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Summary

Long-lived plasma cells (PCs) secrete antibodies that can provide sustained immunity against
infection. It has been proposed that high affinity cells are preferentially selected into this
compartment, potentiating the immune response. Here we used single cell RNA-seq to track the

development of Ighg?A10

cells, specific for the Plasmodium falciparum circumsporozoite protein
(PfCSP) within the germinal center (GC). We identified cells differentiating into memory B cells
(MBC) or PCs and estimated their affinity by V(D)J sequencing. While pre-memory cells were of
lower affinity than GC B cells generally, the affinity of pre-PC cells was indistinguishable. Rather,
a larger proportion of cells differentiated into PCs in waning GCs. These later emigrants replaced

early arrivals in the bone marrow allowing the development of a high affinity PC compartment.
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Introduction

Following vaccination, antibody responses to many pathogens can be sustained for periods of
decades, in some cases conferring life-long protection against disease 2. Sustained antibody
production is maintained by long-lived Plasma Cells (PCs) which reside in multiple organs, but
notably the bone marrow (BM) and spleen **. BM PCs secrete high affinity antibodies that have
undergone a process of somatic hypermutation and selection called affinity maturation > . This
process takes place in structures called germinal centers (GC) where antigen specific B cells cycle
between the dark zone (DZ), the primary site of cell proliferation and the light zone (LZ) where B
cells encounter cognate antigen and obtain help from T cell . Cells that fail to bind antigen and
obtain T cell help will die facilitating a Darwinian selection process called affinity maturation. Cells
that survive make a fate choice between continuing to cycle in the GC or exiting as a Memory B

cell (MBC) or PC.

It has long been noticed that MBCs are generally of lower affinity than PCs !°. It has also been
shown that low affinity cells in the GC are preferentially selected into the MBC compartment 112,
PC formation requires T cell help and it is proposed that high affinity B cells obtain more antigen
for presentation on MHC, facilitating their differentiation into antibody secreting cells 1315,
However, paradoxically, access to stronger T cell help by high affinity cells also aids their recycling
into the DZ 6. Another model based on BrdU pulse-chase labelling of B cells proposes that longer
lived PCs in the BM are preferentially formed in the late GC !7. As late GCs contain more affinity
matured cells, this temporal switch model would not require the preferential differentiation of high
affinity GC cells into PCs. A recent study using tamoxifen lineage tracking mice challenged the
temporal switch model by showing that PCs emerge at a constant rate from the GC '8, However
similar lineage tracing experiments have proposed that early GC emigrants are replaced by later
emigrants, explaining why most long lived PCs derive from the late GC '*2°, To examine the role of
affinity in this process we tracked Igh#?A10 cells specific for the malaria vaccine antigen P.
falciparum circumsporozoite protein (PfCSP) by single cell RNA-seq in the GC. Transcriptomic
data allowed us to identify Pre-Memory cells (PreMem) and Pre-PCs (PrePC) among LZ B cells,

while BCR sequencing allowed us to estimate the affinity of these cells and thus understand the

relationship between affinity and cell fate choices in the GC.
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Results

82410 collg

Stochastic cell fate choice and stereotypic affinity maturation in Igh
Igh?A1% mice have the unmutated common ancestor (UCA) of the heavy chain of the 2A10 mAb,
specific for the PfCSP repeat domain knocked into the IgM locus 2!. Because the Igh#?A10 heavy
chain is free to pair with any light chain we reasoned we might detect populations in this mouse that
vary in their ability to bind to PCSP. In agreement with this we identified populations binding
high, intermediate, and low amounts of PfCSP probe relative to their IgM expression (Figure 1A).
Single cell BCR sequencing revealed that all PACSP-binding cells utilized the Igkvi0-94 gene,
which is also used by the 2A10 mAb 2223, However, in the different PACSP-binding populations this
Igkv gene was paired with Igkj2 (J2; high), Igkj2 (J1; intermediate) or Igkj4 (J4; low) genes
resulting in different aromatic amino acids being present at position LC 116 (Figure 1B). ELISA of
recombinant antibodies (rAbs) carrying each light chain confirmed that these changes resulted in

expected reductions in affinity compared to the 2A10 UCA (Figure 1C).

