection for cyclic re-entry or export (Figures 41
and 4J; see Figures S4A-S4D for a full description). /g gene anal-
ysis revealed the expected decrease in clonal diversity with time
among founder clones. However, invader clones at 8 wpi were as
diverse as founder clones at 3 wpi, as expected if GC invasion is
polyclonal (Figure 4K). Cells from the three experimental groups
were evenly distributed in transcriptional space, with the excep-
tion of clusters 0 and 1 (assigned to G1-phase cells in the dark
and light zones, respectively), where segregation was evident
between B cells from the 3 and 8 wpi time points, but not be-
tween tdTomato* founder and tdTomato™ invader cells from
the 8 wpi cohort. Distribution of 8 wpi founders and invaders
across 8 of the 9 clusters was statistically indistinguishable,
including in clusters associated with positive selection, such as
cluster 6 (Myc), 7 (PB), and 8 (pre-MBC). tdTomato™ cells were
significantly enriched in cluster 4 (G2/M), possibly due to slightly
increased proliferative capacity among founders (Figure 4L). The
similarity between invaders and founders was confirmed by dif-
ferential gene expression, which revealed few significant
changes between tdTomato* and tdTomato™ cells (Figures 4M
and S4E). Notably, one of the genes upregulated in tdTomato™
B cells was Ccnd3, encoding for cyclin D3, a key driver of the
“inertial” mode of GC proliferation that drives clonal
bursting,”®?” again indicating that tdTomato* founder B cells
are actively undergoing positive selection during the invasion
period.

We conclude that clonal replacement is the result of polyclonal
invasion of GCs in which founder clones are still actively under-
going positive selection. Once invader clones enter a GC, they
closely resemble founders, both transcriptionally and in their
ability to undergo positive selection for clonal expansion and
post-GC differentiation. The observation that invasion pro-
gresses even in face of the slightly higher proliferative capacity
of founder clones suggests that clonal replacement involves a
combination of constant invasion by new B cells and positive
selection of assimilated invaders.

(I-M) scRNA-seq of GC B cells derived from infected mLNs of S1pr2-Tomato mice treated as in Figure 2A, sorted at 3 (tdTomato™ cells only) or 8 (tdTomato* and
tdTomato ™) wpi. Uniform manifold approximation and projection (UMAP) plots showing distribution of sequenced B cells colored by transcriptionally defined
cluster (I) or by time point/origin (J). (K) Distribution of clones according to size and time point/origin (L) Percentage of tdTomato* founder B cells in each
transcriptional cluster (as defined in I). Includes only cells 8 wpi. (M) Genes differentially expressed between tdTomato* founder and tdTomato ™~ invader B cells
(left) or between 3 and 8 wpi time points (right). The number of differentially expressed genes is indicated above each plot.
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B cell clones that invade long-lived GCs do not
detectably bind influenza antigens

Previous studies have shown that invasion of ongoing GCs by B
cells of the same antigenic specificity requires that invaders have
higher affinity for antigen than the founders.>* This is unlikely
to be the case in our system given that at the time of invasion,
founders have previously undergone substantial affinity matura-
tion. Alternatively, ongoing GC cells can be invaded by incoming
B cells with specificities other than those recognized by the
founder clones,?® irrespective of their affinity.

To distinguish between these possibilities, we performed
parabiosis on allelically distinct pairs of PR8-infected mice
(wild-type C57BL/6, and SJL) and measured HA specificity
among invader populations at 8 or 12 wpi by flow cytometry us-
ing HA tetramers. In both instances, substantial binding to HA
was detectable only in the founder but not the invader population
(Figures 5A-5C). This was also the case when only one of the
parabionts was infected (Figures S5A-S5C), ruling out that infre-
quent HA binding among invaders was due to depletion of the
HA-specific naive repertoire in the infected mouse in this setting.
Likewise, when S1pr2-Tomato mice were infected with SARS-
CoV-2, binding to spike protein was largely restricted to fate-
mapped founder cells at 8 wpi (Figures S5D and S5E). To
determine whether the same properties were true also for other
influenza antigens, we used single-GC B cell cultures®® to assay
the antibodies produced by founders and invaders against mul-
tiple proteins. We sorted founder and invader GC B cells from in-
fected and fate-mapped S1pr2-Tomato mice into 96-well plates
containing NB-21.2D9 feeder cells®® at 13 wpi (Figure 5D), plus
4-wpi founder populations as positive controls. We then
measured reactivity to three major influenza virus antigens—
HA, neuraminidase (NA) and nucleoprotein (NP)>°—for all
cultures yielding detectable levels of IgG. Influenza-reactive
supernatants were frequent among tdTomato* founder-derived
cultures both at 4 and 13 wpi (accounting for 71% and 46% of
IgG* wells, respectively). By contrast, far fewer (3.7%) of the
tdTomato™ supernatants assayed bound detectably to these an-
tigens (Figure 5D), in agreement with the near absence of HA-
binding cells from the invader population in flow cytometry
(Figures 5B and 5C). The remaining tdTomato™ binders could
in principle represent founder cells that failed to recombine the
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Rosa26'@™mat gjlgle in response to tamoxifen. To test for this,
we coupled fate-mapping with parabiosis to assay the specificity
of invader B cells strictly defined as arising from the naive para-
biont (Figure S5F). Although binding to influenza antigens was
detectable in 59% of tdTomato* founder cells at 13 wpi, it was
completely absent from the parabiont-derived (tdTomato™
CD45.1%) invader population at this time point (Figure S5G).

