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Abstract

Increased antibody affinity over time after vaccination, known as affinity maturation, is a
prototypical feature of immune responses. Recent studies have shown that a diverse collection
of B cells, producing antibodies with a wide spectrum of different affinities, are selected into

the plasma cell (PC) pathway. How affinity-permissive selection enables PC affinity maturation
remains unknown. We found that PC precursors (prePC) expressing high affinity antibodies
received higher levels of T follicular helper (Tfh)-derived help and divided at higher rates than
their lower affinity counterparts once they left the GC. Our findings indicate that differential cell
division by selected prePCs accounts for how diverse precursors develop into a PC compartment
that mediates serological affinity maturation.

Main text:

Increasing antibody affinity over time after vaccination is a prototypical feature of humoral
immune responses. Experiments in transgenic mice suggest that in the early germinal center
(GC)-independent stages of the immune response, B cells expressing high affinity B cell
receptors are preferentially selected into the PC compartment (1-3).
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Selection within the GC reaction itself is governed by Tfh that recruit B cells and control
the degree of B cell clonal expansion (4). B cells expressing receptors that bind to and

can capture antigen displayed on the surface of follicular dendritic cells in the light zone
(LZ) process and present antigens to a limited number of Tfh, in exchange for help signals.
Selected LZ B cells initiate a transcriptional program that enables them to move into the
dark zone (DZ) where they undergo division and somatic mutation before returning to the
LZ to test their newly mutated receptors in subsequent rounds of selection. The number of
division cycles and the speed of cell division in the DZ is directly related to the strength
of Tfh signals and governed by the level of Myc expression (5-7). Iterative cycles of DZ
division and LZ selection produce GC B cells with increasing affinity for the immunogen
over the course of an immune response. However, loss of affinity due to persistent somatic
mutation and evolution of the Tfh compartment eventually leads to GC diversification and
increasing inclusion of lower affinity B cells (8-12).

High affinity cells of GC origin become enriched in the antibody-secreting PC compartment
over time after immunization (13-16). This observation, in conjunction with the known
selection mechanisms within the GC, originally supported a model whereby high affinity
cells preferentially undergo PC differentiation. In contrast to these findings, three recent
independent studies have shown that in genetically intact animals, diverse collections of GC
B cells develop into PC progenitors (8, 17, 18). In addition, these studies found little or

no enrichment for high-affinity antibody expressing cells among the precursor population,
prePCs (19, 20), in the GC (8, 17, 18). How this population of GC precursors that expresses
antibodies with a broad range of affinities gives rise to a PC compartment dominated by
cells producing high affinity antibodies is not understood.

High-affinity cells are over-represented in PC compartment

To examine the relationship between GC B and PCs we tracked the two cell types

using fate-mapping S1pr2-CreERT2 R26sI-Z5Green mice in which tamoxifen administration
permanently labels GC cells and their subsequent products (21). Administration of
tamoxifen to immunized mice confirmed that this reporter strain labels GC B cells and
activated B cells, but not mature PCs (fig. SLA-C). Tamoxifen was administered 5 days after
immunization with the model hapten antigen 4-hydroxy-3-nitrophenyl (NP) conjugated to
the carrier protein ovalbumin (OVA; NP-OVA), and single cell sequencing was performed
on labelled GC B and PCs isolated from the draining lymph node on day 14 (Fig. 1A,B).
Uniform manifold approximation and projection (UMAP) integrating CITEseq data revealed
distinct clusters of GC B and PCs characterized by Fas/CD86 and CD138 surface protein
expression respectively (fig. S2).

Immunoglobulin sequence analysis showed expanded clones of cells that were further
subdivided into nodes containing one or more cells expressing identical antibodies. The
combined clonal trees consisted of 535 individual nodes with 1 to >100 members (Fig.
1C). Based on surface staining and gene expression profiles, nodes were divided into those
consisting only of GC B cells, both GC B and PCs (“mixed nodes”), or only PCs. Nodes
consisting of PCs only were the least abundant, representing <8% of the nodes (38/535
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nodes, Fig. 1D). Most PCs were found within mixed nodes that were also larger than either
GC- or PC-only nodes (Fig. 1E-G). IGHV1-72 antibody expression is associated with
relatively high affinity NP binding (22). Notably, compared to GC nodes, nodes containing
PCs were enriched for affinity enhancing mutations in IGHV1-72 (W33L/K59R/Y99G