It has been proposed that high affinity cells preferentially become PCs, while GCs are formed from
cells with lower affinity, though others have suggested this initial fate choice is stochastic 226, To

test this hypothesis Ighg?A10

cells were transferred to mice which were subsequently immunized
with irradiated P. berghei sporozoites expressing PfCSP in place of their endogenous P. berghei
CSP molecule (PbPf-SPZ) ?’. Immunization with irradiated sporozoites is an established method for
generating sterilising immunity against malaria in mice and humans 242, Four days after
immunization, plasmablasts (PB), GC B cells, and early memory (EM) B cells were single cell
sorted and the light chains sequenced (Figure 1D). Overall, when cells were separated by cell fate
(x*>=11.3; df=9; p=0.25) or J chain use (x*=1.89; df=4; p=0.76) there was no clear difference in the

propensity to enter a particular cell fate (Figure 1E- F). Thus, our data are consistent with early cell

fate choices being largely stochastic.

To understand how Igh#>A10 cells mature in the GC we extended the earlier analysis to multiple time
points after immunization (Figure 1G). Our previous investigation of the 2A10 antibody showed
that most affinity maturation occurs in the LC so we focussed on this chain 2. At day 7 some cells
carried a C328T mutation that codes for a LC_L114F substitution (Figure S1A-B; Figure 1H). This
mutation was more common initially in J1 cells which had become rarer than at day 4, perhaps
because of greater selective pressure on these initially lower affinity cells (Figure 1H). By day 8 the

LC L114F mutation had swept through the GC and was found in ~80% of cells (Figure 1H). By
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106  day 21 an LC_Q106X substitution occurring in ~50% of GC B cells had become next most

107 common (Figure 1H). At this position multiple different changes were observed, notably

108 LC QI106R on the J1 light chain (15/30 mutated J1 chains), with LC_Q106K (22/75) or LC_Q106L
109  (18/75) on the J2 light chain (Figure S1A-B; Figure 1H). Competition ELISA of rAbs carrying

110  these mutations confirmed that these mutations resulted in progressively higher affinity for the

111 (NANP)o repeat (Figure 11). To precisely measure the effect of these mutations on BCR affinity we
112 generated antigen-binding fragments (Fabs) containing these mutations and measured binding to
113 PfCSP by surface plasmon resonance (SPR; Figure S1C). The SPR analysis revealed that the L114F
114  mutation on its own resulted in a modest (1.49-fold) increase in affinity over the J2 UCA.

115  Improvements in affinity due to the L114F substitution could not be determined in the J1 lineage
116  due to the negligible binding signals of the J1 UCA. Interestingly the C328T mutation occurs at a
117  WGCW super-hotspot for AID targeting *°, potentially explaining the rapid selective sweep of this
118  mutation despite a relatively small affinity advantage. Additional LC_Q106K/Q106R mutations
119  substantially enhanced affinity in both lineages, conferring a 65-fold increase in affinity to the

120  J2/L114F light chain and an 18.2-fold increase in affinity to the J1/L114F light chain respectively
121 (Figure 1J).

122

123 Single cell RNA sequencing allows the identification of PrePCs and PreMems within the GC.

124

125  Because we can see stereotypic selective sweeps occurring among GC B cells based on Ighg?A10
126  cells we exploited this feature to determine if these affinity changes were related to cell fate

127  decisions in the GC. Specifically, we aimed to use single cell RNA-seq to identify PrePCs or

128  PreMem cells among Igh&?A10 cells in the GCs and combine this transcriptomic data with V(D)J
129  sequencing to determine if these PreMem and PrePC populations contained generally higher or
130  lower affinity cells (Figure 2A). Accordingly, we sorted and sequenced IgD™ Ighg?A1? cells from 5
131  mice each at days 7 and 21 post immunization with PbPf-SPZ. Days 7 and 21 were chosen as at
132 each of these days ~50% of GC B cells carried the LC_L114F and LC_ Q106X mutations

133 respectively. To facilitate the identification of PrePC and PreMem populations we included CITE-
134  seq ! Abs specific for the PrePC marker CD69 and CD38 which is upregulated on PreMem cells
135 153233 We also included antibodies specific for CD11¢ and CXCR3 to distinguish atypical B cells
136  from conventional MBCs 3+33,

