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SUMMARY

Memory B cells (MBCs) can respond to heterologous antigens either by molding new specificities
through secondary germinal centers (GCs) or selecting pre-existing clones without further affinity
maturation. To distinguish these mechanisms in flavivirus infections and immunizations, we
studied recall responses to envelope protein domain 111 (DII1). Conditional deletion of activation
induced cytidine deaminase (AlID) between heterologous challenges of West Nile, Japanese
encephalitis, Zika, and Dengue viruses did not affect recall responses. DIlI-specific MBCs were
contained mostly within the plasma cell-biased CD80* subset and few GCs arose following
heterologous boosters, demonstrating that recall responses are confined by pre-existing clonal
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diversity. Measurement of monoclonal antibody binding affinity to DIl proteins, timed AID
deletion, single cell RNA-sequencing, and lineage tracing experiments point to selection of
relatively low affinity MBCs as a mechanism to promote diversity. Engineering immunogens to
avoid this MBC diversity may facilitate flavivirus type-specific vaccines with minimized potential

for infection enhancement.
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Memory B cells respond to heterologous antigens either by molding new specificities through
secondary germinal centers or by selecting pre-existing clones without further affinity maturation.
Wong et al. show that for flavivirus challenges, secondary germinal centers minimally contribute
to recall responses. Instead, pre-existing cross-reactive clones are selected from a diverse memory

compartment.

INTRODUCTION

After clearance of infections or vaccines, long-lived plasma cells (LLPCs) and memory B
cells (MBCs) persist to maintain durable humoral immunity. While MBCs proliferate and
differentiate into effector lineages upon antigen re-exposure, LLPCs constitutively secrete
antibodies irrespective of the presence of antigen and can provide sterilizing immunity
against subsequent homologous or closely related infections (Manz et al., 1998; Slifka et al.,
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1998). Because of these properties, LLPC-derived circulating antibodies can also sequester
antigen that would otherwise activate MBCs (Andrews et al., 2015; Pape et al., 2011). From
an evolutionary standpoint, it seems unlikely that MBCs serve solely as an adjunct to LLPCs
to bind excess antigen since physiological inocula often are comprised of only a small
number of infectious microbes (McNearney et al., 1992). Instead, the most important role of
MBCs may be to respond to pathogens that have antigenically changed since the first
exposure, thereby evading pre-existing serum antibodies. Hapten-specific MBCs have fewer
affinity-enhancing mutations than do LLPCs (Smith et al., 1997; Weisel et al., 2016),
providing evidence that the repertoires of these two cell types do not fully overlap.
Subsequent work demonstrated that pathogen-specific MBCs have distinct repertoires and
distributions of epitope specificities relative to LLPCs (DeKosky et al., 2016; Lavinder et al.,
2014; Purtha et al., 2011). These findings led us and others to propose that the diversity of
MBCs enables them to combat escape mutants and heterologous viruses better than do
LLPCs (Baumgarth, 2013; Purtha et al., 2011; Wong and Bhattacharya, 2019).

In theory, MBCs can respond to heterologous pathogens or escape mutants in two ways.
First, the diversity of this compartment may be sufficient to allow the clonal selection of
cross-reactive MBCs without additional affinity maturation. Second, MBCs might re-initiate
germinal centers (GCs) to shape new B cell receptors (BCRS) tailored to the second
heterologous challenge. This decision is mediated by the subset of responding MBCs, which
can be functionally distinguished by antibody isotype and, in mice, by additional surface
markers such as CD80 and PD-L2 (Bhattacharya et al., 2007; Dogan et al., 2009; Kometani
et al., 2013; Krishnamurty et al., 2016; McHeyzer-Williams et al., 2015; Pape et al., 2011;
Seifert et al., 2015; Tomayko et al., 2008; Zuccarino-Catania et al., 2014). While adoptive
transfer, ex vivo culture, and transcriptional profiling experiments have established the
differentiation potentials of these MBC subsets in isolation, it is challenging to define how
these subsets act in concert and competition with one another /in vivo.

Mouse and human studies using model antigens or influenza A virus have reached differing
conclusions on how efficiently MBCs re-initiate GCs and undergo secondary affinity
maturation. In some circumstances, protein-based booster immunizations lead to robust
secondary germinal centers and affinity maturation by class-switched memory B cells
(McHeyzer-Williams et al., 2015), whereas in other cases this is not observed (Mesin et al.,
2020; Pape et al., 2011). Clonal analysis of human influenza A virus infections and
vaccinations also have reached different conclusions on whether secondary germinal centers
occur and contribute to the recall response (Andrews et al., 2019; Wrammert et al., 2011,
Wrammert et al., 2008). These data demonstrate that the specific context of initial infection
or vaccination and the nature of the re-challenge defines the type of secondary response.

Flaviviruses represent a particularly relevant system to study recall responses given the co-
circulation of many pathogenic flaviviruses such as West Nile (WNV), Japanese encephalitis
(JEV), Dengue (DENV), and Zika (ZIKV) and the challenge of antibody dependent
enhancement (ADE). ADE is a process by which poorly or non-neutralizing antibodies
generated after the first infection enhance uptake of the second heterologous virus in
myeloid cells via Fcy receptors (Acosta and Bartenschlager, 2016; Guzman et al., 2013).
Although primary flavivirus infections result in durable homotypic protection (Sabin, 1952),
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ADE of subsequent infections by heterologous flaviviruses can result in more severe
symptoms than if the host were naive (Halstead et al., 1983; Sangkawibha et al., 1984). It
remains unknown whether or how MBCs generated after one flavivirus vaccination or
infection respond to poorly conserved neutralizing epitopes of a subsequent heterologous
vaccination or infection. The lack of basic understanding of these processes has made
designing effective vaccines to DENV and ZIKV very challenging (Halstead, 2017). There
are no genetic mouse models that can distinguish the functional importance of secondary GC
reactions versus clonal selection of pre-existing diversity without also altering other
components of the immune response. Fully addressing these issues in human subjects also is
difficult, as it is not feasible to completely sample MBCs prior to heterologous infections.

Here, we used flavivirus infections, vaccinations, and genetic mouse models to examine how
MBCs respond to heterologous challenges. We found that abrogating germinal center
function minimally impacts recall responses against heterologous flavivirus antigen
epitopes, suggesting clonal selection from a diversity of pre-existing MBC specificities with
little role for further secondary affinity maturation. This diversity was promoted by the
selection of low affinity antigen-specific B cells that were preferentially recruited into the
MBC compartment. Restricting the initial diversity through immunogen design may allow
for flavivirus type-specific vaccines with minimized potential for infection enhancement.

RESULTS

Plasma cell-biased MBCs recognize and respond to heterologous antigens.

We established a system whereby flavivirus-specific MBCs could be quantified using
antigen tetramers. We focused on domain I11 (DII1) of the flavivirus envelope, as potently
neutralizing but weakly conserved lateral ridge epitopes exist within this region (Beasley and
Barrett, 2002; Fernandez et al., 2018; Nybakken et al., 2005; Oliphant et al., 2005; Oliphant
etal., 2007; Zhao et al., 2016). Bacterially-expressed, site-specifically biotinylated,
recombinant DIl was assembled into tetramers with streptavidin-fluorophore conjugates. By
analogy to peptide:MHC tetramers, these reagents likely can detect B cell receptors at uM
and better affinities, but may miss B lymphocytes that bind antigen more weakly (Martinez
et al., 2016). To validate the system, we immunized wild-type mice with Innovator WNV
vaccine, an inactivated veterinary vaccine that generates similar antibody responses and
specificities as do live infections (Purtha et al., 2011), and analyzed the switched 1g (swlg)
CD80*CCR6* MBC population. We observed an enriched WNV WT DIII tetramer*
population in the swlg CD80*CCR6* MBC population in WNV vaccinated mice compared
to naive mice (Figure S1A).

Depending on the subset of MBCs formed after the resolution of a vaccination or infection,
reactivated MBCs can either differentiate into plasma cells or re-initiate GCs. These subsets
can be identified using a combination of IgM, IgD, CD80, CCR6, PD-L2, and CD73
markers (Bhattacharya et al., 2007; Dogan et al., 2009; Krishnamurty et al., 2016; Tomayko
etal., 2010). PD-L2 and CD73 expression largely overlapped with CCR6 irrespective of
immunoglobulin isotype (data not shown), suggesting redundancy between these markers.
Thus, we focused subsequent analyses on CCR6 and CD80 expression. We observed that
only the swlig CD80"CCR6* MBC subset was enriched for WNV DIll-specificity in WNV
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vaccinated mice relative to unimmunized animals (Figures 1A, S1B). These CD80* MBCs
preferentially generate plasma cells upon re-encounter with cognate antigen (Zuccarino-
Catania et al., 2014).

To study how these plasma cell-biased MBCs respond to heterologous challenges, we first
tested a WNV-JEV sequential vaccination. WNV and JEV belong to the same serogroup and
have a DIl amino acid sequence similarity of approximately 75%. WNV-JEV DIII antibody
cross-reactivity was first confirmed by analyzing the swlg CD80* MBC D1 specificities in
WNV-immune mice. After primary vaccination with WNV, we identified a small population
of WNV DlIlI-specific memory B cells that also recognized JEV DIII (Figure 1B). To define
shared epitopes between WNV and JEV DIII, we generated point mutations that ablate the
LR epitope and abolish binding of potently neutralizing mAbs. For WNV DIII, we
incorporated K307E and T3301 mutations (KT DIII) (Nybakken et al., 2005; Oliphant et al.,
2005), whereas for JEV DIl we introduced 4 LR mutations (E306A/S3291/A366E/K390S,
JEV ESAK-DIII) based on previously solved structures (Luca et al., 2012). Proper reactivity
and refolding of the JEV ESAK-DIII protein was confirmed by ELISA using the LR-specific
neutralizing mAb JEV-31 (Fernandez et al., 2018) and serum from immunized mice (Figure
S1C). Thus, B cells or antibodies that bind WT DIl but not mutant DIl were considered
DIII-LR-specific, whereas cells or antibodies that bind both WT DIII and mutant DIII likely
recognized a distinct non-LR DIII epitope. Further analysis of MBCs following primary
WNYV vaccination revealed that nearly half of WNV KT Dlll-reactive MBCs recognized
both JEV DII-WT and JEV ESAK DIII (Figure 1C). These cells likely cross-reacted with
conserved non-LR epitopes between DIl of WNV and JEV. In contrast, only ~1% of WNV
DIl1-LR-specific MBCs also bound JEV DIII (Figure 1C). These data are consistent with
previous mouse and human studies reporting rare but detectable DIII-LR monoclonal
antibodies that cross-react with different flavivirus species (Fernandez et al., 2018; Robbiani
etal., 2017; Sapparapu et al., 2016; Zhao et al., 2019).