To rule out that the failure of invader B cell antibodies to bind
influenza was due to their early stage of affinity maturation, we
measured the reactivity of mAbs cloned specifically from invader
GC B cells showing strong evidence of positive selection at later
time points after infection. Using /g sequences obtained from
invader GC B cells sorted from the S1pr2-Tomato mice shown
in Figure 2D, we built phylogenetic trees for the most expanded
B cell clones found at different time points post-infection (Fig-
ure 5E), from which we generated 9 mAbs corresponding to
key clonal expansion points in the phylogeny (3, 1, and 5 mAbs
from 12, 16, and 24 wpi, respectively; Figure 5E). Despite origi-
nating from sequences likely to have undergone positive selec-
tion, 7 of 9 invader-derived antibodies failed to bind to any of
five influenza antigens tested (HA, NA, NP, M1, and NS1) (Fig-
ure 5F) or lysates of Madin-Darby canine kidney (MDCK) cells in-
fected with PR8 virus, as assayed by ELISA (Figure 5G). These
clones also failed to bind HA and NP in a highly sensitive bio-
layer interferometry (BLI) avidity-based assay in which Fabs
are immobilized on the sensor and then probed for binding to tet-
ramerized antigens (Figure S5H), an assay previously shown to
enable detection of very low affinity binding events.** Two
invader-derived antibodies (.04 and 1.06), taken from a clonal
burst with only few /ghv mutations cloned from 24 and 12 wpi,
respectively, showed reactivity at high concentrations to all influ-
enza proteins tested, as well as to PR8-infected MDCK lysates
(Figures 5F-5H). These antibodies also bound to non-infected
MDCK lysates and to antigens in the classic polyreactivity panel
(Figures 5G and 5H) and were thus classified as polyreactive
rather than influenza-specific. Further assaying of non-polyreac-
tive invader-derived antibodies for binding to a panel of common
autoantigens®' and fecal bacteria (as a representative of the im-
munostimulatory antigens present in the cage environment)
failed to reveal consistent binding patterns among invader-
derived antibodies (Figures S51 and S5J). Taken together, our

Figure 5. Invader B cells are not specific for influenza antigens
(A) Experimental setup.

(B) Representative flow cytometry plots showing the frequency of endogenous and parabiont-derived GC B cells that bind HA in mLNs of both mice at 8 (left) and

12 (right) wpi.
(C) Quantification of data as in (B).

(D) Binding of founder (tdTomato™) and invader (tdTomato ) GC B cells to influenza HA, NA, and NP antigens at 4 or 13 wpi. GC B cells were sorted from mLNs of
S1pr2-Tomato mice into 96-well plates for single-cell (Nojima) culture, and IgG* supernatants were assayed against influenza antigens by ELISA. Each bar
represents one IgG* culture. Data are pooled from two mice.

(E-H) Igs of expanded invader clones were sequenced and their encoded mAbs were produced for binding assays. (E) Phylogeny inferences based on Ighv
sequences for 3 selected clones. The arrowhead indicates the produced mAb. (F) Binding to different influenza antigens was assayed for 9 such mAbs at 100 nM.
(G and H) mAbs were titrated and incubated in the presence of PR8-infected cell lysate, uninfected cell lysate (negative control) (G), and panels of influenza (HA,
NA, NP, M1, and NS1) and polyreactivity (dsDNA, ssDNA, insulin, keyhole limpet hemocyanin [KLH], and lipopolysaccharide — LPS) antigens (H). For polyreactivity
assays, mAbs ED38 and MG053 were included as positive and negative controls, respectively.

(I) Experimental setup.

(J) Flow cytometry plots showing absence of invasion by mutant (CD45.2) B cells in the mLN of the infected CD45.1 mouse. Data from multiple mice are quantified
to the right of each flow cytometry plot.

Data representative of at least three independent experiments on biological replicates (at least 2 parabiotic pairs per experiment).
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(A) Phylogeny inferences based on Ighv sequences of 14 selected founder clones present in the mediastinal GC 24 weeks post infection.
(B) mAbs derived from founder clones were assayed for binding to recombinant PR8 influenza proteins by ELISA. Shown are the Abs. 450 nm values for each mAb

assayed at 100 nM.

(C) ELISA titration curves for mAb F.01 binding to recombinant influenza proteins.
(D) ELISA titration curves for mAbs F.01, F.07, and F.09 binding to antigens of the polyreactivity panel. mAbs ED38 and MGO053 were included as positive and

negative controls, respectively.

(E) Bio-layer interferometry for Fabs F.01, F.07, and F.09 binding to NP, assayed at concentrations of 20, 40, 80, and 160 nM of Fab. Affinities are average of four
measurements fitted globally at 20-160 nM range. The off rate of Fab F.09 was below the detection limit of the assay.
Results are medians of technical triplicates and are representative of two independent experiments (B-D).

reactivity data suggest that invader clones are most likely spe-
cific for antigens other than those of influenza, although we
cannot exclude extremely low affinity binding or specificity to-
ward cryptic forms of influenza antigens not detectable using re-
combinant proteins.?®

To rule out that GC invasion results from stochastic recruit-
ment of B cells, regardless of their specificity, we parabiotically
joined influenza-infected wild-type mice with either one of two

140 Cell 186, 131-146, January 5, 2023

strains of mice with restricted or no B cell receptor (BCR) spec-
ificity. First, we used the MD-4 strain (Figures 51 and 5J), in which
>95% of cells express a BCR specific for hen egg lysozyme
(HEL).>* Second, we used Dy-latent membrane protein
2A (LMP2A) mice (Figures 51 and 5J), in which the Igh D seg-
ments are replaced by latent membrane protein 2A (LMP2A) of
Epstein-Barr virus, mimicking downstream BCR signals.
Although these mice lack BCR expression, B cells expressing
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Figure 7. Late founder-derived memory B cells from LLGCs contribute to recall responses

(A) Experimental setup.

(B) Expected abundance and sequence-level phenotypes of founder and invader GC B cells labeled by tamoxifen treatment at 12 wpi. MBCs, memory B cells.
(C and D) Representative flow cytometry plots showing frequency of total PBs (CD138", gated on total TCR-B~ LN cells) and fate-mapped PBs (tdTomato™, gated
on CD138" cells) in pLNs boosted with NP (C) or HA (D) in PR8-infected mice pulsed with tamoxifen at early (W2FM) or late (W12FM) time points after infection,
compared with age-matched non-infected controls fate mapped at the late time point. Graphs on the right show pooled data from 2 independent experiments.
Each symbol is one mouse, line represents the median.

(legend continued on next page)
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LMP2A can develop, mature, and enter GCs, especially in gut-
associated lymphoid organs.®® In both cases, invader B cells
were almost completely absent from the mLN GCs of the wild-
type infected mouse at a time when substantial chimerism is
observed when a wild-type naive partner is used (Figure 5J).
As with naive partners, a large fraction of Tth cells was para-
biont-derived at this time point, indicative of successful chime-
rism (Figure 5J). We conclude that invasion of long-lived influ-
enza-induced GCs is dependent on BCR sequence and is
therefore not due to stochastic recruitment of bystander B cells.