137

138  Dimensionality reduction analysis showed 4 major populations of cells (Figure 2B) which we

139  identified as dying cells, GC B cells, PCs and MBCs using a combination of gene set enrichment
140  and the expression of hallmark genes (Figure S2A-B). The dying cells had higher levels of mtRNA
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(Figure S2A) and might include cells harmed by experimental manipulation as well as those counter
selected in the GC and so were excluded from downstream analysis. Among MBCs, we could
detect a population of cells with high surface CD11c expression that were identified at atBCs
(Figure 2C). The PC population could be divided into PC1 and PC2 based principally on the
expression of cell cycle genes (Figure S2C). Among GC B cells we identified two clusters of DZ
cells based on their cell cycle stage and the expression of dicda, Mki67 and Ccnbl (Figure S2B-C)
which conform to a previous classification of DZ cells as proliferating (DZp) or differentiating
(DZd) 3. Three populations were observed with high expression of LZ genes including Cxcr3,
CdS86 and CdS83 (Figure 2B and Figure S2B). Cells from the first of these clusters were simply
defined as LZ B cells, however, a second cluster was located proximal to the MBC population in
our UMAP projection (Figure 2B) and had a similar gene expression profile to MBCs (Figure S2A).
CITE-seq analysis revealed that these had slightly higher surface expression of CD38 so this
population was designated PreMem (Figure 2C). The third LZ cluster, similar to one identified in a
recent study *’, was enriched for genes including Cd86, Irf4, Myc, Cd40 and Icaml which have
been associated with a population of Bcl6'* CD69" PrePC cells (Figure S2A-C). These cells also
had increased surface expression of CD69 (Figure 2C) further supporting their designation and
PrePC cells !°. Pseudotime analysis showed that when LZ B cells were set as the root, 3 distinct
trajectories could be seen, one leading to DZ recycling and the other two passing through either

PreMem to MBC or PrePC to PC (Figure S2D).

PC differentiation is affinity independent

Having identified PreMem and PrePCs we asked if we could relate these cell fates to the presence
of affinity-increasing mutations. 7 days after immunization, ~63% were J2, ~36% were J1 while
<1% were J4 . While the cellular makeup of the of J1 and J2 populations were similar at day 7, J4
cells were largely found in the memory compartment (Figure 2D), suggesting that even if these cells
were capable of entering the GC (Figure 1E-F) they were rapidly outcompeted. atMBC, MBC and
PC cells were mostly unmutated, however ~50% of cells in the GC carried the LC_L114F mutation,
though this was more common in the DZd, DZp, and LZ populations compared to the PreMem and
PrePC populations (Figure 2E). Logistic regression analyses revealed that PreMem cells were much
less likely to contain the LC_L114F mutation compared with other cell fates (OR = 0.096, 95% CI
[0.046,0.21]). Conversely DZp cells were enriched relative to other cells in the LC_L114F mutation
(OR=2.7,95% CI [1.66,2.86] and Igkj2 gene (OR = 1.92, 95% CI = [1.66,2.86]) consistent with
rapid selection of this mutant at this time (Figure 2F). One possibility is that PreMem are lower

affinity because they began to differentiate before the LC_L114F selective sweep had begun.
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However, overall levels of mutation were similar in this population compared to other GC

populations, suggesting these cells had only just exited GC cycling (Figure 2G).

By day 21 the LC_L114F mutation had swept through all GC populations, and the small number of
spleen PC cells; however, some MBC and most atBC were unmutated even at day 21 suggesting
these cells are either GC-independent or formed very early in the response (Figure 2H). Because the
LC L114F mutation was ubiquitous in the GC and no longer useful for distinguishing affinity, we
examined the prevalence of mutations at LC_Q106. These were present in roughly 50% of DZd,
DZp and LZ cells, but only around 30% of PreMem and PrePC cells (Figure 2I). Logistic regression
analysis revealed that the LC_Q106X mutations were under-represented in PreMem cells (OR =
0.28, 95% CI[0.17-0.47]), and over-represented in DZp cells (OR = 1.50, 95% CI [1.12,2.02])
(Figure 2I). There was no evidence that cells with LC_Q106X mutations were preferentially
selected into the PrePC compartment (OR = 0.61, 95% CI [0.30,1.27]). Finally, as at day 7, overall
mutation frequencies were similar among all GC populations in all mice indicating recent

differentiation into the PrePC or PreMem compartments (Figure 2J).

Lineage analysis of Igh®**1° GC B cells

We were concerned that our results were biased by focussing on a small number of pre-selected
mutations. We therefore examined the frequency of other mutations in the Igh#?A10 lineage and their
associations with cell fate. After LC_114 and LC_ 106, mutations at amino acids HC 39, HC 59
and HC 68 were the next most common across all mice (Figure 3A; Figure S3A-B). Collectively
mutations at the top 10 positions accounted for around 40% of the mutation burden Igh&2A10 cells
(Figure 3B). Phylogenetic analysis of cell lineages at day 21 revealed that these mutations typically
arose close to the root of the trees and were responsible for small selective sweeps among the GC B
cells (Figure 3C-D; Supplementary dataset 3). These mutations generally arose independently of
each other, though mutations at positions HC 39, HC 40 and the light chain CDR3 were slightly
favoured when a LC_Q106X mutation was present (Figure S3C).