(22, 23); Fig. 1H). Furthermore, irrespective of node identity, PCs were enriched for affinity-
enhancing mutations compared to contemporaneously labelled GC B cells (63+23% PC vs
42+11% GC, p=0.02; Fig. 11). Thus, although prePC antibody affinity is indistinguishable
from contemporaneous GC B cells (8, 17, 18), PCs are enriched for high affinity antibodies.
Moreover, the presence of identical antibody sequences in large, expanded nodes containing
GC and PCs suggests that the mechanisms that govern clonal expansion of the two cell types
overlap.

Differential expansion of high-affinity PCs

Two non-exclusive cellular processes could contribute to the observed enrichment of high-
affinity PCs over GC B cells; differential cell death and/or division.

To determine whether cell death contributed to PC affinity maturation, we purified live and
dying PCs from draining lymph nodes of NP-OVA-immunized mice using the Rosa26/NDIA/
INDIA apoptosis reporter mice (24). Ig sequence analysis revealed similar abundance of high
affinity IGHV1-72 expressing cells in live and dying PC fractions (fig. S3A-D). In addition,
most Ig sequences found among apoptotic PC clones were also present in the live fraction
(fig. S3C). Thus, differential cell death did not appear to drive the accumulation of high
affinity PCs over time.

To determine whether high affinity PCs have a proliferative advantage we tracked cell
division using Vavt™ Col1A1-tetO-histone H2BMCeY reporter mice (H2B-mCherry)

(25). Under steady state conditions, tTA is expressed in hematopoietic cells and induces
high levels of the histone H2B—mCherry fusion protein expression. Administration of
doxycycline represses histone H2B-mCherry synthesis, and therefore mCherry fluorescence
dilutes in proportion to cell division (25). H2B-mCherry mice were immunized with NP-
OVA and were administered doxycycline 10 days after immunization. PCs were isolated
from draining lymph nodes 2 days later on the basis of their high or low levels of division
(mCherry'© and mCherry PCs, respectively; Fig. 2A,B). mCherry!© PCs that had undergone
greater levels of division showed reduced species richness and larger clonal families when
compared to their non-dividing counterparts, indicating rapid clonal expansion in this
population (Fig. 2C-E). Notably, there was an enrichment of PC expressing high-affinity
IGHV1-72 among the more divided PCs (75.1+14% mCherry'® vs 37.1+12% mCherry"i;
p=0.0001; Fig. 2F,G). At this early timepoint the W33L/K59R/Y99G affinity enhancing
mutations were largely absent from both IgHV1-72" PCs populations, but there was a

trend towards enrichment in the more divided mCherry'® group (Fig. 2H, p=0.08). These
findings were confirmed using Blimp1-CreERT2 R26!S-25Green mice, a reporter strain which
selectively labels differentiated PCs (fig. S4A-B). Blimp1-CreERT2 R26!s-Z5Green mjce
were combined with H2B-mCherry mice to enable tamoxifen-mediated ZSG-labelling of a
synchronized cohort of PCs which can be division-tracked by mCherry dilution. Isolation

of mCherryHi and mCherry-° ZSG* PCs revealed that amongst mature PCs, the more
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proliferative cells were enriched for NP bait binding, and expression of high-affinity Ig
gene rearrangements (fig. S4C-H). These data indicated that higher affinity B cell receptor
expression was associated with differential division at the mature PC stage.

To validate these findings using vaccine antigens, we immunized H2B-mCherry mice with
either SARS-CoV?2 receptor binding domain (RBD) or combined tetanus and diphtheria
toxoid antigens (Tenivac®) and administered doxycycline on day 10 after vaccination.
Antigen binding was used as a surrogate for higher affinity antigen binding cells (fig.
S5A,B). Flow cytometric analysis revealed that RBD or tetanus and diphtheria toxoid
binding cells were enriched and showed higher mean fluorescence among the divided
mCherry!© compared to mCherryM cells, even when normalized for surface Ig expression
levels (fig. S5C-H). The combined data set indicated that high affinity plasma cells
underwent greater levels of clonal expansion than lower affinity PCs irrespective of the
composition of the administered immunogen or adjuvant formulation.