Together, our data suggest a model in which late-stage clonal
replacement is driven by entry into ongoing GCs of naive B cells
that, although not detectably specific for influenza antigens, are
still recruited in a BCR-dependent fashion. Invasion and eventual
takeover of influenza-induced LLGCs by naive-derived B cell
clones is therefore unlikely to involve affinity-dependent compe-
tition for binding to the same antigenic determinants recognized
by GC founders®* but more likely reflects a shift in the antigenic
specificity of the entire GC.**

Long-term retention of influenza-specific GC B cells can
lead to extensive affinity maturation

Despite progressive clonal replacement, minor but clear popu-
lations of fate-mapped B cells were still present in GCs as late
as 24 wpi (Figure 2C). To gain insight into the nature of these
cells, we searched the sequences of fate-mapped B cells at
24 wpi for expanded clones and built clonal phylogenies from
their Ighv sequences (Figure 6A). We then selected 14
observed or inferred clonal burst points, from which we pro-
duced mAbs for affinity and specificity measurements. Three
of the 14 clones assayed bound to lysates of influenza-infected
MDCK cells by ELISA (Figure S5K). Two of these clones (F.07
and F.09) exclusively bound NP among our panel of recombi-
nant influenza proteins (Figures 6B and S5L). On the other
hand, clone F.01 bound to all influenza antigens assayed,
although reactivity toward NP was detectable at 100-fold lower
mAb concentrations than reactivity to the other proteins (Fig-
ure 6C, S5K, and S5L), suggesting that this clone is in fact
NP specific. Clone F.01 also bound to all antigens of the classic
polyreactivity panel (Figure 6D). Milder polyreactivity, directed
primarily toward nucleic acids, was also observed for clone
F.07. Both antibodies also bound lysates from uninfected
MDCK cells (Figure S5K). Average Fab Kp values for the
three-NP-binding mAbs ranged from 1.9 x 1078 for clone
F.01 to <1.3 x 107'° M for clone F.09, which had an off rate
longer than the limit of detection of our assay (Figure 6E). Taken
together, these data indicate that long-term permanence in
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GCs can lead to a high degree of SHM and affinity maturation,
potentially at the cost of acquiring polyreactivity.**

Founder-derived B cells in LLGCs contribute
significantly to recall responses

The finding that founder clones can remain in LLGCs for
extended periods prompted us to investigate the extent to
which these clones contribute to recall responses. To this
end, we fate-mapped GC B cells in PR8-infected S1pr2-
Tomato mice at either 2 wpi (W2FM) or 12 wpi (W12FM),
allowed fate-mapped GCs to export memory B cells until 16
wpi, then challenged these mice in the footpad with either re-
combinant NP or HA. We then measured plasmablast (PB) dif-
ferentiation in the popliteal (p)LN 6 days later (Figures 7A and
7B). Fate-mapping resulted in the expected proportions of
tdTomato* GC B cells in the mLN at the endpoint (Figure S6).
Boosting generated similar amounts of pLN PBs in both fate-
mapping regimens (Figures 7C and 7D). A substantial propor-
tion (~20% or more) of PBs were fate-mapped in 3 of 4 and
1 of 4 NP- and HA-immunized pLN of W12FM mice, respec-
tively. As expected, this proportion was somewhat lower than
that obtained in W2FM mice (where mLN GCs exported mem-
ory B cells [MBCs] for an additional 10 weeks), but much higher
than in control, age-matched uninfected (naive) mice given
tamoxifen 4 weeks prior to boosting. To determine the origin
of the fate-mapped PBs (Figure 7B), we sequenced the Ig
genes of tdTomato~ and tdTomato®™ PBs from the four
W12FM pLNs with high PB fate-mapping. In general, recalled
fate-mapped clones were substantially mutated (median of
mean mutations per clone ranging from 7 to 16 Ighv nt in
each boosted LN, higher than the value observed among
non-fate-mapped clones; Figure 7E), suggestive of founder
rather than invader origin. More importantly, 11 of 18 highly
expanded tdTomato™ clones (defined as clones representing
>5% of that population) had clonal relatives in the tdTomato™
population that were on average less mutated than their fate-
mapped counterparts (Figures 7F-7H), suggesting that these
clones were expanded prior to fate-mapping. Because the
detection of both fate-mapped and non-fate-mapped progeny
of the same clone is subject to statistical fluctuation, given
the limited number of MBCs that generate the recall PB
response,’® 11 of 18 represents a lower bound in the propor-
tion of tdTomato* clones with tdTomato™ relatives. Therefore,
most tdTomato* PBs are likely the progeny of founder clones
exported as MBCs between 12 and 16 weeks post-immuniza-
tion. Taken together, our findings indicate that founder clones
in LLGCs continue to be an important source of recallable

(E) Mean Ighv SHM loads of tdTomato ™ and tdTomato™ B cell clones sorted from pLN of NP or HA W12FM mice at 6 days post-boosting. Only pLN with substantial
recruitment of fate-mapped B cells were analyzed. Data are from 4 mice from 2 independent experiments. Each symbol represents the mean SHM load of one

clonal family. p values are for Student’s t test.

(F) Pie charts showing clonal distribution of tdTomato* PBs as in (E). Highly expanded clones (representing >5% of sequenced cells in the compartment) are
colored by whether or not sister cells bearing the same V(D)J rearrangement were identified in the non-fate-mapped PB compartment in the same node (not
shown). Clones representing <5% of all cells are in dark gray. Numbers in the center of pies are number of clones/total cells sequenced. Roman numerals

represent clones for which phylogenies are shown in (G).

(G) Clonal phylogenies for clones indicated in (F). Gray and red circles indicate sequences obtained from tdTomato™ and tdTomato™ cells, respectively. Identical

sequences found in both compartments are represented as pie charts.

(H) Mean Ighv SHM load in tdTomato™ and tdTomato* members of the same clone, obtained from clones with at least 5 cells from W12FM mice. p value is for

paired Student’s t test.
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MBCs despite substantial clonal replacement, well into the 4%
month of the influenza response.