To selectively study secondary MBC responses and not primary responses by naive B cells,
we utilized the Ixiaro JEV vaccine. Ixiaro is an alum-adjuvanted, clinically approved, and
formalin-inactivated JEV vaccine, which requires multiple immunizations to elicit a
protective antibody response (Dubischar-Kastner et al., 2010). Naive mice vaccinated with
Ixiaro generated few detectable JEV DIlI-specific antibodies, whereas WNV-immune mice
generated a significant increase in JEV DIlI-specific antibodies (Figures 1D and S1D). Most
of this response was directed against the non-LR epitope of JEV, as we observed a
proportionate increase in WNV KT DIII antibodies after vaccination (Figure 1D). These
data demonstrated a robust secondary response to JEV vaccination.

WNV DlIlI-specific secondary GCs were not detectable after JEV vaccination (Figure 1E),
suggesting that recall responses occurred without additional affinity maturation. This was
perhaps predictable given the dominance of the swig CD80*CCR6™ plasma cell-biased
MBC subset (Figures 1A and S1A). To enhance the overall response and formation of other
MBC subsets, we infected, rather than vaccinated, mice with WNV-NY99. This infection led
to the generation of both GC-competent (CD80™~, IgM*) and plasma cell-biased (swlg,
CD80*CCR6%) WNV DlllI-specific MBCs (Figure S1E). Despite the presence of CD80-
MBC subsets, these convalescent mice still failed to generate WNV DIlI-specific GCs after
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JEV vaccination (Figure S1F). These data suggested that flavivirus-specific MBCs
minimally participated in secondary GCs during recall responses to heterologous challenges.

MBCs do not require additional affinity maturation to respond to heterologous challenges.

Small quantities of DIII-LR antibodies can protect against infection (Purtha et al., 2011). We
therefore considered the possibility that MBCs do participate in secondary GCs below our
limit of flow cytometric detection and functionally contribute to protective antibody
responses. To test this possibility genetically, we developed a mouse model that allows for
temporal abrogation of somatic hypermutation, and thus further affinity maturation, between
primary and secondary challenges. Mice were generated with loxP sites flanking exon 2 of
the Aicda gene (Figures S2A-B). Aicda encodes activation induced cytidine deaminase
(AID), a protein that is critical for class switching and somatic hypermutation (Muramatsu et
al., 2000). These mice allowed us to distinguish the contributions of secondary affinity
maturation of MBCs versus clonal selection of MBCs with pre-existing specificities, as the
former requires expression of AID whereas the latter does not.

Aicaa” mice were crossed to a tamoxifen-inducible, hCD20-B cell specific Cre
recombinase (TamCre) (Khalil et al., 2012) (Figure S2A). To confirm deletion of AID at the
protein level, Aicda”" x TamCre (AID cKO) mice were immunized with sheep red blood
cells, treated with tamoxifen, and then GC B cells sorted at different time points after
tamoxifen treatment. AID protein expression was abolished rapidly after tamoxifen
treatment and remained undetectable by immunoblot for at least seven days (Figure S2C).
To confirm loss of class switching after AID deletion, AID cKO and Aicda’" (AID WT)
mice were treated with tamoxifen for two weeks, vaccinated against WNV, and IgG
responses were assessed 12 days later (Figure S2D). As expected, AID cKO mice failed to
mount an isotype-switched IgG response to WNV DIII (Figure S2D).

The importance of secondary affinity maturation of MBCs was determined by deleting
Aicdabetween WNV and JEV vaccinations. AID WT and AID cKO mice were vaccinated
with WNV and the primary response was allowed to proceed. Mice were treated with
tamoxifen 56 days later to delete AID, and then re-vaccinated with JEV (Figure 2A). Serum
antibody binding to WNV WT DIlI, WNV KT DI, JEV WT DlIIl and JEV ESAK DIlI
proteins 14 and 70 days after JEV vaccination was compared by ELISA. Deletion of AID
prior to JEV booster vaccination had no discernible effect on serum IgG or IgM titers against
LR and non-LR epitopes between days 14-70 of the recall response (Figures 2B-C). As
expected from Figure 1C, recall responses were primarily directed against non-LR epitopes,
as most antigen-specific antibodies were accounted for by WNV KT DIl and JEV ESAK
DIl binding (Figure 2B). However, in both AID WT and AID cKO mice, the levels of JEV
WT DllI-reactive antibodies were higher than those against JEV ESAK DIII (Figure 2D).
These data suggested that a subset of the MBC response was directed against the
neutralizing JEV DIII-LR epitope and occurred independently of AID. Consistent with this
interpretation, serum neutralization of JEV was similar between Aicda genotypes (Figure
2E). These data demonstrated that rare pre-existing MBCs mediated cross-neutralizing
responses without a requirement for further somatic hypermutation and affinity maturation
upon heterologous flavivirus challenges.
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We considered the possibility that additional affinity maturation is necessary for more
disparate heterologous challenges. ZIKV, another member of the flavivirus genus, shares ~
55% DIII amino acid sequence similarity with JEV. We tetramerized recombinant ZIKV
DIl to improve avidity, immunized mice, and then followed with JEV vaccination (Figure
S3A). Deletion of AID prior to JEV booster vaccination in ZIKV DIIl-immune mice did not
impact 1gG (Figure S3B) or IgM (data not shown) antibodies against ZIKV DIlIl, JEV DIlII,
or JEV ESAK DlIII. To determine if secondary affinity maturation occurred following
heterologous infections, rather than vaccinations, we utilized a sequential DENV and ZIKV
infection model (Figure S3C). DENV?2 and ZIKV DIII share approximately 46% amino acid
similarity. Analysis of ZIKV DIlI-specific MBCs and LLPCs, after correcting for naive B
cell responses against ZIKV, again suggested a minimal role for secondary GC reactions and
affinity maturation (Figure S3D). These data demonstrate that for responses against both
similar and disparate flavivirus DIII-LR antigens, for both vaccines and infections,
secondary affinity maturation was minimally involved. Instead, heterologous challenges
promoted clonal selection from pre-existing cross-reactive and diverse MBCs.

MBCs are actively selected from GC B cells.

We next sought to define mechanisms by which this MBC diversity was generated during
the primary response. Given the results above, we focused on mechanisms by which the
CD80*™ MBC subset was selected from GCs. As this was the only detectable MBC
population following WNV vaccination (Figure 1A), unless otherwise noted, we hereafter
refer to this CD80+ subset simply as MBCs. Diversification can be achieved potentially
through random selection of GC B cells into the MBC compartment (Tarlinton, 2006). This
would result in similar distributions of antigen-specificities in both GC and MBC
compartments. However, if active selection were to occur, the antigen-specificity
distributions between MBCs and GC B cells might differ. To distinguish these possibilities,
wild-type mice were vaccinated against WNV and the DIII specificities in the GC and MBC
compartments were quantified by flow cytometry at different time points. GC B cells
(CD19*GL7*CD38"1gD") showed a skewed frequency of WNV DIll-reactive cells towards
the LR epitope, although a small fraction of non-LR specific cells was present at stable
frequencies throughout the experiment (Figure 3A). In contrast, MBCs were far less skewed
towards the WNV DIII-LR epitope (Figure 3B), consistent with previous findings (Purtha et
al., 2011). As a result, MBCs had a larger ratio of WNV DIlI non-LR:DIII-LR specificities
than did GC B cells at all time points analyzed (Figure 3C). Repertoire overlap was observed
between germline 1gH sequences of DIl non-LR specific GC B cells and MBCs 14 days
after WNV vaccination, indicating that these MBCs originate from GC reactions (Figure
3D). To confirm that WNV DIII non-LR specific GC B cells were more predisposed towards
the MBC fate, we analyzed the frequency of CD38*CCR6* MBC precursor cells within the
WNV DIII-LR and WNV DIII non-LR specific GC B cells (CD19*GL7*1gD~). CCR6 and
CD38 expression mark both mature MBCs and GC precursors committed to the MBC fate
(Bhattacharya et al., 2007; Ridderstad and Tarlinton, 1998; Suan et al., 2017). DIl non-LR
specific GC B cells had a higher frequency of CCR6*CD38* MBC precursor cells compared
to WNV DIII-LR specific GC B cells at all time points analyzed (Figure 3E). Thus, although
the frequency of WNV DIII non-LR-specific GC B cells was low, these cells were either
preferentially selected or maintained within the MBC compartment.

Immunity. Author manuscript; available in PMC 2021 November 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wong et al.

Page 8

MBCs have lower avidity for their antigens than do LLPCs

The mechanism of MBC and LLPC selection from GCs has not been fully resolved. Based
on the number of somatic mutations and timing of formation, LLPCs are thought to be
selected from high affinity GC B cells (Ise et al., 2018; Krautler et al., 2017; Phan et al.,
2006; Weisel et al., 2016). Several studies have suggested that MBCs also are selected from
high affinity GC cells (Polo et al., 2008; Wang et al., 2017), whereas other studies have
concluded the opposite (Shinnakasu et al., 2016; Smith et al., 1997; Suan et al., 2017).
Adding further complexity, the CD80+ MBC subset, which predominated in our system
(Figure 1A, S1B), is formed from GCs at late time points that overlap with those of LLPCs,
whereas CD80— MBCs are formed earlier (Weisel et al., 2016). To determine if MBCs in our
system have lower affinity or avidity for their antigen compared to LLPCs, we first
established methods to identify DIlI-specific LLPCs and MBCs. Although plasma cells
secrete most of their antibodies, we observed similar expression of surface Igx as by other B
cells in the bone marrow (Figure S4A), consistent with previous studies (Pelletier et al.,
2010). We used recombinant DIII tetramers to stain and sort single antigen-specific LLPCs
and MBCs (Figures S4A-B), cloned their VV(D)J sequences into expression vectors, and then
expressed and purified recombinant monoclonal antibodies (mAbs) (Tiller et al., 2009). The
cloned mAbs from MBCs and LLPCs were specific for WNV DIl as determined by ELISA
and biolayer interferometry. Analogous to the flow cytometry data, 90% of LLPC-derived
mADbs were DIII-LR specific compared to 50% for MBC-derived mAbs (Table S1).

We first tested mAbs for their ability to bind monomeric WNV WT DIII. MBC-derived
mAbs bound to monomeric WNV WT DIl similarly as mAbs from LLPCs, with modest
reductions in binding seen only at the highest concentration of antibody tested (Figure 4A).
Reversing the orientation of a subset of the antibodies and WNV WT DIlI on the ELISA
plate to test affinity rather than avidity also failed to reveal differences between MBC- and
LLPC-derived mAbs (Figure S4C). To obtain data on binding kinetics of these mAbs, we
performed biolayer interferometry. Affinities and on-rates again were similar between mAbs
derived from MBCs and LLPCs (Figures 4B, S4D). If anything, a small reduction in off-
rates was observed in MBC-derived mAbs compared to LLPC-derived mAbs (Figure S4D).
These data demonstrated that the B cell receptors (BCRs) of MBCs and of LLPCs bound
monomeric DIII similarly.