PC selection outside of the GC

To examine the site of affinity-driven PC clonal expansion, S1pr2-CreERT2 R26!sl-ZSGreen
mice were immunized with NP-OVA, treated with tamoxifen on day 8 and then given
anti-CD40L or isotype control antibodies on day 10 and 12 after immunization. In this
setting, tamoxifen will label GC products and anti-CD40L will terminate the GC reaction 2
days later, allowing a cohort of PCs generated between days 8-10 to be tracked. Draining
lymph nodes were examined by confocal microscopy on day 16 after immunization (Fig.
3A,B, and fig. S6A).

Large GCs in which many of the cells were actively dividing (as determined by

positive staining for Ki67) were observed in control mice that did not receive anti-

CDA40L. In addition, we found discrete clusters of dividing NP-binding PCs (marked by
CD138*ZSG*Ki67*NP*) which were particularly abundant in the LN medulla. Anti-CD40L
treatment aborted the GC reaction (Fig. 3A-B, and fig. S6A-B). In contrast, the clusters of
proliferating NP-specific PCs persisted (Fig. 3A-B). Quantitation of medullary PC division
by Ki67 staining revealed a higher proportion of dividing NP-binding than non-binding PCs.
Moreover, this feature was retained upon anti-CD40L treatment and GC depletion (Fig.
3C-D). Thus, dividing antigen-specific PCs were observed in medullary foci outside of the
anatomical confines of the GC, and these foci were maintained in the absence of active GCs
during the observation period.

To determine whether the observed enrichment of high affinity PCs continued in a post-
GC compartment, we isolated plasma cells from anti-CD40L treated S1pr2-CreERT?2
R26/sl-ZSGreen mice. The mice also received the drug FTY720, to inhibit S1IPR1-driven
egress signals and to prevent PCs from leaving the node (26). Treatment with anti-CD40L
effectively depleted draining lymph nodes of GCs and activated B cells within 2 days (Fig.
3A,B, and fig. S6A-D). Immunoglobulin sequence analysis on day 10 showed that 67% of
labelled PCs were IGHV1-72%, and that by day 16 this increased to 83% under control
conditions (p=0.037, Fig. 4A-E). Notably, the PC compartment was equally enriched

for high affinity clones on day 16 in mice treated with anti-CD40L, under conditions

that depleted GCs (Fig. 4C-E). In addition, the PC compartment in CD40L-treated mice
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displayed the same characteristic reduction in species richness that was indicative of clonal
expansion seen in control mice (Fig. 4B,F). Finally, labeled PCs obtained from anti-CD40L-
treated mice displayed a reduced mutational load, suggesting that they were derived from
GC precursors that exited the GC at a time when mutations were less abundant (Fig. 4G).

Serological affinity maturation is typified by a rapid increase in the affinity of circulating
antibodies (27). We hypothesized that the continued preferential expansion of high affinity
PCs after GC-depletion (Fig. 4A-G) would lead to measurable improvements of serum
anti-NP affinity. To determine whether PCs in anti-CD40L treated mice continue to support
affinity maturation after depletion of GC and activated B cells, we measured the serum
antibody binding to bovine serum albumin derivatized with either 7 or 28 molecules of

NP (Fig. 4H and fig. S6A-E). Control mice displayed a marked increase in NP7/NP,g 1gG
binding between days 12 and 32 indicating a rapid increase in anti-NP affinity that was
aborted by depleting PCs with TACI-Ig (Fig. 41). Notably, and consistent with the above
sequencing data, the serum antibody response continued to undergo affinity maturation for
several weeks after anti-CD40L treatment (Fig. 41,J).

We concluded that serological affinity maturation can proceed in the absence of continued
output from the GC reaction, and it was suppressed by plasma cell depletion. These findings
suggest that post-export from the germinal center, newly generated PCs undergo affinity-
based expansion in a manner that contributes to increasing serum antibody affinity.