DISCUSSION

Certain viral infections in mice are notorious for their ability to
induce GC structures that persist for several months.'>'":"°
We show that rather than consisting of long-lived B cell clones,
LLGCs primed by influenza and SARS-CoV-2 infection are
maintained primarily by constant replacement of older clones
by incoming naive B cells. In this sense, acutely induced but
LLGCs resemble the truly chronic structures present in gut-
associated lymphoid tissues and in autoimmune disease
models, where turnover is expected, given the complex dy-
namics of the antigen source and the possibility of epitope
spreading.®>*® The finding that at least a fraction of invader
clones accumulates somatic mutations and undergoes positive
selection over time indicates that, as with gut-associated and
autoimmune GCs, invader clones become active participants
in the affinity maturation process, potentially shaping the evolu-
tion of founder clones themselves. On a global level, the
outcome of clonal replacement is that average SHM levels in
LLGCs fail to increase progressively and in fact decrease
slightly over time in later months. Our finding that founder
and invader clones appear to be competing within the same
GCs, as evidenced both by clonal tree topologies and single-
cell transcriptomic profiles, suggests that the founder
response, rather than passively contracting, might be actively
curtailed by clonal replacement. If this is the case, B cell inva-
sion would be limiting the ability of LLGCs to produce B cells
with high SHM loads.

Previous mechanistic studies where ongoing GCs are
manipulated in various ways have set forth general rules for
GC invasion. B cells specific for the antigen driving the
ongoing GC have a short window of time to enter GCs during
their formation. Late arrivers are allowed entry if they have
higher affinity than the cells currently in the GC or if they are
previously pulsed with antigen ex vivo in immunization
models.”**” High-affinity monoclonal B cells are allowed entry
into GCs in lymphocytic choriomeningitis virus (LCMV)-in-
fected mice when transferred at 20 days post infection, with
greater participation in mice infected with the more persistent
LCMV clone 13 than with the short-lived Armstrong strain,
suggesting higher local concentrations of antigen may favor
such early invasion.®® On the other hand, sequential immuni-
zation with different antigens allows abundant invasion of
ongoing GCs independently of the invader’s affinity,”® pre-
sumably because in this setting founder and invader B cells
do not compete for the same Tfh cells. We show that GC inva-
sion is highly polyclonal and therefore unlikely to derive from
massive expansion of rare naive clones with higher affinity
than the previously matured B cells already present in the
GC. More importantly, the B cells that invade influenza-
induced LLGCs failed to bind to recombinant influenza anti-
gens, even when antibodies are produced from strongly posi-
tively selected invader clones and antigens are multimerized,
arguing for a mechanism distinct from that observed in
LCMV infection.®® One possible explanation is that late in-
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vaders bind cryptic forms of viral antigens not captured by re-
combinant protein-based assays,’® potentially because
ingress of B cell clones binding well-formed antigens is in-
hibited by antibody mediated feedback.®® Another interpreta-
tion is that late-GC invaders, rather than having higher affinity
than founders, are driven by a separate GC reaction of
different specificity taking place within the same GC structure.
Our finding that Tfh cells also turn over substantially at later
time points (Figure S3) provides additional support to the latter
model.

mADbs cloned from positively selected invader B cells did not
consistently bind common self-antigens and uninfected cell ly-
sates. Therefore, invaders do not appear to be specific for self-
antigens, as shown, for example, in GC B cells elicited by zika
virus infection.’® Because the respiratory mucosa is exposed to
microbial antigens both from the environment (which, in normal
mouse housing conditions is rich in mouse fecal bacteria) and
derived from respiratory tract-resident commensals,*"**> one
possibility is that invader clones could be specific for microbial
products. Screening of invader-derived antibodies against gut
microbiota® produced negative results; however, one cannot
rule out specificity toward microbial antigens exclusively pre-
sent on respiratory-tract commensals or other environmental
antigens (e.g., from food or bedding) to which the lung mucosa
is exposed and that may drain into the mLN. If this is the case,
a potential explanation for the larger size of post-infection GCs
compared with the spontaneous reactions found in unimmu-
nized mice of the same age'® is that an ongoing GC reaction
to viral antigens could facilitate access of environmental anti-
gen-specific B cells to previously formed GC structures, per-
forming an adjuvant-like function for non-influenza-specific
GC B cells.

Despite extensive replacement, a small number of founder B
cell clones persisted in GCs for up to 24 weeks, accumulating
dozens of somatic mutations over several months. Some of
these cells were found to bind strongly to influenza antigens,
with Kps in the order of 10 nM to <100 pM and extremely
long off rates. Importantly, these clones are capable of export-
ing MBCs that are usable in recall responses to isolated viral
antigens. This finding is in agreement with a previous report
that used nucleotide pulsing to show that influenza-induced
GCs export HA-binding MBCs between 7 and 12.5 wpi,
although these kinetics only partly overlap with our definition
of a late GC (>12 wpi).'® Therefore, despite pronounced clonal
turnover, LLGCs still have the potential to generate recallable
MBCs with extreme degrees of SHM and affinity maturation.
Further understanding of the extent to which clonal turnover
impairs or potentially even contributes to these long evolu-
tionary trajectories may improve our ability to generate such
exceptional clones at higher frequencies.

Limitations of the study

We were unable to determine the antigenic specificity of invader
B cell clones and therefore cannot rule out that invader B cell
clones may be specific for cryptic forms of influenza antigens
(e.g., misfolded proteins or proteolytic degradation products)
not represented in our ELISA or BLI assays using recombinant
proteins. Such “dark antigen” has been proposed as a potential
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trigger for the non-antigen binding clones that are frequently de-
tected in acute immunization-induced GCs?® and represents a
general caveat of studies of polyclonal immune responses.*
Moreover, the unavailability of experimental approaches to pre-
vent GC invasion prevented us from directly testing the hypoth-
esis that clonal replacement inhibits accumulation of founders
with high SHM. Future development of genetic or other strate-
gies to prevent invasion will be required to address this question.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Anti-Mo TCR beta, eBioscience™ Invitrogen 47-5961-82
BV 650 anti-mouse CD138 (Syndecan-1) BioLegend 142517
BV 785 anti-mouse/human CD45R/B220 BioLegend 103246
PE-Cy7 Hamster Anti-Mouse CD95 BD Biosciences 557653
Anti-Mouse CD38 APC Invitrogen 17-0381-82
AlexaFluor ® 700 anti-mouse/human CD45.1 BioLegend 110724
APC/Cy7 anti-mouse CD45.1 BioLegend 110715
BV421 anti-mouse CD45.1 BioLegend 110731
BV 605 anti-mouse CD45.2 BioLegend 109841
BV 785 ™ anti-mouse CD45.2 BioLegend 109839
PE/Cy7 anti-mouse CD45.2 BioLegend 109830
APC anti-mouse CD279 (PD-1) BioLegend 135210
PE/Cy7 anti-mouse CD279 (PD-1) BioLegend 109110
BV 650 anti-mouse CD185 (CXCRS5) BioLegend 145517
Bacterial and virus strains
Influenza PR8 Michael Carroll, Harvard N/A