Given that WNV E proteins assemble into rafts of dimers on an icosahedral virion
(Mukhopadhyay et al., 2003), we considered the possibility that LLPC-derived mAbs might
bind native viral structures better than MBC-derived mAbs. To evaluate this, we tested the
avidity of the mAbs to WNV subviral particles (SVPs), which have icosahedral structures
similar to fully infectious virions (Ferlenghi et al., 2001; Shen et al., 2018). LLPC-derived
mAbs bound with higher avidity to SVPs than MBC-derived mAbs (Figure 4C). This result
suggested that an avidity threshold for multimeric flavivirus antigens may have
distinguished MBC from LLPC selection in the GC and dictated the breadth of antigens
recognized. A lowered avidity threshold, and therefore increased permissiveness to bind
variant antigens, in turn could have promoted diversity in the MBC compartment.
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Absolute affinity thresholds do not segregate MBCs from LLPCs in vivo

Our data were consistent with the existence of either an absolute affinity threshold that
promoted LLPCs and excluded MBCs, or a relative threshold in which the comparatively
lowest affinity B cells within a given GC were allocated to the MBC compartment, perhaps
due to the differences in the timing of their selection (Weisel et al., 2016). To determine if an
absolute affinity threshold promoted the LLPC fate and resulted in a diverse MBC
compartment /7 vivo, we utilized our Ajcad’® x TamCre mouse model to freeze affinity
maturation at different time points during the GC reaction. We first defined time points at
which AID deletion abrogates affinity maturation but not class-switch recombination, and
during which MBCs were formed but bone marrow plasma cells had not yet emerged. This
is important given differences in IgM and IgG signaling that can influence plasma cell
selection (Engels et al., 2009; Ferlenghi et al., 2001; Gitlin et al., 2016; Horikawa et al.,
2007; Shen et al., 2018; Waisman et al., 2007; Wan et al., 2015). At both 7 and 14 days after
WNYV vaccination in wild-type mice, the frequency of WNV DIll-specific GC B cells that
had class switched was high (~90%, Figure S5A). This is consistent with recent studies
showing that class-switch recombination occurs prior to GC formation (Roco et al., 2019).
In addition, the number of somatic mutations in WNV DIlI-specific GC B cells increased
each week post-vaccination (Figure S5B), demonstrating ongoing affinity maturation.

To determine the kinetics of accumulation of WNV DIlI-specific bone marrow plasma cells,
ELISPOT assays were performed at different time points after vaccination. We found that
WNV DllI-specific bone marrow plasma cells were detectable at 2 weeks post-vaccination
and peaked 1 week later (Figure S5C), whereas MBCs emerged earlier (Figure 3B). We
deleted AID at 1 or 2 weeks post-WNYV vaccination to abrogate affinity maturation
temporally and assessed the impact on MBC and LLPC numbers 8 weeks later (Figure 5A).
The frequencies of WNV DIII-LR and DIl non-LR specific MBCs were unaffected by AID
deletion at weeks 1 or 2 post-vaccination (Figure 5B). Cre expression alone also did not alter
antibody responses to WNV WT DIl or WNV E protein (Figure S5D). AID deletion at 1
week after vaccination led to reduced anti-WNV DIl 1gG serum antibody titers and slightly
reduced numbers of DIll-reactive LLPCs relative to control mice (Figures 5C and S5E). This
may indicate an affinity threshold for plasma cell selection, but these data also could be
explained by a reduction in the affinity of antibodies and resulting inability to detect all
antigen-specific LLPCs. Consistent with the latter mechanism, deletion of AID 2 weeks after
WNV vaccination did not affect serum antibody titers or the number of WNV DIlI-specific
LLPCs (Figure 5C and S5E). Moreover, serum antibodies bound equivalently to multivalent
WNV SVPs irrespective of AID deletion (Figure 5D). IgM antibody responses against WNV
were also unaffected by AID deletion (Figure S5F). Collectively, these data indicated that an
in vivo absolute affinity threshold did not exist below which GC B cells were destined to
become MBCs. These data are consistent with a recent study showing that AID-dependent
affinity maturation is dispensable for LLPC and MBC formation (Gitlin et al., 2016).
Notwithstanding this point, our data did not exclude the existence of a relative affinity
threshold that segregated MBC and LLPC specificities.
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Germline affinities of MBC antibodies are lower than those of LLPCs

Previous studies using model antigens and BCR transgenic mice have demonstrated that
MBCs and LLPCs of the same specificity have different affinities (Ise et al., 2018; Krautler
et al., 2017; Shinnakasu et al., 2016; Suan et al., 2017; Weisel et al., 2016). Yet how
differences in affinity explain changes in specificities between MBCs and LLPCs in a
polyclonal response is not immediately obvious. One possible explanation is that the starting
populations of B cells destined to become MBCs are distinct from and possess lower
avidities than those of LLPC precursors. IgH repertoire analysis during weeks 1-2 of the
response revealed similar levels of somatic mutations in the MBC compartment relative to
LLPCs (Figure S6A). For reasons that are unclear, the average number of mutations in the
MBC population decreased somewhat after week 2 (Figure S6A). We next defined IgH
repertoire overlap of MBCs and bone marrow plasma cells at week 4 in the response. As
expected, there was little identity between the affinity-matured IgH repertoires of MBCs and
LLPCs (Figure 6A). Nonetheless, many plasma cell clones shared a common germline IgH
precursor with a small number of clones in the MBC compartment (Figure 6A). In contrast,
most germline precursors of MBCs did not reciprocally contribute to the plasma cell
compartment (Figure 6A). These results were thus consistent with a more diverse MBC than
LLPC compartment.

To directly test germline avidities of LLPCs and MBCs, we reverted somatic mutations in
V(D)J regions from our mAbs back to their germline sequences and assessed their abilities
to bind monomeric WNV WT DIII and SVPs by ELISA. Germline-reverted MBC-derived
mAbs bound more weakly (>10-fold) to WNV DIII and SVPs than did germline-reverted
LLPC-derived mAbs (Figure 6B). These data suggest that most MBCs originated from
relatively low avidity naive B cells that were distinct from those of their LLPC counterparts.

Although MBCs might be selected from low avidity GC B cells (Shinnakasu et al., 2016),
this does not preclude affinity maturation of their precursors (Wang et al., 2017). Indeed,
mutation analysis of our panel of mAbs indicate that MBCs had similar numbers of
replacement mutations in their V(D)J genes as did LLPCs (Figure 6C). In fact, MBC clones
had slightly greater numbers of silent mutations than did LLPCs, and the total number of
mutations were similar between MBCs and LLPCs (Figure S6B). Additional analysis of the
MBC mAbs indicated that DIII-LR and DIl non-LR specificities underwent similar
selection during GC reactions (Figure S6C). In both the MBC and LLPC compartments,
affinity-matured antibodies bound better to monomeric WNV DIII than did their germline-
reverted counterparts (Figure 6D). The extent of affinity maturation was difficult to calculate
precisely, as many germline-reverted MBC mAbs bound antigen poorly. A similar degree of
affinity maturation was observed for binding to WNV SVPs (Figure S6D). Taken together,
these data demonstrated that although B cells destined to become MBCs may have begun
with low relative affinity, they substantially and rapidly improved their ability to bind
antigen during the GC reaction.

We next excluded several affinity-independent explanations for the unique clonal
composition of the MBC pool. One possibility is that distinct B cell subsets, such as
marginal zone B cells, preferentially contribute to the MBC compartment. However, the
antigen-specific precursor frequencies for DIII-LR and DIl non-LR were similar between
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marginal zone and follicular B cells (Figure S6E). A second possibility is that MBCs emerge
from precursors that are more self-reactive than LLPCs. Indeed, in human studies, MBCs
tend towards self-reactivity (Scheid et al., 2011; Tiller et al., 2007). However, we observed
no changes in the ratios of DIII-LR and DIII non-LR during the transition from Hardy
Fractions E-F (Figure S6F), during which self-reactivity is purged (Allman et al., 1993;
Goodnow et al., 1988; Hardy et al., 1991; Nemazee and Burki, 1989; Radic et al., 1993,;
Tiegs et al., 1993). Although WNV DIII-LR cells in Fraction E displayed slightly lower
surface levels of IgM, a marker of anergy and self-reactivity (Goodnow et al., 1988), than
did WNV DIII non-LR specific cells, these lowered levels were not maintained in the
recirculating mature Fraction F cells (Figure S6F). Thus, these avidity-independent
mechanisms failed to explain how MBCs acquired specificities distinct from their LLPC
counterparts. Instead, we propose that low avidity precursors are preferentially recruited to
the MBC compartment.

MBCs are continuously committed from GCs.

Although MBCs and LLPCs had naive precursor populations with different distributions of
avidities and specificities, how these precursors remained biased toward a given fate
throughout the GC was unclear. Moreover, the selection of low affinity GC B cells into the
MBC compartment was challenging to reconcile with the marked degree of MBC affinity
maturation we observed in DIlI-specific mAbs, resulting in many MBCs with nanomolar
BCR affinities (Figure 4B). We considered two explanations for these observations. First, it
was possible that B cells became specified and committed to the MBC fate very early in the
response, but still retained GC potential and thus remained in or re-entered GCs to affinity
mature. Second, it was possible that MBC commitment occurred continuously from GCs,
perhaps from low avidity cells (Shinnakasu et al., 2016). Thus, as GCs improved their
overall affinities with time, so too did the pool from which MBCs are selected. To
distinguish these possibilities, we first compared different flow cytometric approaches to
define committed MBC precursors in germinal centers. CD38" (Ridderstad and Tarlinton,
1998), CD38*EfnB1*S1PR2* (Laidlaw et al., 2017), and CD38*CCR6* (Suan et al., 2017)
marker profiles each have been used to identify pre-MBCs alongside standard GC markers.
CD38* GC B cells were enriched for both CCR6™ and EfnB1™* cells whereas CD38~ cells
lacked CCR6 expression (Figure S7A). These data demonstrated that pre-MBCs as defined
by different groups and markers largely overlapped.