PC division is proportional to the strength of T cell help

GC B cells in the LZ of the GC structure compete for limited help signals from T follicular
helper (Tfh) cells, a process known as positive selection. The amount of help received by

a B cell is directly proportional to the amount of antigen captured and presented by the

B cell (25, 28). Positively selected GC B cells upregulate expression of the transcription
factor Myc in proportion to the strength of T cell signals and migrate to the DZ where they
undergo cycles of Tfh independent inertial cell division in proportion to the amount of Myc
expression (5, 25, 29).

To determine whether a similar process regulated the relative amount of PC expansion, we
delivered graded doses of the antigen ovalbumin (OVA) to ongoing GCs using chimeric
anti-DEC205-OVA antibodies (28) (Fig. 5A). Protein antigens loaded onto anti-DEC205

are delivered to DEC205* GC B cells, supplying a B cell receptor-independent supply of
antigen which can be processed and presented to Tfh cells (28). As expected, GC B cells
expanded in direct proportion to the amount of antigen delivered (Fig. 5B,C). Antigen
delivery by anti-DEC-205-OVA also produced a rapid increase in the frequency and numbers
of prePCs (B220M CD38~ Fas* CD138*; Fig. 5B,D). To determine whether prePCs in the
LZ of the GC also expressed Myc in proportion to antigen delivery by DEC-205, we purified
these cells 24 hours after graded doses of anti-DEC-205-OVA injection. Consistent with
their commitment to the plasma cell fate these cells displayed elevated levels of /rf4, a
transcription factor which promotes PC differentiation, and lower expression levels of the
antigen receptor signaling-induced factor Air4al than other LZ GC B (fig. S7A,B). Notably
they showed increases in Myc that were directly proportional to the amount of antigen
delivered (Fig. 5E). 7fap4, a transcription factor downstream of c-Myc, also showed a
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similar induction pattern, although the expression of this factor plateaued at lower antigen
concentrations (Fig. 5F). In addition, PrePC proliferation, as measured by Ki67 expression,
was proportional to the amount of antigen supplied (fig. S7C,D).

To test whether Tth help in the LZ could support continued PC expansion, anti-CD40L was
administered 12 hours after anti-DEC-205-OVA. In this setting GC B cells acquired high
levels of cognate antigen and interact with Tth for ~12h, after which subsequent T cell help
was inhibited by CD40L blockade as evidenced by GC collapse (Fig. 5G, Fig. 3A,B, and
fig. S6A-B). Treatment with anti-CD40L 12h after anti-DEC205-OVA injection prevented
further GC B cell expansion and blocked additional Ki67 expression in GC B including
prePCs (Fig. 5H,1, and fig. S7E,F). In contrast, mature PCs continued to expand and divide
in the days following anti-CD40L-treatment in direct proportion to the amount of antigen
captured (Fig. 5J,K). The data indicated that after a short pulse of T cell help, developing
prePCs upregulated Myc and underwent cycles of cell division in the absence of continued T
cell signals.

Other signals are known to enhance the magnitude of the PC response (14). For example,
PCs are highly sensitive to the levels of the cytokine I1L-21 (30, 31), and IL-21- producing
T cells have been reported to localize in foci outside of the B cell follicle (32). To test
whether I1L-21 could support the expansion of committed PCs, we fate-mapped PCs on

day 8 using Blimp1-CreERT2 reporter mice and subsequently treated with anti-CD40L or
anti-IL21R from days 10-12. PC division was assessed by Ki67 staining. As expected,
analysis of ZSG-labelled PCs revealed that continued CD40L signals were not required to
sustain PC proliferation (fig. SSA-C). In contrast, partial blockade of IL-21R led to reduced
proliferation of mature ZSG* PCs, indicating that IL-21 supports the post-GC expansion of
plasma cells (fig. S8B-C).

Discussion

Current models of PC differentiation suggest that B cell receptor affinity is deterministic

of cell fate (14, 15, 27). Our experiments indicated that while a heterogeneous collection

of prePCs, including those expressing low affinity receptors, developed into PCs they
subsequently underwent differential affinity dependent division. As a result, PCs expressing
higher affinity antibodies contributed disproportionately to serum antibodies, promoting
affinity maturation.