Medical School
SARS-CoV-2 MA10 Dinnon et al. *? N/A
Chemicals, peptides, and recombinant proteins
Alhydrogel 2% InvivoGen vac-alu-250
HA-biotinylated tetramer Victora Lab N/A
Nucleoprotein (NP) SinoBiological 11675-V08B
Spike-biotinylated tetramer Sino Biological 40592-V27B-B
BB515 Streptavidin BD Biosciences 564453
PerCP Streptavidin BioLegend 405213
Anti-Human Fab-CH1 2" Generation (FAB2G) ForteBio 18-5125
EZ-Link™ Sulfo NHS-LC-LC-Biotin, No-Weigh™ Format ~ Thermo Scientific A35358
TCL Buffer QIAGEN 1031576
2-Mercaptoethanol Thermo Fisher Scientific 21985023
Tamoxifen Sigma-Aldrich T5648-5G
Corn ol Sigma-Aldrich C8267-500ML
Bovine Serum Albumin (BSA) Sigma-Aldrich A9647-500G
FreeStyle 293 Expression Medium Thermo Fisher Scientific 12338026
OptiPRO SFM Medium Thermo Fisher Scientific 12309019
Meloxicam Patterson Veterinary 26637-621-0
Critical commercial assays
High Precision Streptavidin (SAX) Dip and Read™ ForteBio 18-5118
Biosensors
Agencourt RNAClean XP kit Beckman Coulter AB3987
Zeba desalting column purification Thermo Fisher Scientific =~ 89883
RT maxima reverse transcriptase Thermo Fisher Scientific EPO753
MiSeq Reagent Nano Kit v2 (500-cycles) lllumina MS-103-1003
Protein G Sepharose 4 Fast Flow GE Healthcare 17-0618-01
Ni Sepharose Excel GE Healthcare 17371201

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Deposited data

scRNAseq data This paper GEO: GSE218165

Experimental models: Cell lines

Human Freestyle 293F cell ThermoFisher R79007
NB-21.2D9 cell Kuraoka et al. *® N/A
Experimental models: Organisms/strains

C57BL/6J mice JacksonLabs 000664
B6.SJL-Ptprc?® Pepc®/BoyJ JacksonLabs 002014
B6.Cg-Gt(ROSA)26Sor' ™! 4(CAG-tdTomatojHze Madisen et al.** N/A
C57BL/6-Tg(Aicda/EGFP)1Rcas/J Crouch et al.*® N/A
C57BL/6-(Tg(IgheIMD4)4Ccg/J Goodnow et al.** N/A
Tg(UBC-PA-GFP)1Mnz/J Victora et al.® N/A
S1proCreERT2 Shinnakasu et al. *° N/A
Ight-MP2A Casola et al. *° N/A
Software and algorithms

FlowJo Tree Star software FlowJo LLC https://www.flowjo.com/solutions/flowjo/downloads

GraphPad Prism 8.0

GraphPad Software

https://www.graphpad.com/scientific-software/prism/

Adobe lllustrator Adobe lllustrator (Ai) https://www.adobe.com/products/illustrator.html

RESOURCE AVAILABILITY

Lead contact
Further information and request for resources and any reagents should be directly fulfilled by Gabriel D. Victora (victora@rockefeller.
edu), lead contact of this study.

Materials availability
Antibodies, reagents, and mouse strains used in this study can be requested from the lead contact.

Data and code availability
scRNA-seq datasets are available from Gene Expression Omnibus (GEO), under ID GSE218165. 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

Experimental mice

All mice used in this study were held under specific pathogen-free conditions at the Rockefeller University Comparative for Biosciences
Center. All experimental procedures were approved by the Rockefeller University’s Institutional Animal Care and Use Committee. Wild-
type C57BL/6J, B6 CD45.1 (B6.SJL-Ptorc® Pepc®/BoyJ), Rosa265oP-tdTomate (B Cq-Gt(ROSA)26Sor ™1 4(CAG-tdTomatolHze, ) 44 AID_GFP
transgenic (C57BL/6-Tg(Aicda/EGFP)1Rcas/J)**; and MD-4 BCR transgenic C57BL/6-(Tg(IlghelMD4)4Ccg/J)** mice were obtained
from The Jackson Laboratory. PA-GFP transgenic mice (Tg(UBC-PA-GFP)1Mnz/J)° were generated and maintained at the Rockefeller
University. S1pr2°"ER™2 BAC-transgenic mice®° were generated and kindly provided by T. Kurosaki and T. Okada (Osaka University and
RIKEN-Yokohama). Dy-LMP2A (Igh-MP?4) mice®® were generated by K. Rajewsky (Max Delbriick Center for Molecular Medicine, Ger-
many) and backcrossed into the C57BL/6 background and kindly provided by M. lannacone (San Raffaele Research Institute, Italy). Mice
used in this study were female and male adults ranging from 8 to 12 weeks-old.

Cell lines

The human Freestyle 293F cell line was used to produce recombinant antibodies and Fabs. Human Freestyle 293F cells were grown
in FreeStyle 293 Expression Medium at 37°C, 8% CO2 and 135RPM. The NB-21.2D9 cell line used for single GC B cell cultures was
kindly provided by Garnett Kelsoe.”® NB-21.2D9 cells were grown in OptiMEM (Invitrogen) supplemented with 10% HyClone FBS
(Thermo), 10 mM HEPES, 2mM L-glutamine, 1 mM sodium pyruvate, 50 pM 2-mercaptoethanol, 100 pg/ml penicillin, 100 pg/ml
streptomycin, 1 mM vitamins, and 1 mM non-essential amino acids (all from Invitrogen) at 37°C and 5% CO2.
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METHOD DETAILS

Infection models and fate-mapping

Animals were anesthetized with ketamine/xylazine diluted in sterile PBS 1X (Gibco, Inc.) and infected intranasally with 33 PFU of
mouse-adapted influenza PR8 virus (provided by M. Carroll, Harvard Medical School). For SARS-CoV-2 infection, anesthetized
mice were given 3x10® PFU of mouse-adapted SARS-CoV-2 intranasally, as previously described.”” Fate-mapping of GCs in
S1pr2-Tomato mice was carried out by intragastric administration of a single 2.5 mg dose of tamoxifen citrate (Sigma Aldrich) diluted
in corn oil. Immunizations were carried out in the hind footpads using 5 ng of recombinant HA and NP diluted in 1/3 volume of
alhydrogel (InvivoGen). All experiments were performed according to institutional guidelines and were approved by the Rockefeller
University institutional animal care and use committee (Protocol number 19033-H).