To address whether any specific mutations were associated with cell fate we performed a main-
effects logistic regression analysis which showed that mutations at 3 of the 5 most mutated
positions (LC_106; HC 59; HC 40) were significantly under-represented in PreMem cells (Figure
3E). Notably the HC N59I mutation, has been shown to contribute to the affinity of the 2A10 mAb
22, Again, no clear signature could be determined among PrePC cells though mutations at HC 59

were significantly rarer in this population. Overall, these data support the hypothesis that PreMem
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cells are generally derived from lower affinity cells in the GC but that PrePCs differentiate in an

affinity independent manner.

Late GC emigrants replace early emigrants in the BM

The lack of a clear affinity signature for PrePCs led us to examine the hypothesis that PrePCs
preferentially emerge late in the GC reaction !”. Comparison of the B cell populations at days 7 and
21 showed that DZ populations made up a smaller proportion of GC B cells while the proportion of
PrePCs had increased from ~1% to 3% (Figure S4A, Figure 4A). To investigate the kinetics of GC
exit we performed flow cytometry analysis of the GC and PrePC response from mice that had
received Igh#?A1? cells and been immunized with PbP{f-SPZ (Figure 4B). Based on our single cell
RNA seq analysis PrePCs were identified as cells with elevated expression of Irf4, CD86 and
CD69, however while cells that upregulated all these markers could be detected (Figure S4B), these
cells did not form a distinct population that could be objectively gated. Accordingly, to estimate the
number of PrePCs we quantified the number of GC B cells that were above the 80" percentile for
all three markers (Figure S4B). This revealed an excess of Irf4" CD69" CD86" cells compared to
the proportion (0.8%) that would be expected by chance (Figure 4C). Consistent with later GCs
favouring PC formation the estimated proportion of PrePC cells increased over the course of the GC
reaction, but in terms of absolute numbers this still corresponded to a peak output of PrePCs at day
10 when the GC is largest but with a slow decline while the total GC wanes rapidly (Figure 4D).
This relatively flat output of PrePC is in broad agreement with a recent study examining PC

formation using Blimp1 fate-tracking models '8,

As the BM is the site of residence of long-lived PCs, we tracked Igh#?A1? PCs in this organ after
immunization using Blimp1-GFP reporter mice ** to facilitate the identification of BM PCs (Figure
4E-F). Despite an approximately constant formation of PrePCs in the GC we did not observe the
expected increase in the number of BM PCs. Rather the number of BM PCs remained static after
day 14 (Figure 4G). To determine the identity of the cells that form the BM PC population we
single cell sorted these cells and sequenced them at days 7, 10, 14 and 84 post-immunization. This
analysis showed that early unmutated cells were largely replaced by later emigrants carrying
mutations at both position LC_114 and LC 106, though replacement was not absolute as a small
number of unmutated cells were still detected at day 84 (Figure 4H-I). Overall, these data are
consistent with the bulk of the BM PC compartment emerging after the peak of the GC response
when the overall affinity of GC B cell is likely to be highest.
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Discussion

Our single cell RNA-seq data are consistent with a model in which the early waxing GC favours the
recycling and expansion of cells in the dark zone but the later waning GC favours PC formation. As
such our data are consistent with a temporal switch model of PC formation 7. Nonetheless, in
absolute terms PC formation may still be significant at the peak of the GC response due to the size
of the GC which may explain why others have reported a steadier output of cells from the GC '8,
Regardless it is likely that early arrivals in the BM are replaced by later cells due to the natural rate

19,20

of decay'”*". Collectively these processes appear to be sufficient to result in a high affinity BM PC
compartment even without the need for affinity-dependent selection of PrePCs in the GC.
Conversely, our data would appear to contradict models in which high affinity cells efficiently
obtain T cell help and then differentiate to become PCs !°. However previous work suggested that
high affinity antigen-BCR affinity interactions may result in antigen not being available for
processing and presentation on MHC Class 11 °*°. Thus, high BCR affinity may not automatically
translate to a greater ability to obtain T cell help. An excessive diversion of high affinity cells away
from DZ recycling in the GC reaction may also be detrimental to the overall process of affinity

maturation, thus the stochastic formation of PCs in the waning GC may be the most efficient