Antibody responses develop in two stages, a GC independent early phase during which

B cells rapidly develop into dividing plasmablasts that produce relatively lower affinity
antibodies and a second GC dependent phase that produces higher affinity antibodies
responsible for serologic affinity maturation. In transgenic mice that carry high affinity
antibodies, the early GC independent rapid burst of PC development and expansion is
affinity dependent (1, 2). In contrast, under physiologic circumstances this early PC response
produces primarily germline encoded antibodies with relatively lower affinity than those
produced in GCs (15, 33, 34). In animals with a polyclonal B cell repertoire, GCs enable B
cell clonal expansion and antibody hypermutation, both of which are essential for antibody
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affinity maturation (27, 35, 36). Our experiments elucidated the mechanisms by which
GC-dependent PC selection enables affinity maturation in polyclonal immune responses.

The GC LZ also contains prePCs that express IRF4, CD138, variable levels of Myc, and
share many of the transcriptional features of LZ B cells selected for DZ re-entry (8, 14).
Like DZ B cells, PC descendants of prePCs undergo rapid cell division in GC adjacent
sites but they do not undergo additional somatic mutation and so retain antibody specificity
(37). Our experiments show that the amount of clonal expansion by newly exported PCs
was directly proportional to affinity and the strength of historic selection signals these cells
received in the LZ, providing a mechanistic explanation for how PC selection is regulated in
relation to affinity. Notably, our data is entirely consistent with the observation that the PC
pool tends to be more clonal than contemporary GC B or pre-PCs from which they develop
(8, 17). In addition to PCs in the LNs, long-lived PCs in the bone marrow are also enriched
for high affinity antibody producing cells (38, 39). Our data suggests that this phenomenon
is likely due to over-representation of high affinity PCs among dividing plasmablasts that
subsequently seed the bone marrow.

In summary, post-GC PC clonal expansion in proportion to historical Tth signals and Myc
expression parallels Myc-regulated GC B cell clonal expansion, thereby enabling rapid
affinity maturation. The proposed model does not preclude permissive selection of GC cells
with diverse affinities into the PC compartment (8, 17, 18). Instead, our findings help resolve
the apparent contradiction between affinity permissive selection into the PC compartment
and rapid affinity maturation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. High affinity antibody producing PCs are over-represented relative to contempor aneous
GC B cdlls.

(A) Experimental layout for (B-H). (B), Representative flow cytometry plots showing
strategy for isolating popliteal LN (pLN) GC B cells (Pre-gated on live, TACI~ CD138~
B220*; CD38"Fas*ZSG™) and PCs (Pre-gated on live; CD138*TACI*ZSG™). Full gating
strategy is displayed in fig. S2A. (C) Representative IgH+IgL sequence-based phylogenetic
trees highlighting GC B cell (blue) and PC (red) distribution. Expanded clones containing
(right) or not containing (left) affinity-enhancing mutations. Each circle represents one node
of cells with identical sequences. Scale represents mutational distance observed between
related sequences. (D) Total numbers of GC-only, PC-only or mixed nodes analyzed. (E)
Frequency of GC B (blue bars) or PCs (red bars) found within mixed or single cell-type
nodes. Each point represents one animal. (F-G) Node size; number of individual GC B
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cells (F) or PCs (G) in either uniform or mixed nodes. (H) Frequency of nodes with
affinity-enhancing mutations. Each point represents one mouse, summarizing 51-176 nodes
per mouse. (1) Frequency of affinity-enhancing mutations within total GC B cells and PCs.
Left, summary, each pair of connected points represents GC B cells and PCs isolated from
one animal. Right, quantitation of total cells. Numbers in center represent total number of
sequences analyzed. * p<0.05, *** p<0.0005. (F,G) ANOVA; (H) mixed effects analysis; (1)
paired two-tailed Student’s t-test. Data are pooled from two independent experiments, n=6.
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Fig 2. High affinity antibody producing PCs are more proliferative.
(A) Experimental layout for (B-F). (B) Left, flow cytometry profile showing TACI*CD138*