We next performed single cell RNA-sequencing (SCRNA-seq) of WNV DIlI-specific
EfnB1+ GC B cells to transcriptionally identify pre-MBCs and confirm similarity to the
MBC precursor population defined by others (Wang et al., 2017). EfnB1* cells were chosen
to exclude activated germinal center precursors, which otherwise express similar markers as
pre-MBCs (Laidlaw et al., 2017; Taylor et al., 2012). We recovered high quality sSCRNA
profiles for 2,674 GC B cells which partitioned into six clusters (Figure 7A). We calculated a
MBC score for each cell using canonical marker genes (Jash et al., 2016; Shinnakasu et al.,
2016; Suan et al., 2017; Wang et al., 2017; Zuccarino-Catania et al., 2014), and visualized
this metric on the UMAP plot (Figures 7B—C and S7C). Cluster 4 was enriched for genes
associated with MBCs (Laidlaw et al., 2017; Suan et al., 2017; Wang et al., 2017), and also
expressed genes consistent with the G1 cell cycle stage and expressed high levels of KLF2
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(Figure S7B), demonstrating similarity to the pre-MBC population defined previously
(Wang et al., 2017). The MBC score was confirmed by visualizing the individual markers,
such as CD38, CCR6, and KLF2, (Figures S7B and S7D), further demonstrating similarity
to previously defined MBC precursor populations. Finally, we examined clonal relationships
between DIII* pre-MBCs, DIlI* GC B cells, and polyclonal mature swlg CD80*CCR6™
MBCs isolated at Day 7 post-WNV vaccination from the same animals (Figure S7E). We
observed extensive clonal overlap of CDR3 regions of both IgH and Igx between pre-MBCs,
mature MBCs, and GC B cells (Figure S7E), consistent with precursor-progeny
relationships. Somatic mutation frequencies were similar between pre-MBCs and GC B cells
(data not shown).

To functionally test whether committed MBC precursors continued to participate in GCs or
were formed continuously de novo from GCs, we designed a lineage tracing model. We
noted that MBC precursors, but not other GC B cells, lacked expression of Jchain, which can
be expressed downstream of or independently of BLIMP1 (Castro et al., 2013) and was
expressed in both dark and light zone GC B cells (Figure 7D). We generated mice carrying
an IRES-CreERT?2 cassette in the 3° UTR of Jchain and crossed them to animals with a
ROSA26-loxP-stop-loxP TdTomato cassette (TdT-Jchain mice). Tamoxifen treatment of
these mice revealed efficient labeling of GC B cells and bone marrow plasma cells, with
negligible labeling of other B cells or non-B lineages (Figure S7F). We reasoned that at early
time points post-vaccination, tamoxifen treatment would preferentially mark GC B cells but
leave MBC precursors mostly unlabeled. If MBCs at later time points remained similarly
unlabeled, these data would imply that low affinity MBC precursors are committed early in
the response yet continue to participate in GC reactions (Figure S7G). In contrast, if the
percentage of labeled mature and precursor MBCs at later time points were substantially
higher than early in the response, this would imply that MBC commitment is not complete
early in the response (Figure S7G).

TdT-Jchain mice were vaccinated against WNYV, gavaged with tamoxifen at days 5 and 6
after vaccination, and TdTomato expression was analyzed in DIlI-specific GCs, MBC
precursors, and swlg MBCs at different time points (Figure 7E). Antigen-specific GCs were
labeled efficiently, remaining above 60% TdTomato* at both weeks 1 and 4 post-
vaccination. In contrast, few DIlI-specific MBC precursors and mature MBCs were labeled
at Day 7, with several animals showing no labeling at all in these populations (Figure 7F).
By Day 28, the percentages of labeled DIII* precursor and mature MBCs had increased
significantly and were similar to each other (Figure 7F). These data suggested that MBC
commitment occurs over time from the GC and was not complete by Day 7 of the response.

In anti-hapten responses, CD80— MBCs arise and complete their formation early in the
response, whereas CD80+ MBCs arise later from GCs and with overlapping timing as
LLPCs (Weisel et al., 2016). To define the timing of CD80+ MBC formation in our
polyclonal system, we treated TdT-Jchain mice with tamoxifen at either 1 or 2 weeks after
WNYV vaccination. Irrespective of the timing of tamoxifen administration, similar
frequencies of labeling were observed within antigen-specific MBC precursors, GC B cells,
or mature swlg MBCs (Figure 7G). Together with data above, these results demonstrated
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that MBC generation began early and continued at least past 2 weeks into the WNV GC
response.

DISCUSSION

Unlike LLPCs, MBCs can respond to antigen re-exposure by differentiating into either
plasma cells or secondary GC B cells, the latter of which can produce new affinity-matured
plasma cells and MBCs. These recall responses may be of particular importance when
mutants or genetically divergent strains of pathogens arise that escape serum antibodies.
Examples of such pathogens include HIV, which mutates continuously during chronic
infections; influenza viruses, which undergo antigenic drifts and shifts; and flaviviruses, in
which distinct serotypes co-circulate in overlapping geographic regions. For each of these
pathogens, efforts are underway to design vaccine immunogens that would focus the
antibody response to neutralizing epitopes. As an example, sequential immunizations are
envisioned in which MBCs are gradually guided to the target antibody specificities that bind
to antigens such as the CD4-binding site epitopes on HIV (Escolano et al., 2016; Liao et al.,
2013; Wu et al., 2011). This strategy assumes the ability of immunogens to engage MBCs to
re-initiate GC reactions. Yet in mouse models of heterologous flavivirus challenges, we
observed that the MBC compartment was static after WNV vaccination, with little ability to
generate new specificities through secondary GCs. This was observed even when the full
complement of MBCs was generated by primary infections. Clearly, more details are needed
on the cues that allow for the generation and engagement of MBC subsets that can form
secondary GCs.

MBC:s are diversified relative to LLPCs to ensure greater antigenic coverage than can be
achieved by serum antibodies alone. Recent studies on responses to model antigens have
provided some potential mechanistic explanations for this property. One model of MBC
commitment in GCs correlates with low affinity, lack of T cell help, and Bach2 expression
(Shinnakasu et al., 2016). Reciprocally, only the highest avidity cells in the GC receive
sufficient T cell help to exit as LLPCs (Ise et al., 2018; Kréutler et al., 2017). Another model
of MBC commitment occurs through the interaction of G1-stage GC B cells with IL-9
producing Tfh cells (Wang et al., 2017). In this latter model, MBCs must be of sufficient
affinity to receive T cell help. Our results may help reconcile these findings. We observed
that the naive precursors of most CD80+ MBCs begin and end at lower avidity than those of
their LLPC counterparts. Yet these cells still undergo affinity maturation and intense
selection within the GC. How these models apply to CD80- MBC subsets, which are
formed early in GCs prior to LLPCs and CD80+ MBCs (Weisel et al., 2016), remains
unclear.

In our system of polyclonal responses to flavivirus vaccinations and infections, there
appeared to be two paths for the generation of MBCs from GCs. In the first path, common
naive precursors initiated both MBCs and LLPCs, but there was little to no identity between
the repertoires of these cell types as they exited. A second pathway, which accounted for
most MBCs in our system, arose from low avidity naive precursors that did not contribute to
the LLPC compartment. That low avidity precursors can contribute to MBCs has been
shown in non-competitive transgenic settings (Dal Porto et al., 2002; Dal Porto et al., 1998;
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Di Niro et al., 2015; Silver et al., 2018), but to our knowledge it has yet to be shown that
these initial avidities are predictive of post-GC fate. Irrespective of which path is taken,
MBCs eventually emerged with lower average affinities than their LLPC counterparts.

Low relative affinities could increase the breadth of MBC specificities and in several ways.
First, the low relative binding capacity of MBCs might allow for affinity maturation in
reverse, in which mutations in a pathogen in fact enhance recognition by a subset of MBCs.
Our previous work in fact revealed some evidence of such anticipatory memory (Purtha et
al., 2011). Second, a low avidity threshold might allow for a greater clonal diversity of MBC
specificities, such as those that bind the non-LR epitope, to be recruited into the primary
response (Zaretsky et al., 2017). An implication of this mechanism is that immunogen
interactions with germline precursors can be manipulated to increase or decrease final MBC
and antibody diversity. This agrees with studies that have found other B cell properties, such
as proliferation, survival, and GC entry to be linked to germline affinity (Abbott et al., 2018;
Anderson et al., 2009; Gitlin et al., 2014; Pape et al., 2018; Paus et al., 2006; Phan et al.,
2006; Taylor et al., 2015; Zaretsky et al., 2017).

For flavivirus vaccines, the best strategy might be to restrict antibody and MBC diversity to
minimize weakly cross-neutralizing antibodies and ADE, as we found no evidence that such
antibodies could be redeemed through secondary GC reactions. Although ‘public’
clonotypes have been isolated from humans infected with closely related flaviviruses
(Fernandez et al., 2018; Rabbiani et al., 2017; Zhao et al., 2019), our data suggest that such
cross-neutralizing antibodies are rare and may already exist prior to heterologous infections.
Thus, structure-based immunogen design that minimizes cross-reactive responses, even to
otherwise neutralizing epitopes, may achieve flavivirus type-specific immunity while
minimizing ADE. Several such efforts are underway already (Frei et al., 2018; Jagger et al.,
2019; Richner et al., 2017; Slon-Campos et al., 2019), yet our study offers some additional
insight. A ‘hidden’ repertoire of low affinity MBCs exists that is not necessarily reflected in
serum antibodies. These MBCs potentially can cross-react with conserved non-neutralizing
epitopes across flaviviruses, such as DIII-non-LR and thus yield ADE-promoting antibodies.
Given that much of the target population for flavivirus vaccines is seropositive for at least
one flavivirus already, special attention might be needed to avoid pre-existing MBCs via
immunogen design. Similar strategies have shown initial promise in models of HIV vaccines
(Abbott et al., 2018; Havenar-Daughton et al., 2019; Pauthner et al., 2017), and our studies
support these approaches for type-specific flavivirus immunizations.

Limitations of study:

First, this is a mouse study. It is possible that the memory B cell subsets induced in humans
after infections or vaccinations functionally differ from those in this model system. These
questions are challenging to address in humans, but are conceivably possible through before
and after repertoire analysis of subjects where different flavivirus strains are endemic.
Second, our study focused on the neutralizing DIII-LR epitope, which comprises only a
relatively small part of the overall response and is non-trivial to quantify by ELISA or
tetramer stains. Finally, our data do not definitively distinguish between high vs. low avidity
models of MBC selection from the GC. Rather our data can only support the argument that
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MBC precursors begin at lower germline avidity than those of their LLPC counterparts.
Addressing this question more definitively would require cloning and re-expression of mAbs
from pre-MBCs and GC B cells contemporaneously.

STAR METHODS
RESOURCE AVAILABILITY

Lead Contact and Materials Availability—Further information and requests for
resources and reagents should be directed to and will be fulfilled by the Lead Contact,
Deepta Bhattacharya (deeptab@email.arizona.edu).

Materials Availability—All non-commercially available reagents generated in this study
are available upon request.