Parabiosis

Infected mice were fate-mapped (whenever S1pr2-Tomato was used) at week 2 after infection, and joined parabiotically to a naive or
infected mouse at 4 weeks after infection. Parabiosis surgeries were performed as previously described.*®* Briefly, anesthesia was
induced with isoflurane (1.5%-2%), after which incisions spanning 2 inches were made longitudinally along one flank of each mouse,
from the elbow to the knee. Mice were sutured together by the femurs and humeri, and sutures and wound clips were used to join the
skin. For analgesia, both Buprenorphine (0.1 mg/kg) and Meloxicam (2 mg/kg) were administered subcutaneously immediately prior
to surgery and 24 and 48 h after surgery. At different time points after the surgery, pairs were sacrificed and the draining mediastinal
LN was harvested for various readouts. Mice displaying less than 30% naive B cell chimerism at the time point of interest were
excluded from the analysis.

Multiphoton imaging of mLNs

Mediastinal LNs (mLNs) were harvested at least 8 weeks after initial infection and detached from adipose tissue with the aid of a
dissecting microscope. Nodes were then placed in PBS between two coverslips sealed together with vacuum grease. The tissue
was kept on a cooled metal block throughout the preparation and during the imaging. Multiphoton imaging was performed as
described,?® using an Olympus FV1000 upright microscope fitted with a 25X 1.05NA Plan water-immersion objective and a Mai-
Tai DeepSee Ti-Sapphire laser (Spectraphysics). For labeling FDC networks in vivo, 10 pg of an anti-CD35 antibody (clone 8C12) con-
jugated to Alexa-633 was administered intravenously 24-48 hours before imaging. LN tissues isolated from S1pr2-Tomato mice were
imaged at | = 930 nm for tdTomato. To sort cells from single GCs, we performed photoactivation on PAGFP-transgenic mice crossed
to S1praCreERT2+RosgopStor-tdTomate a5 previously described. Briefly, clusters of tdTomato* cells were identified by imaging at
A = 1000 nm, at which no photoactivation is observed, and 3D regions of interest were photoactivated by higher-power scanning
at A =830 nm.

Flow cytometry and cell sorting

For flow cytometry and cell sorting, disposable micropestles (Axygen) were used to mechanically disassociate LNs into cell suspen-
sions. Cells from each tissue were resuspended in PBE 1X (PBS supplemented with 0.5% BSA + 1 mM EDTA) and incubated for
30 min on ice with fluorescently-labeled antibodies described in the key resources table. Cells were filtered and washed with PBE
again before analysis on BD FACS LSR Il or FACS Symphony cytometers and sorting on FACS ARIA |l cytometers. Analyses
were performed using FlowJo v. 10 software.

Single-GC B cell cultures

NB-21.2D9 feeder cells expressing CD40L, BAFF, and IL-2122 (kindly provided by Garnett Kelsoe, Duke University) were seeded the
day before B cell sorting into 96-well round-bottom plates (Corning) at 2,500 cells/well. On the day of single GC B cell sorting, cultures
were supplemented with 4 ng/ml of recombinant IL-4 (R&D Systems) and Salmonella typhimurium LPS (Sigma-Aldrich). Supernatants
were harvested on day 7 of culture.

Ig sequencing at single-cell level

Single GC B cells were index-sorted into 96-well plates containing 5 ml TCL buffer (QIAGEN) supplemented with 1% B-mercaptoe-
thanol. SPRI beads were used to extract nucleic acids as previously described.?>*® RT maxima reverse transcriptase (Thermo
Scientific) with oligo(dT) as a primer was used for reverse-transcription into cDNA. A forward primer mix comprising of consensus
sequences for all V-regions and reverse primers for each isotype was used to PCR amplify Igh genes. To confirm clonality or for anti-
body production, Igk genes were amplified separately where needed. Afterwards, 5-nucleotide barcodes were introduced by PCR to
label Ig-sequences with plate- and well-specific barcodes. The forward and reverse primers contained barcodes to identify the plate
and row number, and barcodes to identify the column position, respectively (adapted from Han et al., 2014°°). A final PCR step was
performed to incorporate lllumina paired-end sequencing adapters into single-well amplicons. PCR-products from all plates were
pooled together and subsequently cleaned-up using a 0.7x volume ratio of SPRI beads. Sequencing was performed on the lllumina
Miseq platform with a 500-cycle Reagent Nano kit v2 as per the manufacturer’s instructions. Primer sequences are provided
separately.
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Analysis of sequencing data

PandaSeq was used to assemble paired-end sequences®® and processing was performed with the FASTX toolkit. Barcode
sequences were used to assign the resulting demultiplexed and collapsed reads to their respective plates and wells. High-count
sequences were analyzed for every single cell/well. To determine the V(D)J arrangements and the number of somatic mutations
compared to putative germline precursors, Ig heavy chain and Ig light sequences were aligned to the online databases (IMGT®’;
Vbase2°?). Sequences that shared VH/JH genes, had the same CDR3 lengths, and contained at least 75% CDR3 nucleotide identity
were grouped and classified automatically into clonal lineages. Manual curation was performed based on features including V-region
SHM patterns and stretches of mismatches at the junctional regions, resulted in further joining of sequences deemed to belong to the
same clone, but which fell below 75% CDR3 nucleotide identity. For the few clones in which a rearranged Igh gene was not detected,
the Igk sequence was used to establish clonality. Only cells with productively rearranged Igh genes were used for VH mutation an-
alyses. GCtree®® was used to infer clonal lineage trees, with the unmutated V gene sequence of the V(D)J clonal rearrangement used
for outgroup rooting. All sequencing data used in this study can be found in Table S1.

scRNA-seq library preparation and analysis

Total GC B cells were sorted, counted for viability, and immediately subjected to library preparation. We produced gene expression
and BCR single-cell libraries using the 10X Chromium Single Cell 5’ and V(D)J Enrichment, according to the manufacturer’s instruc-
tions at the Genomics core of Rockefeller University. The scRNA and BCRseq libraries were sequenced on the lllumina NextSeq500
platform. The sequencing yielded 558 million reads with an average of 194,452 reads per cell using read lengths of R1: 26 bp [16bp
cell barcode:10bp Unique Molecular Identifier (UMI)], R2: 57 bp read 2. In addition, single-cell BCR libraries yielded an average
sequencing depth of 32,626 reads per cell using read lengths of 151 bp read 1 and 151 bp read 2.