strategy for generating protective immune responses.
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Figure 1 Affinity determinants and their influence on early cell fate choice in Igh&?A10 cells A.
Flow cytometry plots demonstrating 3 distinct populations of Igh#?A1° B cells separated by their
binding to P/CSP repeat (NANP)o-PE and (NANP)o-APC probes B. The LC-CDR3 amino acid
sequence and /gkj gene used by each probe binding population compared to the predicated germline
2A10 LC-CDR3. C. ELISA showing the P/CSP binding ability of recombinant antibodies generated
using sequences from (C) compared to 2A10 D. Representative flow plots demonstrating the gating
strategy used to sort PACSP-specific Igh#?A19 PB, GC and EM B cells 4 days post PbPf-SPZ
immunizations. E. Igkj gene usage in either naive Igh#?A!1? B cells or PB, GC and EM B cells 4 days
post immunization with PbPf-SPZ F. Proportions of Igh#?A1° PB , GC or EM B cells utilizing either
the J1, J2 or J4 Igkj gene G. Experimental schematic of time course analysis of I[ghg2A10 GC
evolution. H. Frequency of J gene usage and occurrence of L114X and/or Q106X mutations 4, 7, 8,
9, 10,14 and 21 days post immunization with PbPf-SPZ I. Competition ELISA showing the binding
of the indicated to rAbs to plate bound (NANP)s peptide in the presence of the indicated
concentrations of soluble (NANP)y peptide; Mean + SEM shown from 3 independent experiments.
J. Affinities (KD) of mAbs carrying the indicated variants; all values represent the geometric mean
of binding signals collected in duplicate from n = 2 independent experiments. ND, could not be
determined.
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Figure 2: Single cell RNAseq identifies PreMem and PrePC populations within the GC A.
Experimental Schematic. B. Unsupervised clustering of PACSP -specific Ighg>A1°B cells pooled
from all mice visualized using UMAP. Each cell is represented by a point and coloured by cluster
C. Violin and box plots showing the centred log ratio (CLR)-normalized expression of surface
proteins used to identify MBC, PreMem and PrePC populations using CITE-seq. D. Proportion of
J1,J2 and J4 cells in each B cell population identified by single cell transcriptomics 7 days post
immunization. E. Frequency of J gene usage and occurrence of LC_L114F and LC_Q106X
mutations 7 days post immunization in non-GC and GC populations; data are expressed as mean *
SD of the 5 mice. F. Likelihood of the LC_L114F mutation being present in different GC
populations 7 days post immunization; data are expressed as Log Odds £95% CI from logistic
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regression analysis controlling for mouse as random effect. G. Mean AA substitutions in each
mouse 7 days post immunization in non-GC and GC populations; data are expressed as mean + SD.
H. Frequency of J gene usage and occurrence of L114X and/or Q106X mutations 21 days post
immunization in non-GC and GC populations; data are expressed as mean = SD of the 5 mice. I.
Likelihood of the LC_Q106X mutation being present in different GC populations 21 days post
immunization; data are expressed as Log Odds £95% CI from logistic regression analysis
controlling for mouse as random effect. J. Mean AA substitutions in each mouse 21 days post
immunization in non-GC and GC populations; data are expressed as mean = SD.
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465  Figure 3: Mutational dynamics in the germinal center. Mice were immunized and analyzed as in
466  Figure 2A. A. Frequency (mean + SEM) of mutation at each HC and LC AA position in each mouse
467  ranked from highest to lowest, inset shows the frequency of the top 10 mutations at day 21 B.
468  Proportion of mutations accounted for by mutations at each position, ranked from most to least
469  common. C. and D. Phylogenetic trees based on heavy chain (C) and light chain (D) mutations linking
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the Igh#?A10 cells in a representative mouse (mouse 7); closed circles at the tips represent the
phenotype of the cell, open circles represent the nodes where common mutations arise. E. Likelihood
of each of the top 10 most common mutations being found in cells in different GC populations; data
are expressed as Log Odds +95% CI from main effect logistic regression analysis controlling for
mouse as random effect.
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Figure 4: PC formation is favoured in waning GCs. A. Percentage of PfCSP-specific Ighg?A10
GC B cells that are PrePCs or DZ cells at 7 and 21 days post immunization as identified by single
cell RNA-seq as described in Figure 2A B. Experimental Schematic to examine PrePC populations
in the spleen. C. Estimated PrePCs as percentage of total GCs over time. D. The total number of
PfCSP-specific Igh#?A10 GCs (green) and PfCSP-specific Igh#?A10 PrePCs (orange) over time. E.
Experimental schematic to examine BM PCs after immunization F. Representative flow cytometry
plot plots demonstrating the gating strategy used to identify PfCSP-specific Ighg?A1? PCs in the BM.
G. The number of PfCSP-specific Igh#?A1° PC per femur pair over time H. Logos plots of LC-
CDR3s showing AA changes in PfCSP-specific Igh#?41? PCs over time. I. Frequency of J gene
usage and occurrence of L114X and/or Q106X mutations in BM PCs overtime.
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