Data and Code Availability—The accession number for the single cell RNA-seq data
reported in this paper in NCBI GEO: GSE154102.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

C57BL/6N, hCD20-TamCre, Aicdd’t, JchainCreERT2, and B6.Cg-
Gt(ROSA)2650rtm14(CAG-tdTomato)HzelJ mice were housed and bred in pathogen-free
facilities. All animal procedures used were approved by the Animal Care and Use
Committees at Washington University and the University of Arizona. WNV and JEV
infections were performed according to A-BSL3 standards. All mice were housed and bred
in pathogen-free facilities. Tamoxifen treatment consisted of placing mice on tamoxifen for
two weeks. For timed deletions, mice were gavaged for two consecutive days with 50 ug of
tamoxifen dissolved in corn oil per gram of mouse weight. Gender and age-matched, 8- to
64-week-old female and male mice were randomly assigned to experimental groups.
Littermates were used at controls.

METHOD DETAILS

Generation of Aicda”fxhCD20-TamCre and TdT-Jchain mice.—Aicda” mice were
generated by injecting targeted C57BL/6N embryonic stem line (HEPD0615_ 4 B08,
Aicdatmla(EUCOMMHMGU  Eyropean Conditional Mouse Mutagenesis Program) into B6
albino (Jackson Laboratory) mice by the Transgenic Knockout Microinjection Core facility
at Washington University in St. Louis. Pups were first crossed to ROSA26::FLPe (Jackson
Laboratory, Stock No: 003946) mice to remove the LacZ and neomycin resistance
sequences, and then to hCD20-TamCre mice (Khalil et al., 2012) to generate Aicda”* mice.
Mice were then maintained as either Aicda” or Aicda”"x hCD20-TamCre and littermates
were used as controls. The following primers were used for genotyping the Aicdaallele:
common forward 5’-~AGCCCCTCAGCCCTTTAATC-3’, wild-type reverse 5’-
GCTGGTGTTGTGTGCGAAG-3’, Aicdatargeted 5’-TCGTGGTATCGTTATGCGCC-3’.
JchainCreERT2 mice were generated by microinjecting Cas9-gRNA ribonucleoparticles into
C57BL6/J zygotes alongside an IRES-CreERT2 donor cassette targeting the 3* UTR of
Jchain. The following primers were used for genotyping the Jchain allele: Jchain wild-type
forward: 5’-TGCTGTGCAGATGATTAGG-3’, Jchain transgenic forward: 5’-
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CCCACATCAGGCACATGAGTAACAA-3’, and Jchain common reverse: 5’-
CTCCTTGAGCAGACATGAGGATT-3". Targeted mice were crossed to C57BL6/N mice
and then to LoxP-Stop-LoxP (LSL)-TdTomato mice (Jackson Laboratory, Stock No:
007914). Mice heterozygous for Jchain and LSL-TdTomato were used.

DIll refolding and biotinylation—To generated biotinylated DIII, DIl sequences were
cloned downstream of a modified pET21 expression vector containing 6x Histidine tag,
AviTag (GLNDIFEAQKIEWH), and Thrombin cut site (Nybakken et al., 2005). WNYV,
ZIKV and JEV DIII proteins were refolded by oxidative refolding as previously described
(Fernandez et al., 2018; Oliphant et al., 2007; Zhao et al., 2016). Briefly, BL21(DE3) E. coli
cells were used for autoinduction of DIl cloned into the pET21 expression vector. The DIl
protein was refolded from inclusion bodies by oxidative refolding and purified by size
exclusion. AviTagged DIII protein were biotinylated using the NIH Tetramer Core Facility
biotinylation protocol (https://tetramer.yerkes.emory.edu/support/protocols#9).

Flow cytometry/sorting—Single cell suspensions were prepared from bone marrow or
spleen. Erythrocytes were lysed using an ammonium chloride-potassium solution, and
lymphocytes were isolated with Hisopaque-1119 (Sigma-Aldrich) and density gradient
centrifugation. Cells were resuspended in PBS with 5% adult bovine serum and 2 mM
EDTA prior to staining with antibodies and labeled DIll-tetramers. The following antibodies
were purchased from Biolegend: 6D5 (CD19)-Alexa Fluor 700; GL7-FITC -PerCP-Cy5.5, -
PE, or Pacific Blue; 90 (CD38)-BV510 or -APC-Cy7; 281-2 (CD138)-PE or -APC; RMM-1
(IgM)-APC; 11-26¢.2a (IgD)-PerCP-Cy5.5, -PE-Dazzle594, -BV510, or -BV605; 16-10A1
(CD80)-PE, - Alexa Fluor 488, or -Brilliant Violet 421; 29-2L.17 (CCR6)-PE, TY25 (PD-
L2)-Brilliant Violet 421 or -PE-Dazzle594; TY/11.8 (CD73)-APC-Cy7; B3B4 (CD23)-
BV510; and RA3-6B2 (B220)-FITC. The following antibodies were purchased from
eBioscience: 11/41 (IgM)-PerCP-e710 and 4E3 (CD21/35)-FITC. Ephrin-B1-biotin was
purchased from R&D Systems. The following antibodies were purchased from Bio X Cell:
M1/70 (CD11b), 2C11 (CD3), GK1.5 (CD4), 53-6.7 (CD8), and TER119. Labelled DIII
tetramers were generated by incubating biotinylated DIII with labelled streptavidin (Brilliant
Violet 421, Brilliant Violet 605, PE, or APC, all from Biolegend) at a 1:4 molar ratio, where
1/10t of the total streptavidin was added to DIII every 10 minutes. D111 tetramers were
diluted in PBS to 130 ug of DII/mL, and cells were stained at 2.6 ug/mL of DIII tetramer
per 107 cells for 20 min on ice. Antigen-specific MBCs and GC B cells were enriched by
depleting non-B cells, IgM* and IgD* splenocytes cells by cellular panning. Splenocytes
were stained with rat anti-CD4, CD8, CD11b, CD3, Ter119, IgM, and IgD on ice for 20 min,
wash, and then incubated on plates pre-coated with 1 ug/mL of mouse anti-rat 19G (3053-
01, Southern Biotech) for 20 min at 4°C. The non-adherent cell fraction was collected,
washed, and then stained with MBC and GC B cell surface markers (CD19, GL7, CD38,
CDB80, CCR6 and DIII tetramers). Antigen-specific bone marrow plasma cells were
subjected to CD138 enrichment prior to DIlI-tetramer staining. Total bone marrow cells
were stained with anti-CD138 APC, cells washed and then stained with anti-PE magnetic
beads (0.5 uL/10 cells, Miltenyi Biotec). Positive enrichment of CD138-expressing cells
was performed using MACS LS columns (Miltenyi Biotec), where enriched cells were
stained with 2.6 ug/mL of DIII tetramers.
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ELISA.—ELISA plates (9018, Corning) were coated overnight at 4°C in 0.1 M sodium
bicarbonate buffer, pH 9.5 containing 5 ug/mL of the appropriate domain 111 antibody, WNV
E protein, or 4G2 mAb. All other incubation steps were performed at room temperature for 1
hour. Wash steps were performed between each step using PBS + 0.05% Tween-20. Plates
were blocked with PBS + 2% BSA followed by serial dilutions of serum. Plates coated with
4G2 were further incubated with media containing WNV SVPs. Serum was probed with 0.1
ug/mL of biotinylated anti-mouse 1gG (715-065-151, Jackson ImmunoResearch
Laboratories) or 0.14 ug/mL of biotinylated anti-mouse IgM (115-065-075, Jackson
ImmunoResearch Laboratories) and then detected with streptavidin conjugated horseradish
peroxidase (554066, BD biosciences). MAbs were probed with 0.8 ug/mL of peroxidase
conjugated anti-human 1gG (709-035-149, Jackson ImmunoResearch). Plates were
developed using TMB (J61325, Alfa Aesar) and neutralized with 2N H,SO4. Optical density
(OD) values were measured at 450 nm. Serum endpoint titer was defined as the inverse
dilution factor that is three standard deviations above background using variable slope
measurements and Prism software (GraphPad Software). OD values from mAbs were
normalized to the OD values of humanized E16 (NR-31082, BEI Resources) at each
dilution.

Neutralization Assays.—Serum was heat-inactivated at 56°C for 30 min. Serial dilutions
of serum or mAbs were incubated with 100 FFU of WNV-NY99 (Lanciotti et al., 1999) or
JEV SA14-14-2 (Song et al., 2012) for 1 h at room temperature. Serum/mAbs-virus
complexes were added to a monolayer of Vero cells in a 96-well plate and incubated at 37°C
with 5% CO», for 1 h. Cells were overlaid with 1% (w/v) carboxymethycellulose (Sigma-
Alrich) in MEM supplemented with 2% FBS, 1x Pen-Strep, and 1x GlutaMax. Plates were
harvest 24 (WNV) or 36 (JEV) h later and fixed with 1% PFA in PBS. Plates were incubated
with 500 ng/mL of hE16 (for WNV, BEI) or JEV-31 (Fernandez, E. et al., mBio, 2018)
diluted in PBS + 0.1% saponin+0.1% BSA. hE16 was detected using 0.8 ug/mL of
peroxidase conjugated anti-human IgG, whereas JEV-31 was detected using 100 ng/mL
biotinylated anti-mouse 1gG followed by streptavidin-HRP. Foci were visualized using
TrueBlue peroxidase substrate (50-78-02, KPL) and enumerated on the CTL ImmunoSpot
S6 Analyzer.

ELISpot Assays.—ELISpot plates (MSHAN4510, Millipore Sigma) were coated with 10
ug/mL of anti-mouse 1g kappa (559749, BD biosciences) in PBS overnight at 4°C. Plates
were blocked with complete DMEM for 1 h. Bone marrow plasma cells were enriched on
CD138 as described above and plated in triplicates. Cells were incubated at 37°C with 5%
CO,, for 16 h. Plates were washed with PBS followed by PBS+0.05% Tween-20, incubated
with 5 ug/mL of biotinylated WNV WT or KT DIl diluted in PBS, 2% adult bovine serum
and 0.05% Tween-20 and incubated at room temperatures for 1 h. Plates were rinsed with
PBS + 0.05% Tween-20 and then incubated with streptavidin HRP diluted in PBS, 2% adult
bovine serum, and 0.05% Tween-20 at room temperatures for 1 h. Wells were washed one
last time with PBS + 0.05% Tween-20 and PBS. Spots were developed using TrueBlue
peroxidase substrate and enumerated on the CTL ImmunoSpot S6 Analyzer. The total
number of DIII-specific bone marrow plasma cells was calculated by multiplying the
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number of enumerated spots by the plating dilution factor. The value was then divided by the
total number of bone marrow cells.

WNV SVP production.—Lenti-X 293T cells were transfected with WNV prM-E
construct (Zhang et al., 2016) using GeneJuice transfection reagent. Supernatants were
collected 48 h later, filtered using a 0.2 um filter, aliquoted, flash frozen, and stored at
-80°C.