We used hashtag oligonucleotides (HTOs) to pool different biological samples into the same sequencing run. Each sample was
stained with one unique HTO (BioLegend, San Diego, USA): HTO1 (M1/42; 30-F11, 155801), HTO2 (M1/42; 30-F11, 155803),
HTOS3 (M1/42; 30-F11, 155805), HTO4 (M1/42; 30-F11, 155807), and biotinylated anti-CD45.2 (clone 104) followed by streptavidin
(405273).

Raw fastq files from our 10X libraries were processed with Cellranger count (v6.2.0). To identify fate-mapped cells from the
sequence data, we used a customized mouse genome (mm39) that included the “Ai9” Rosa26'T° ™% targeting plasmid sequence
(Addgene plasmid #22799) as an artificial chromosome with the tdTomato and stop cassette sequences annotated as features to
identify fate-mapped and non-fate-mapped cells, respectively. Quality control was performed by removing cells with high (> 10%)
mitochondrial UMI content. Cells expressing either zero or more than one hashtag were removed from analyses. Additionally, we
removed cells that contained both tdTomato and stop cassette counts. The BCR contig assembly and annotation were performed
with the Cellranger vdj workflow from 10X Genomics. BCR clones were characterized by having identical V, (D), J, and CDRS3 lengths
for the paired Igh and Igk/Igl chains. Clones with a missing chain were considered part of a clonal group when matching 100% of its
chain to the clone Igk and Igk/Igl pair.

The matrix of UMI counts was normalized by applying a regression model with a negative binomial distribution, available through
the SCTransform function in the Seurat (v41.0) package.®* The top 3000 variable genes were first used for dimensional reduction by
PCA using the scaled data. The first 20 principal components were further used for visualization using the Manifold Approximation
and Projection (UMAP) and cell clustering.’**> The Wilcoxon rank-sum test was used to detect significant gene markers between
groups. P-values were adjusted for multiple testing using the Bonferroni correction method. Genes with adjusted p-values of less
than 0.05 were considered downstream analysis. Gene signatures were scored by using the AddModuleScore available by the
Seurat package. For the cell cycle signature, gene sets for the S and G2M phases®® were used to define cycling, and cells that
did not score in at least one set were marked as in the G1 phase.

Monoclonal antibody production and binding measurements

mAb Heavy and light chain sequences were synthesized and assembled into Ig production plasmids by Twist Biosciences. 293F cells
were transfected with plasmids, and mAbs and Fabs (his-tagged) were purified using protein-G or Ni-NTA (both from Cytiva) affinity
chromatography, respectively, as described previously.?® Bio-layer interferometry (BLI) was performed on an Octet RED96 instru-
ment (ForteBio) to determine affinities of Fabs bound to influenza NP. Briefly, NP (Sino biological) was biotinylated at a 1:1 molar
coupling ratio as per the manufacturer’s instructions (EZ-link Sulfo NHS-LC-LC-Biotin, Thermo Fisher). NP was loaded onto High
Precision Streptavidin (SAX) Biosensors (ForteBio) until binding reached 1 nm. Association was measured by submerging sensors
into wells containing Fabs (160 nM —5 nM in PBS 0.1%BSA/0.02%Tween 20) for 400s. Disassociation was measured by transferring
sensors into buffer solution without analyte for 500s. Kp values were determined using the global fit 1:1 binding algorithm provided
with the Octet data analysis software. For avidity measurements of invader clones, influenza antigens were biotinylated at a 1:1 molar
coupling ratio as per manufacturer’s instructions (EZ-link Sulfo NHS-LC-LC-Biotin, Thermo Fisher). For tetramerization, biotinylated
antigens were incubated with streptavidin at a 4:1 antigen:streptavidin molar ratio for 30 minutes at room temperature. 10 ug/ml of
each mAb was loaded onto anti-human Fab-CH1 2" Generation (FAB2G) Biosensors (ForteBio). Association was measured by sub-
merging sensors into wells containing 10 ng/ml of monomeric or tetrameric antigen for 120 s. Disassociation was measured by trans-
ferring sensors into buffer solution for 120 s.
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Preparation of fecal bacteria for ELISA

5-10 pellets of feces were collected fresh from B6 mice and immediately placed in Eppendorf tubes onice. Pellets were mashed with
a pestle into ice-cold PBS. The resulting suspension was spun at 500 XG, at 4C for 5 minutes. The supernatant was collected, topped
up with PBS, and spun at 4,000 XG for 15 minutes. The pellet was then resuspended in PBS. The fast spin was repeated three more
times, after which the resulting pellet was resuspended in 1 mI PBS. The concentration of bacteria was adjusted to reach an OD600 of
0.25. ELISA plates were coated with poly-L-lysine (diluted 1:10 in water) for at least 15 minutes at room temperature and washed 3x
with PBS. Plates were coated with an appropriate volume of bacteria overnight at 4C.

ELISA

Antibody binding was determined by ELISA as described previously.?® For single B cell culture supernatants, total Ig was assayed by
coating plates with goat anti-mouse Ig at 1 pg/ml (Southern Biotech). Influenza antigen specificity was screened by coating plates
with 5 pg/ml of recombinant PR8 HA, NP, NA, M1, and NS1. Polyreactivity was screened by coating plates with 10 pg/ml of LPS
(Sigma, L2637), dsDNA (Sigma), ssDNA, keyhole limpet hemocyanin (KLH) (Sigma, H8283), and 5 ug/ml of human insulin (Sigma,
19278). ssDNA was prepared by incubating dsDNA at 95C for 5 minutes. MDCK cell extracts were coated at 100 pg/ml of total protein,
as measured by BCA (Millipore, 71285-3). Coating reagents were incubated in PBS at 4°C overnight. Wells were blocked with 2%
BSA for 2 h at room temperature after 3 washes with PBS with 0.05% Tween20 (PBS-T). mAbs were diluted to the specified concen-
trations in PBS supplemented with 1% BSA and incubated in the wells for 2 h. For Ig from single GC B cell cultures, 30 pul of supernant
was added to each well. Wells were washed 4 times with PBS-T before incubation with anti-human IgG conjugated to horse radish
peroxidase (HRP) for 1 hr. ELISAs were developed with TMB (slow kinetic form, Sigma). Absorbance at 450 nm was measured on a
Fisher Scientific accuSkan FC plate reader.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical tests used to compare conditions are indicated in figure legends. Statistical analysis was carried out using GrahPad
Prism v.8. Flow cytometry analysis was carried out using FlowJo v.10 software. Graphs were plotted using Prism v.8 and GCtree,