PCs and gating for mChhi and mCh'© cells from pLNs. Right, mCh!® and mChhi pC
frequency. Each point represents one mouse. Graphs display mean+SD. (C) Clonal
distribution of paired 1g sequences (IgH+IgK/IgL) among mChM and mCh'® PCs isolated
from each mouse. Colored segments represent expanded clones and singlets are represented
by white segments. The number in the center represents the number of sequences analyzed
per population. The outer segment annotation denotes the percentage of cells that are
members of expanded clones. (D), Chaol species richness quantification. Each pair of points
represents one mouse. (E) Clone size. Each point represents one clone. (F) Frequency of
mChhi or mChl® PCs bearing high-affinity IGHV1-72 BCRs. Number in center represents
total number of sequences. (G) Summary of (F) each pair of points represents one

mouse. (H) Frequency of high affinity mutation containing sequences among IGHV1-

72* expressing mChHi or mChL0 PCs. * p<0.05, *** p<0.0005. (B,D,G,H) paired two-
tailed Student’s t-test; (E) unpaired Student’s t-test. Data are pooled from 2 independent
experiments, n=>5.
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Fig 3. Clonal evolution of the PC repertoire.
(A-B), Confocal microscopy images of pLNs isolated from S1pr2-CreERT2 R26!sl-ZSGreen

mice immunized with NP-OVA, treated with tamoxifen on D8 and anti-CD40L or isotype
control on D10 and D12. Large tiles show overview of pLN architecture. Inset boxes

show individual clusters of dividing Ki67* NP* PCs that are highlighted by dashed circles.
Individual channels are shown beside merged images. In large tiles, scale bar=100um. In
inset boxes, scale bar=30um. (C) Quantitation of fraction of medullary PCs which are Ki67*
amongst NP* and NP~ populations, as quantified from confocal images as in (A). The
number in the center represents the number of cells analyzed per population. (D) Summary
of (C); each point represents one mouse. Graph displays mean+SD. *p<0.05, **p<0.005;
ordinary one-way ANOVA. Data are representative of three experiments, n=3-4 per group.
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Fig 4. Serological affinity maturation.
(A) Experimental layout for (B-G). (B) Clonal distribution of paired Ig sequences

from representative mice. Colored segments represent expanded clones and singlets are
represented by white segments. The number in the center represents the number of
sequences analyzed per population. The outer segment annotation denotes the percentage of
cells that are members of expanded clones. (C) Frequency of ZSG* PCs expressing IGHV1-
72. The number in the center represents the number of sequences analyzed. (D) Number

of ZSG™ PCs in each experimental group. (E) Summary of IGHV1-72 frequency presented
in (C). (F) Chaol species richness. In D-F, each point represents one mouse, h=4 -5 per
condition. (G) Number of VH+VL mutations in paired Ig sequences. Each point represents
one cell. (H), Experimental layout for (1-J). (1) Ratio of NP7/NPog-binding IgG in serum
measured by ELISA. (J) Fold change in affinity (NP7/NP,g ratio) at D32 vs D11. Data are
presented as mean+SD. Data are representative of two experiments, n=5-10 per group. *
p<0.05, ** p<0.005. **** p<0.0001. (D-F) ordinary one-way ANOVA; (G) Kruskal-Wallis
test. (1-J), mixed effects analysis. For full statistical comparisons see Supplementary Fig.4E.
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Fig 5. PC proliferation isproportional to signal strength.
(A) Experimental outline for (A-F). (B) Representative flow cytometry plots showing GC

B cells (B220*CD38 Fas*, top) and prePCs (B220*CD38 Fas*CD138™, bottom), after
treatment with different ratios of anti-DEC-OVA:CS. (C-D) Quantitation of DECW! GC

B cells (C) and prePCs (D) 24h after anti-DEC treatment. (E-F) qPCR of sorted DECW

GC LZ (CD86*CXCR4~ GC B) and prePC (as above) showing GAPDH-normalized relative
expression for Myc (E) and 77ap4 (F). Data in (A-D) and (E-F) are representative of

3 independent experiments, n=6-8 per group. (G) Experimental outline for (H-K). (H-
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1) Quantitation of DECWT GC B cells (H) and Ki67* DECWT GC B cells (1). (J-K)
Quantitation of DECWT PCs (J) and Ki67+ DECWT PCs (K). Data are presented as
mean+SD. Each point in C,D, H-K represents one mouse. Data in (H-K) are representative
of 4 independent experiments. * p<0.05, ** p<0.005. (C) ANOVA; (D, H-K) Kruskal-Wallis
test.
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