Immunizations.—Mice were administered two doses of inactivated WNV Innovator
vaccine (Valley Vet Supply) by intraperitoneal injection on days 1 and 2 (Purtha et al.,
2011). Biotinylated ZIKV WT (Zhao et al., 2016) and A310/T335 (LR mutant) DIII were
tetramerized with streptavidin at a 1:4 molar ratio, where 50 ug of tetramer was mixed with
100 uL of AddaVax vaccine (Invivogen) and then administered to mice by intraperitoneal
injection.

MAb generation and purification.—Antigen-specific MBCs were sorted using a
FACSAria Il and cultured as previously described (Purtha et al., 2011). Briefly, each well of
a 96-well plate were seeded with 30,000 mitomycin C-treated BAFF + CD40L + NIH 3T3
cells (Purtha et al., 2011), one day prior to seeding individual MBCs. Sorted MBCs were co-
cultured with the feeder cells in the conditioned 3T3 complete DMEM medium (DMEM,
10% FBS, 1x penicillin-streptomycin, 1 mM sodium pyruvate, 1x nonessential amino acids,
and 2 mM GlutaMax) containing 1 pg/ml pokeweed mitogen lectin (Sigma-Aldrich), 10
pg/ml lipopolysaccharide (from £. co/i0.111:B4; Sigma-Aldrich), 1 pg/ml
phosphorothioated murine CpG (5'-TCCATGACGTTCCTGATGCT-3"; Integrated DNA
Technologies), 16 ng/ml mIL-2, 10 ng/ml mIL-6, 17 ng/ml mIL-10 (PeproTech), 10 mM
HEPES, and 50 pM B-mercaptoethanol). Supernatant was collected after 6 days of culture,
and DIII specificity assessed by ELISA. V(D)J sequences were amplified as described in
(Tiller, 2009) and cloned into modified heavy (Addgene plasmid # 8079) and light chain
(Addgene plasmid # 80796) expression vectors (Tiller et al., 2008). The modified heavy
chain expression contains a G4S linker sequence and an AviTag sequence at the 3’ end of
the higG1 sequence. Single antigen-specific LLPCs from the bone marrow were sorted into
catch buffer containing 0.1M Tris pH 8.0 and RNase inhibitor (Smith et al., 2009) and flash
frozen. V(D)J sequences were isolated according to a previously published protocol (Ho et
al., 2016). Briefly, cDNA was generated, two rounds of nested PCRs performed to amplify
the V(D)J sequences, and then V(D)J sequences cloned into the modified heavy and light
chain expression vectors.

Lenti-X 293T cells (Clontech) used for transfections were maintained in complete DMEM
containing 10% ultra-low IgG FBS (ThermoFisher), 1x penicillin-streptomycin, 1 mM
sodium pyruvate, 1x nonessential amino acids, and 2 mM GlutaMax. Transfections were
performed using GeneJuice (EMD Millipore Novagen). Somatically hypermutated mAbs
were produced by co-transfecting heavy chain construct, light chain construct, and a BirA
ligase construct. Germline reverted mAbs were produced by co-transfecting heavy and light
chain constructs. Fresh media was supplemented every other day. Six days after transfection,
supernatants were collected, cellular debris filtered, and then mixed with Protein G 1gG
Binding Buffer (Thermo Scientific) at a 1:1 ratio. MAbs were purified from the supernatant
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by Protein G (Cytiva) affinity chromatography. Purified antibodies were concentrated and
buffer exchanged with PBS containing 0.1% sodium azide using an Amicon® Ultra-15
Centrifugal Filter Unit (30 kDa membrane).

BLI Binding Assays.—The binding affinity of affinity matured mAbs to WNV WT DlIlI
was assessed by BLI using an Octet Red384. The buffer used contained 150 mM NacCl, 10
mM HEPES, 3 mM EDTA, 0.005% Tween20, and 1% BSA, pH 7.4. Biotinylated mAb was
loaded onto streptavidin biosensors (ForteBio) at 5 ug/mL for 3 minutes. The association
and dissociation of antibody to WNV WT DIII was measured at 30°C. Data were analyzed
using the ForteBio DataAnalysis 11.0 software, and fitted to a 1:1 binding model.

IgH repertoire analysis.—WNV DllI-specific GC B cells (CD19*GL7*IgD~CD38"),
bone marrow plasma cells (CD138*), and MBCs (CD19*GL7"IgM~IgD"CD80*CCR6%)
from WT mice were sorted 7, 14, 21, and 28 days after WNV vaccination. RNA was using
the NucleoSpin RNA XS kit (Macherey-Nagel) per manufacturer’s instructions. cDNA
synthesis was performed as previously described (Ho et al., 2016). 1gG immunoglobulin
transcripts were amplified with the following primers: msVHEstdseql 5’-
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGGGAATTCGAGGTGCAGCTGCA
GGAGTCTGG-3” and commonCgstdseq2 5’-
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCARKGGATRRRCHGATGGGG-3
”. A final amplification with P5 forward Stdseql and P7 reverse Stdseq index primers were
used as previously published (Lam et al., 2018). Samples were pooled, purified, and then
sequence dusing Illumina Miseq v3 2x250 platform using previously published (Lam et al.,
2018). Forward and reverse reads were paired using the default settings of PEAR (Zhang et
al., 2014). Paired reads were further analyzed using Migmap (https://github.com/mikessh/
migmap) where full length VDJ sequences were merged and corrected for PCR errors.
Samples were further filtered by excluding non-productive B cell receptors, transcripts
without an assigned D gene, and counts below 10. In addition, the maximum number of
clones included in subsequent analysis was the number of cells sorted based on the BD
FACSArria 1. Sequences analyzed using IMGT/HighV-Quest (Lefranc et al., 2009).
Duplicate transcripts due to sequencing errors were removed by combining sequences that
share the same CDR1, FR2, CDR2, FR3, CDR3, N1-region, P5’D, P3’D, and N2-region
nucleotides.

Germline clonal identity was determined by comparing IgH transcripts for the same V gene,
D, gene, J gene, N1-region, P5’D, P3’D, and N2-region nucleotides. Clonal identity at the
affinity matured state was determined by comparing sequences for the same CDR1, FR2,
CDR2, FR3, CDR3, N1-region, P5’D, P3’D, and N2-region nucleotides sequences. Clonal
overlap between the different samples were visualized using BioCircos (Cui et al., 2016).

Immunoblotting.—Aicda” TamCre and Aicda” mice were immunized with 8x108 sheep
red blood cells (Lampire) by intraperitoneal injection. GC B cells were sorted on a FACS
Aria Il at different timepoints after immunization. Cells were lysed in Laemmli buffer
containing 2% SDS and 5% 2-mercaptoethanol and stored at —20°C until analysis. Cell
lysates were separated by 10% SDS-PAGE and transferred to PVDF membrane (Roche).
The membranes were probed with 20 ug/mL of anti-AID monoclonal antibody (mAID-2,
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eBioscience). The signal was detected using a Luminata HRP substrate (Millipore). Signal
from the horseradish peroxidase was quenched by incubating the membrane with 30% H,0»
for 10 min. The membrane then was probed with anti-ERK2 (Santa Cruz, C-14) antibody as
a loading control. The signal was detected using a Luminata HRP substrate.

scRNA-seq analysis.—WNV DllI-specific GC B cells (CD19*GL7*EphrinB1*IgD")
were sorted using a FACS Avriall and prepared and processed according to 10x Genomics
instructions for Single Cell Protocols Cell Preparation Guide and Chromium Single Cell
V(D)J Reagents kit. Reads were processed and aligned to the mm10 reference genome using
the 10X cellranger count pipeline. The filtered counts matrix was loaded into Seurat (Stuart
et al., 2019) for the rest of the analysis. Doublet scoring was performed using “rscrublet’, the
R implementation of scrublet (Wolock et al., 2019). High quality cells were determined
based on quality control thresholds of <5% mitochondrial reads, a doublet score <0.20, and
>200 unique features. A small number of non-B cells were identified and filtered for quality
control. Normalization, clustering, dimensionality reduction, and visualization were
performed using Seurat and ggplot2. Scores for gene modules were computed using
“Seurat::AddModuleScore. The MBC score is comprised of K/f2, Zbtb32, Bach?2, 1/9r, CcrS,
Cd38, and S1prl. Cell cycle phase prediction was performed with the
“Seurat::CellCycleScoring™ function.

Infection.—Wild-type mice were inoculated via subcutaneous injection in the footpad with
103 plaque-forming units (PFU) of WNV-NY99 strain, and all experiments were performed
in A-BSL3/BSL3 facilities. AID WT and AID cKO mice were inoculated via intraperitoneal
injection with 108 PFU of ZIKV (Dakar strain 41519, (Zhao et al., 2016), DENV-2 (strain
D2S20, (Makhluf et al., 2013), or both.

QUANTIFICATION AND STATISTICAL ANALYSIS

Student’s two-tailed t test, Mann-Whitney test, and 2-way ANOVA were performed using
Prism software (Graphpad). Figure legends specify the test used, criteria for statistical
significance, and the number of experimental, biological, and technical replicates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

. Flavivirus-specific memory B cells bypass germinal centers in recall
responses

. Recall responses are restricted by the starting clonal diversity of memory B
cells

. Low germline affinity cells enter the germinal center to promote memory
diversity

. Memory B cell precursor germline affinity is lower than of long-lived plasma
cells
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Figure 1. Plasma cell-biased MBCs recognize and respond to heterologous antigens.
(A) Mice were vaccinated with inactivated WNV vaccine and the number of DIlI-specific

cells in different MBC subsets was calculated by flow cytometry 8-12 weeks later. WNV-
vaccinated mice are compared to naive animals. Mean £ SEM are shown; each symbol
represents an individual mouse. Data are pooled from two independent experiments. *p <
0.05; student’s two-tailed t test for each subset. (B) Representative flow cytometry plot
showing cross-reactivity between WNV DIlI- and JEV DIlI-specific swig CD80* MBCs.
WNV DlIlI-binding cells were enriched from 5 pooled spleens from WNV-vaccinated mice
and then stained for JEV DIII specificity. (C) Representative flow cytometry plots showing
the cross-reactivity of WNV DIII-LR and WNV DIlII non-LR cells to JEV DIII-LR and JEV
DIl non-LR cells. Cells originate from the same experiment as in (B). (D) Sera from naive
and WNV-immune mice were assessed for WNV WT, WNV KT DIlII, and JEV WT DIII
binding before (D0) and 14 days post JEV vaccination. OD450nm values at a 1:50 serum
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dilution is shown. Mean + SEM are shown; each symbol represents an individual mouse.
Data comes from one experiment. (E) The frequency of WNV DlIlI-specific GC B cells
(CD19*GL7*1IgD~CD387) 7 and 14 days after JEV vaccination of WNV-vaccinated mice
was quantified by flow cytometry. A representative plot of DIlI-specific GC B cells is shown
on the left and quantified on the right. Mean £ SEM are shown; each symbol represents an
individual mouse. Data comes from one experiment. See also Figure S1.
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Figure 2. MBCs do not require additional affinity maturation to respond to heterologous
flavivirus challenges.