and edited for appearance using Adobe lllustrator CS. Statistical details of experiments are provided in the results, figures and
corresponding figure legends.
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Figure S1. Standard gating strategy on germinal center B cells, related to Figure 1
Gating strategy for GC B cells used in Figure 1 and subsequent figures. Plots are from a mediastinal lymph node of a wild-type C57BL/6 mouse, 12 weeks post-

infection with PR8 influenza.
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Figure S2. Replacement of founder clones over time in influenza and SARS-CoV-2-primed LLGCs. related to Figure 2
(A) Additional S1pr2-Tomato mice analyzed in Figures 2F and 2G. Pie charts show clonal distribution of tdTomato* founder (red) and tdTomato invader (gray) B
cells sorted from GCs at different time points after influenza infection. Each slice represents one clone (defined as B cells with the same Igh VDJ rearrangement).
Gray and red numbers in the center of the pie charts denote how many invaders and founders were sequenced, respectively, when GC B cell samples were sorted
in an unbiased manner (thus the zero fate-mapped cells in some pie charts). Additional plates of rare fate-mapped GC B cells were sorted for late time points (16

and 24 wpi).

P <0.0001

(B and C) Representative flow cytometry plots from data presented in Figures 2K and 2L, showing frequency of GC B cells (FAS*CD38'°‘”) among total B
cells (B220%) (B) and frequency of fate-mapped B cells among all GC B cells (C) in the mLN of tamoxifen-pulsed S1pr2-Tomato mice at different time points

after SARS-CoV-2 infection.
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(A) Experimental setup.
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and non-GC B) and T cell compartments (Tfh and non-Tfh), was analyzed in the infected mouse (CD45.1/1), and the degree of chimerism in Th cells is shown as a

graph, in multiple pairs analyzed (C).
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Figure S4. Clonal and transcriptional characteristics of founder and invader B cells, related to Figure 4
(A-D) Biological interpretation of the clusters emerging from scRNA-seq data. We chose a resolution at which GC B cells could be resolved into 9 clusters defined
by GC zone, cell cycle stage (as assigned by transcriptional signature), and post-GC fates (A). Left, UMAP clustering (reproduced from Figure 41); right, inferred

(legend continued on next page)
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cell-cycle stage. (B) LZ cells expressed higher levels of Cd83 and were divided into clusters 1 (LZ G1) and 6 (Myc), corresponding to B cells prior to and following
positive selection, respectively. DZ cells expressed higher levels of Cxcr4. UMAP plots show expression of individual genes (Cd83, Cxcr4) and of a compound
signature of c-Myc targets (MYC1).°” (C) DZ B cells were divided into 4 clusters primarily driven by cell cycle stage. (D) Clusters 7 and 8 were enriched in cells
expressing Ccr6 (cluster 7) and Prdm1 and Irf4 (cluster 8), likely representing GC B cells en route to export as memory B cells and plasmablasts, respectively.
Cluster 5 contained a mixture of cells from different zones and in different stages of cell cycle. Lower detection of ribosomal protein-encoding mRNAs in this
cluster (not shown) is suggestive of a technical artifact of the method in this cluster.

(E) Heatmap showing genes differentially expressed between tdTomato™ founder and tdTomato™ invader B cells at 8 wpi.
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Figure S5. Binding characteristics of invader and founder B cells in LLGCs, related to Figures 5 and 6

A) Experimental setup.

B) Flow cytometry plots showing the frequency of endogenous and parabiont-derived GC B cells that bind HA in the naive (left) and infected (right) mLN.

C) Quantification of data as in (B).

D) Representative flow cytometry plots showing binding of fate-mapped and non-fate-mapped GC B cells to SARS-CoV-2 Spike protein at 8 wpi.

E) Quantification of data as in (D). Each pair of symbols represents one mouse. p value is for paired t test.

F) Experimental setup. An S1pr2-Tomato, CD45.2 mouse is infected with influenza, GC B cells are fate-mapped at 2 wpi, and this mouse is joined parabiotically to
a naive CD45.1 partner at 4 wpi. Cells from the infected mLN are then sorted for single-B cell culture.

(G) Binding of founder (tdTomato*CD45.2*) and invader (tdTomato CD45.1%) GC B cells to influenza HA, NA, and NP antigens 13 wpi. GC B cells were sorted
from the mLN of the S1pr2-Tomato parabiont into 96-well plates for single-cell (Nojima) culture, and IgG* supernatants were assayed against influenza antigens
by ELISA. Each bar represents one IgG* culture. Data are from one mouse.

(H) Bio-layer interferometry avidity assay to assess binding of invader mAbs to HA and NP (mid and lower graphs). Antibody valency is increased by loading mAbs
onto the biosensor (upper illustration, left). Antigen valency is increased by tetramerization with streptavidin (upper illustration, right). Anti-HA and anti-NP mAbs
are included as positive and negative controls.

(I) Heatmap showing reactivity of mAbs cloned from invader clones against common autoantigens grouped based on disease, along with DNA-associated
antigens and antigens associated with tissue inflammation or stress response (left). Prototype patient sera are shown as positive controls (right).

(J) ELISA titration curves for mAbs cloned from invader clones binding to fecal bacteria from B6 mice. mAbs Ed38 and MGO053 were included as positive and
negative controls, respectively.

(K) ELISA curves of mAbs cloned from founder clones binding to uninfected and PR8-infected MDCK cell lysates.

(L) ELISA curves for founder clone mAbs binding to a panel of influenza antigens (HA, NP, NA, M1 and NS1).
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Figure S6. Frequency of total GC and HA-specific B cells in mice fate-mapped at week 2 or 12 after infection, related to Figure 7
Representative flow cytometry plots showing frequency of GC B cells (FAS*CD38'°") among total B cells (B220*) and frequency of fate-mapped and HA-binding
B cells among all GC B cells in the mLN of tamoxifen-pulsed S1pr2-Tomato mice (as depicted in Figure 7A). Graphs on the right show pooled data from 2 in-
dependent experiments. Each symbol is one mouse, the line represents the mean.
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