(A) Schematic representation of the experimental setup for WNV vaccination and JEV recall
responses. (B) Serum from WNV-immune A/cda f/f x TamCre (AID cKO) and A/cda fif
(AID WT) was collected before, 14, and 70 days after JEV vaccination. Serum binding
curves against WNV WT DIlII, WNV KT DIIl, JEV WT Dlll, and JEV ESAK DIl for each
timepoint are shown. Mean = SEM values are shown. Data are pooled from 3 independent
experiments where 2—-9 mice per genotype was used for each experiment. (C) Serum from
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WNV-immune AID WT and AID cKO mice was collected ten weeks after JEV vaccination.
JEV WT and JEV ESAK DIl specific IgM levels are shown as the ODys5pnm, Values from
serum diluted 1:50. Each symbol represents an individual mouse. Mean + SEM are shown.
Data are pooled from two independent experiments. (D) 1gG levels, shown as OD4sonm
values for 1:50 diluted serum, collected in (B), for binding to JEV WT and JEV ESAK DII|I.
Each symbol connected by lines represents paired values from an individual mouse. Data are
pooled from three independent experiments. (E) Neutralizing antibody titers (1/1C50) to
JEV were measured by a focus reduction neutralization test (FRNT) from serum collected in
(B). Mean = SEM are shown; each symbol represents an individual mouse. See also Figures
S2 and S3.
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Figure 3. MBCs are actively selected from GC B cells.

1
i

CD38

(A) Mice were immunized with inactivated WNV vaccine and DIlI-specificities in GCs
(CD19*GL7*1gD~CD38") were enumerated by flow cytometry at days 7, 14, 21, 28 and
56+. A representative plot of DIII-specific GC B cells is shown on the left and quantified on
the right. Mean frequencies + SEM are shown; each symbol represents an individual mouse.
*** < 0.001, **** p < 0.0001; paired student’s t-test. Data are pooled from two
independent experiments. (B) The frequencies of WNV DIII-LR and WNV DIII non-LR
binders in swlg CD80*CCR6* MBCs were quantified by flow cytometry at different
timepoints after WNV vaccination. A representative plot of DIlI-specific MBCs is shown on
the left and quantified on the right. Mean values + SEM are shown; each symbol represents
an individual mouse. *** p < 0.001, **** p < 0.0001; paired student’s t-test. Data are pooled
from two independent experiments. (C) Ratios of WNV DIII non-LR to WNV DIII-LR
specific cells were quantified for GC B cells and MBCs using values in (A) and (B). Mean
values = SEM are shown. *p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001; paired
student’s t-test. (D) WNV DIl non-LR GC B cells and WNV DIII* MBCs were sorted two

weeks after WNV vaccination of wild-type mice and 1gG sequences amplified. Clonal
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overlap between the germline IgH sequences from these two populations are displayed as
links in the BioCircos plot. (E) The frequency of CD38*CCR6™ expressing MBC precursor
cells within WNV DIII-LR and WNV DIII non-LR specific GC B cells (CD19*GL7*IgD")
was quantified by flow cytometry. The gating strategy is shown on the top with a
representative CD38+CCR6+ gate shown for DIII-LR and DIl non-LR cells. Mean values +
SEM are shown; each symbol represents an individual mouse. Data are pooled from two
independent experiments.
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Figure 4. MBCs have lower avidity for their antigens than do LLPCs.
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(A) Monoclonal Abs from WNV-immune mice were isolated from MBCs and LLPCs, and
WNV DIII reactivity was confirmed by ELISA. MAb binding curves for WNV WT Dl|I
were performed using ELISA. Mean £ SEM are shown. *p < 0.05; 2-way ANOVA. (B)
Binding affinity (Kp, kinetic) to WNV WT DIII for a subset of mAbs was determined by
biolayer interferometry. Mean + SEM are shown; each symbol represents one mAbs. n.s.
indicates p > 0.05; Mann-Whitney test. (C) MAD binding curves for WNV subviral particles
(SVPs) were performed by ELISA. Mean = SEM are shown. ****p < 0.0001; 2-way

ANOVA. See also Figure S4.
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Figure 5. Absolute affinity thresholds do not segregate MBCs from LLPCs in vivo.

(A) Experimental setup to temporally ablate AID during ongoing GC reactions. (B)
Frequencies of WNV DIII-LR and WNV DIl non-LR specific MBCs were quantified by
flow cytometry for each AID genotype and deletion group. Mean values + SEM are shown;

each symbol represents an individual mouse.

Data are pooled from two independent

experiments. (C) Serum IgG antibody binding curves to WNV WT DIIl and WNV KT DllI
are shown for each AID deletion group. Mean values + SEM are shown. Data are pooled
from two independent experiments consisting of 4-7 mice per genotype for each
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experiment. ***p < 0.001 by 2-way ANOVA. (D) Serum from week 1 AID deletion was
assessed for WNV SVP binding by ELISA. Mean values + SEM are shown. See also Figure
S5.
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Figure 6. Germline affinities of MBC-derived antibodies are lower than those from LLPCs.
(A) BioCircos plots showing clonal overlap at the germline-reverted and affinity matured

IgG sequence from sorted WNV DIII* BMPCs and WNV DIII* MBCs four weeks after
WNV vaccination. Each link represents a shared clone between the two populations. (B)
Monoclonal Abs isolated in Figure 4 were reverted to their germline sequences, and binding
curves against monomeric WNV WT DIIl and SVPs were measured by ELISA. Mean
values = SEM are shown. ***p < 0.001 and ****p < 0.0001; 2-way ANOVA. (C) The total
number of replacement mutations in the heavy and light chains of the isolated mAbs are
plotted. Mean £ SEM are shown; each symbol represents one mAb. (D) ELISA binding
curves for monomeric WNV WT DIII are compared for germline-reverted and somatically-
mutated mAbs from MBCs and LLPCs. Mean + SEM are shown. ****p < 0.0001; two-way

ANOVA. See also Figure S6.
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Figure 7. MBCs are continuously selected from GCs.
(A) Dlll-specific GC B cells (CD19*GL7*1gD"EphrinB1™) were isolated one week after

WNV vaccination, subjected to single cell RNA-sequencing and analyzed using Seurat.
UMAP plot displaying cells colored by transcriptional color identity. (B) Heatmap of
signature GC B cell and MBC genes for each cluster as well as sorted MBCs. Averages for
all single cells in each cluster and all MBCs are shown. (C) UMAP plot showing cells and
their MBC module score (K/f2, Zbtb32, BachZz, 119r, Ccré6, Cd38, and S1prl). (D) UMAP
plot highlighting gene expression level per cell for Jchain, Cxcr4 (dark zone), and CD86
(light zone). (E) Schematic representation of GC lineage tracing experiment. A
representative histogram for TdTomato expression in polyclonal MBC precursors
(CD19*GL7*1gD"IgM~CD38*EfnB1™") is shown (right). (F) The frequency of TdTomato
expression in the DII1+ and polyclonal MBC precursor, DI+ GC B cells (CD19*GL7*1gD
~“CD38 EfnB1*) and DIlI+ swlg MBC populations is quantified by flow cytometry in TdT-
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Jchain mice labelled 5 and 6 days after WNV vaccination, and analyzed 1 or 22 days later.
Mean + SEM are shown. ****p < 0.0001; paired Student’s t test for each population. (G)
Frequency of TdTomato-labelled cells in TdT-Jchain mice treated with tamoxifen 14 and 15
days after WNV vaccination was analyzed by flow cytometry 13 days later (28 days after
WNV vaccination) and compared to week 1 labeling. Week 1 labeling at 28 days after WNV
vaccination are the same data as shown in (F). Student’s t test was used for statistical
analysis. See also Figure S7.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD19 (clone 6D5) Alexa Fluor 700 Biolegend Cat#115528; RRID: AB_493735
GL7 FITC Biolegend Cat#144604; RRID: AB_2561697
GL7 PerCP-Cy5.5 Biolegend Cat#144610; RRID: AB_2562979
GL7 PE Biolegend Cat#144608; RRID: AB_2562926
GL7 Pacific Blue Biolegend Cat#144614; RRID: AB_2563292

CD38 (clone 90) BV510

BD biosciences

Cat#740129; RRID: AB_2739886

CD38 (clone 90) APC-Cy7 Biolegend Cat#102728; RRID: AB_2616968
CD138 (clone 281-2) PE Biolegend Cat# 142504; RRID: AB_10916119
CD138 (clone 281-2) APC Biolegend Cat# 142506; RRID: AB_10962911
IgM (clone RMM-1) APC Biolegend Cat# 406509; RRID: AB_315059
1gD (clone 11-26c¢.2a) PerCP-Cy5.5 Biolegend Cat# 405710; RRID: AB_1575113
1gD (clone 11-26c.2a) PE-Dazzle594 Biolegend Cat# 405742; RRID: AB_2571985
1gD (clone 11-26¢.2a) BV510 Biolegend Cat# 405723; RRID: AB_2562742
1gD (clone 11-26c¢.2a) BV605 Biolegend Cat# 405727; RRID: AB_2562887
CD80 (clone 16-10A1) PE Biolegend Cat#104708; RRID: AB_313129
CD80 (clone 16-10A1) Alexa Fluor 488 Biolegend Cat#104716; RRID: AB_492822
CD80 (clone 16-10A1) BV510 Biolegend Cat#104741; RRID: AB_2810337
PD-L2 (clone TY25) BV421 Biolegend Cat#107219; RRID: AB_2728127
PD-L2 (clone TY25) PE-Dazzle594 Biolegend Cat#107216; RRID: AB_2749894
CD73 (clone TY/11.8) APC-Fire750 Biolegend Cat#127222; RRID: AB_2716101
CD23 (clone B3B4) BV510 Biolegend Cat#101623; RRID: AB_2563705
B220 (clone RA3-6B2) FITC Biolegend Cat#103206; RRID: AB_312991
CCRG6 (clone 29-2L.17) PE-Cy7 Biolegend Cat#129816; RRID: AB_2072798
IgM (clone 11/41) PerCP-e710 eBioscience Cat#46-5790-82; RRID:
AB_1834435
CD21/35 (clone 4E3) FITC eBioscience Cat#11-0212-82; RRID:
AB_464976
EphrinB1-biotin R&D Systems Cat#BAF473; RRID: AB_2293418
CD11b (clone M1/70) Bio X Cell Cat#BE0007; RRID: AB_1107582
CD3 (clone 2C11) Bio X Cell Cat#BE0001-1; RRID:
AB_1107634
CD4 (clone GK1.5) Bio X Cell Cat#BE0003-1; RRID:
AB_1107636
CD8 (clone 53-6.7) Bio X Cell Cat#BE0004-1; RRID:
AB_1107671
Terl19 Bio X Cell Cat# BE0183; RRID:
AB_10949625
Humanized E16 BEI Resources NR-31082
JEV-31 Fernandez et al, 2018 N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
Streptavidin BV421 Biolegend Cat#405225
Streptavidin BV605 Biolegend Cat#405229
Streptavidin BV711 Biolegend Cat#40524
Streptavidin PE Biolegend Cat#405204
Streptavidin APC Biolegend Cat# 405207
Streptavidin HRP BD Bioscience Cat#554066
Streptavidin Invitrogen Cat#434302

Goat Anti-Rat IgG(H+L), Mouse ads-UNLB

SouthernBiotech

Cat#: 3050-01; RRID:

AB_2795826

Goat Anti-Human Kappa, Mouse ads-UNLB SouthernBiotech Cat#: 2061-01; RRID:
AB_2795728

Purified rat anti-mouse 1g, k Light Chain (clone 187.1) BD Pharmigen Cat#559749

Peroxidase AffiniPure Donkey Anti-Human 1gG (H+L)

Jackson ImmunoResearch

Cat#709-035-149; RRID:
AB_2340495

Biotin-SP (long spacer) AffiniPure Goat Anti-Mouse IgM, i chain

specific

Jackson ImmunoResearch

Cat#115-065-075; RRID:
AB_2338566

Biotin-SP-AffiniPure Donkey Anti-Mouse IgG (H+L) (min X

Bov,Ck,Gt,GP,Hms,Hrs,Hu,Rb,Rat,Shp Sr Prot)

Jackson ImmunoResearch

Cat#715-065-151; RRID:
AB_2340785

mAID-2-biotin

eBioscience

Cat#13-5959-82; RRID:
AB_2572798

Anti-ERK2 (clone C-14)

Santa Cruz Biotechnology

Cat# sc-154; RRID: AB_2141292

Bacterial and Virus Strains

BL21(DE3) Competent E. coli New England BioLabs Cat#C2427
WNV-NY99 Lanciotti et al., 1999 N/A
JEV SA-14-14-2 Song, et al., 2012 N/A
DENV-2 D2S20 Makhluf, et al., 2013 N/A

ZIKV Dakar Zhao et al., 2016 ZIKV Dakar strain 41519
XL-1 Blue Competent Cells Agilent Cat#200249

Chemicals, Peptides, and Recombinant Proteins

ZIKV WT DI Zhao et al., 2016 N/A

ZIKV WT DiIllI-biotin Zhao et al., 2016 N/A

ZIKV AT DIl Zhao et al., 2016 N/A

ZIKV AT Dlll-biotin Zhao et al., 2016 N/A

Low IgG Fetal Bovine Serum ThermoFisher Scientific Cat#16250078

Tamoxifen-containing chow Envigo Cat#TD.130860
Corn oil Millipore Sigma Cat# C8267
Tamoxifen MedChemExpress Cat# HY-13757A
Alfa Aesar™ 3,3’ 5,5’-Tetramethylbenzidine solution Fisher Scientific Cat#AAJ61325AU
GenelJuice transfection reagent Millipore Sigma Cat#70967
Pokeweed mitogen lectin Sigma-Aldrich Cat#L.9379
Lipopolysaccharide Sigma-Aldrich Cat#L2630

Adult bovine serum MP Biomedicals Cat# 0219135290
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REAGENT or RESOURCE SOURCE IDENTIFIER
Bovine Serum Albumin Sigma-Aldrich Cat#A7906
Mouse IL-2 Peprotech Cat#210-21
Mouse IL-6 Peprotech Cat#216-16
Mouse IL-10 Peprotech Cat#210-10
2-mercaptoethanol Gibco Cat#31350010
HEPES Gibco Cat#15630080
RNasin Plus RNase inhibitor Promega Cat#N2111
Luminata HRP substrate Millipore Cat#WBLUR0100
Histopaque 1119 Sigma Cat#11191
ExoSAP-IT ThermoFisher Scientific Cat#78201
Paraformaldehyde Electron Microscopy Sciences | Cat#15714
Protein G 1gG Binding Buffer Thermo Scientific Cat#21011
Protein G Cytiva Cat#17061801
Saponin Sigma-Aldrich Cat#84510
Sheep red blood cells Lampire Cat#7249008
PVDF Roche Cat#3010040001
Carboxymethylcellulose sodium salt Sigma-Aldrich Cat#C5013
TrueBlue peroxidase SeraCare Cat#5510-0030

Critical Commercial Assays

Q5 High-Fidelity DNA polymerase New England Biolabs Cat#M0491L
Phusion High-Fidelity DNA polymerase ThermoFisher Scientific Cat#F549XL
T4 DNA ligase New England Biolabs Cat#M0202L

Chromium Single Cell 5” Library & Gel Bead Kit

10x Genomics

Cat#PN-1000014

Chromium Single Cell V(D)J Enrichment Kit, Mouse B cell

10x Genomics

Cat#PN-1000072

Anti-PE microbeads

Miltenyi Biotec

Cat#130-048-801

NucleoSpin RNA XS isolation kit Macherey-Nagel Cat#740990.50
Gel/PCR DNA fragment extraction kit IBI Scientific Cat#1B47010
SuperScript 11 first strand synthesis system Invitrogen Cat#18080051

Anti-APC microbeads

Miltenyi Biotec

Cat#130-090-855

Anti-FITC microbeads

Miltenyi Biotec

Cat#130-048-701

LS columns

Miltenyi Biotec

Cat#130-042-401

Deposited Data

Single cell RNA seq data This paper GEO:GSE154102

Experimental Models: Cell Lines

3T3 mCD40Lhi mBAFF Purtha et al, 2011 N/A

Lenti-X 293T Takara Cat#632180

Vero ATCC ATCC CCL-81, RRD: CVCL_0059

Experimental Models: Organisms/Strains

Mouse: C57BL/6N

Charles River Labs

Strain code 027
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Mouse: A/icggm1a(EUCOMM)Hmgu

EUCOMM

HEPDO0615 4 BO08

Mouse: B6(Cg)-Tyrc-2J/J

Jackson Labs

JAX: 000058;
RRID:IMSR_JAX:000058

Mouse: 129S4/SvJaeSor-Gt(ROSA)26Sortm1(FLP1)Dym/J

Jackson Labs

JAX: 003946,
RRID:IMSR_JAX:003946

Mouse: hCD20-TamCre Khalil et al., 2012 N/A
Mouse: JchainCreERT2 This paper N/A
Mouse: B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J Jackson Labs JAX: 007914;

RRID:IMSR_JAX:007914

Oligonucleotides

ACTGGAGTTCAGACGTGTGTG where N represents a unique
index for multiplexing.

Index seq: GATCGGAAGAGCACACGTCTGAACTCCAGTCAC Sigma N/A
Primers for genotyping Aicdg™2(EUCOMMHmGU mijce see Table S3 Genome Research Limited N/A
(Aicda_237918_F, Aicda_237918_R, CAS_R1_Term)

Primers for genotyping JchainCreERT2 mice, see Tabls S3 (Jchain This paper N/A
WT_F, Jchain Tg_F, Jchain common_R)

Murine CpG: TCCATGACGTTCCTGATGCT Integrated DNA technologies N/A
msVHEstdseql: This paper N/A
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGGGAATTCG

AGGTGCAGCTGCAGGAGTCTGG

commonCgstdseq2: This paper N/A
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCARKGGAT

RRRCHGATGGGG

P5 forward Stdseq: Lam et al., 2018 N/A
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACAC

GACGC

P7 reverse Stdseq index: CGGCATACGAGATNNNNNNNNGTG Lam et al., 2018 N/A

B cell receptor cloning primers

Tiller et al., 2018

Table 2 and Table 3 from Tiller et

al., 2018.

Recombinant DNA

Plasmid: pet21a WNV WT DIII AviTag This paper, modified from, N/A
Oliphant et al., 2007

Plasmid: pet21a WNV KT DIII AviTag This paper, modified from, N/A
Oliphant et al., 2007

Plasmid: pet21a JEV WT DIl AviTag This paper, modified from N/A
Fernandez et al., 2018.

Plasmid: pet21a JEV ESAK DIl AviTag This paper N/A

AbVec2.0-IGHGH1

Tiller et al., 2008

Addgene Plasmid#80795

AbVec2.0-IGHGH1-AviTag

This paper, modified from
Addgene Plasmid#80795

N/A

AbVecl.1-IGKC

Tiller et al., 2008

Addgene Plasmid#80796

WNV prM-E Zhang et al., 2016 N/A

Software and Algorithms

FlowJo v10 BD https://www.flowjo.com/solutions/
flowjo/downloads;
RRID:SCR_008520

Prism 8 Graphpad https://www.graphpad.com/;

RRID:SCR_002798
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REAGENT or RESOURCE SOURCE IDENTIFIER
Seurat Stuart et al., 2019 https://satijalab.org/seurat/
install.html; RRID:SCR_007322
BioCircos Cui et al., 2016 https://cran.r-project.org/web/

packages/BioCircos/vignettes/
BioCircos.html

IMGT/HighV-Quest

Lefranc et al., 2009

http://www.imgt.org/IMGTindex/
IMGTHighV-QUEST.php;
RRID:SCR_018196

Cellranger

10x Genomics

https://support.10xgenomics.com/
single-cell-gene-expression/
software/downloads/latest

The R project for statistical computing

N/A

https://www.r-project.org/

ImmunoSpot S6 Analyzer

Cellular Technology Limited

http://www.immunospot.com/
ImmunoSpot-analyzers-software;
RRID:SCR_011082

ForteBio DataAnalysis v11.0 software

ForteBio

https://www.fortebio.com/products/
octet-systems-software

Migmap Shugay et al, 2015 https://github.com/mikessh/migmap

Rscrublet Wolock et al., 2019 https://rdrr.io/github/
ChengxiangQiu/rscrublet/

PEAR Zhang et al., 2014 http://www.exelixis-lab.org/web/
software/pear

Other

Innovator WNV Vaccine

Valley Vet Supply

Cat#39708

Ixiaro JEV vaccine

VaccineShoppe

Cat#42515-002-01

MultiScreen HTS HA Filter Plate Millipore MSHAN4510
AddaVax Invivogen vac-adx-10
Streptavidin biosensors ForteBio Cat#18-5020
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