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IMMUNOLOGY

Antiviral memory B cells exhibit enhanced innate
immune response facilitated by epigenetic memory

Xiping Zhu'?t, Sheng Hong11', Jiachen Bu'?t, Yingping Liu'3, Can Liu?, Runhan Li3,
Tiantian Zhang1'2, Zhugiang Zhang"z, Liping Li®4, Xuyu Zhou*?®, Zhaolin Hua'3+,

Bing Zhu'**®*, Baidong Hou'3*

The long-lasting humoral immunity induced by viral infections or vaccinations depends on memory B cells with
greatly increased affinity to viral antigens, which are evolved from germinal center (GC) responses. However, it is
unclear whether antiviral memory B cells represent a distinct subset among the highly heterogeneous memory
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B cell population. Here, we examined memory B cells induced by a virus-mimicking antigen at both transcriptome
and epigenetic levels and found unexpectedly that antiviral memory B cells exhibit an enhanced innate immune
response, which appeared to be facilitated by the epigenetic memory that is established through the memory
B cell development. In addition, T-bet is associated with the altered chromatin architecture and is required for the
formation of the antiviral memory B cells. Thus, antiviral memory B cells are distinct from other GC-derived mem-

ory B cells in both physiological functions and epigenetic landmarks.

INTRODUCTION

Contagious diseases are still one of the main health issues in human
societies. Memory B cells that are specific for viral antigens are critical
for conferring long-term protection against recurrent viral infections
and are examined to assess the population immunity and to evaluate
vaccine efficacy (1). It is well appreciated that memory B cells in both
mice and humans comprise a highly heterogeneous population with
the expression of different surface molecules and functional diversity
(1-6). For example, memory B cells expressing Ig-switched (swlg")
B cell receptor (BCR) were found to differentiate more readily into plas-
ma cells (PCs) than nonswitched IgMJr memory B cells (7, 8). How-
ever, it is also acknowledged that change of BCR alone, either by class
switching or by somatic hypermutation (SHM), cannot fully account
for the features of memory B cells (9-12). Changes in expression of
surface markers, such as CD80 and PD-L2, have been shown to cor-
relate with the differential potential of memory B cells more strongly
than the BCR isotype (13, 14). With the advance of more sophisticated
multidimensional analysis, even more refined memory B cell subsets
have been identified (15, 16). Yet, the relationship between the pheno-
typic diversity of memory B cells and their in vivo physiological func-
tions is largely unclear.

Curiously, although studies using model antigens demonstrated
that memory B cells are generated more efficiently during the early
germinal center (GC) response with low-affinity memory B cells as
output (17-19), studies on various viral infections or vaccinations in
humans have found that antiviral memory B cells, defined by antigen-
specific binding, actually evolved over a long period (20-29). The
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SHM rate and the binding affinity to the antigen of these memory
B cells gradually increased in several months after the clearance of
initial infection, indicating that antiviral memory B cells are generated
through a prolonged GC response. Given that antiviral memory
B cells, exemplified by anti-smallpox vaccine-induced ones (28), can
provide high-quality and long-lasting immune protection, knowing
whether they are distinct from other GC-derived memory B cells and
understanding how they are generated are critical for vaccine de-
velopment.

To investigate the mechanism by which antiviral memory B cells
are formed, we used bacterial phage Qp-derived virus-like particle
(QB-VLP) as a model antigen in mice. QB-VLP mimics viral struc-
tures in terms of both repetitive epitopes on the surface and encapsu-
lated single-stranded RNA inside (30). B cell response induced by
QpB-VLP consequently mimics antiviral responses in many aspects.
For example, it induces both T-independent and T-dependent anti-
body responses and a strong and prolonged GC response (31, 32),
and it activates Toll-like Receptor/Myeloid Differentiation Primary
Response 88 (TLR/MyD88) signaling in antigen-specific B cells and
drives a T helper 1 (Ty1)-oriented immune response (33-36). More-
over, the swigt memory B cells induced by QB-VLP are stable for
over a year in mice, and their BCRs are highly mutated and bind to
antigens with increased affinity (32), like the antiviral memory B cells
identified in humans. Because recent studies suggested that epigen-
etic differences underlie the heterogeneity of CD8* memory T cells
(37, 38) and epigenetic changes such as DNA methylation and chro-
matin remodeling have been observed in memory B cells (39-41), we
explored changes of both transcriptome and chromatin accessibility
at the different developmental stages of the memory B cells induced
by Qp-VLP. We also assessed the function of memory B cells by anti-
gen re-challenge in vivo. We found unexpectedly that instead of a
generally strengthened response, antiviral memory B cells exhibited
an enhanced innate immune response upon re-challenge, which is
associated with chromatin accessibility changes that are established
in a stepwise manner from the early B cell activation to the GC B cell
stage. Epigenetic memory likely contributes to the unique features
of antiviral memory B cells. In addition, we identified T-bet as a
main contributor to the generation of antiviral memory B cells, and
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specific chromatin accessible regions at the T-bet gene locus might
serve as a marker for antiviral memory B cells.

RESULTS

Antiviral memory B cells evolve with progressive
accumulation of SHMs and an increase of affinity

We previously showed that QB-VLP-induced GC response could
last for 4 to 6 months in mice (32). Although IgM* memory B cells
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Fig. 1. Memory B cells induced by QB-VLP evolve with progressive accumulation of SHM and an increase in affinity. (A) Splenocytes were collected from mice im-
munized with QB-VLP at the indicated time points. Representative flow cytometry data from mice immunized 5 months previously show the gating strategy for Qp*
MemB and QB* IgM* B, along with the staining of CD73 and PD-L2 in QB* MemB. (B) Representative histograms show the down-regulation of CD23 and up-regulation of
CD80 and Fcrl5 in QB* MemB at 5 months after immunization compared with naive B cells. (C) Single Q" MemB sorted at the indicated time points underwent sequenc-
ing of the variable region of the heavy chain (VH). Mutations resulting in amino acid changes are quantified. (D) The affinity of Qf* MemB to Qp-VLP was measured by
competitive inhibition at the indicated time points. The half-maximal inhibitory concentrations (ICso) are plotted over time. (E) Q8" MemB collected at 5 to 7 months after
immunization underwent RNA-seq. QB MemB versus NB DEGs are highlighted in the volcano plot based on expression change (|LogsFoldChange| > 2) and statistical
significance (-Log;oP value >16). Genes of interest are circled. (F) GSEA showing the enrichment of human swig™ memory B cell-specific genes in QB* MemB versus NB

DEGs (see also figs. S1 and S2).
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necessarily relating to viral infections. These changes include up-
regulation of CD73, PD-L2, and CD80 (Fig. 1, A and B, and fig. S1, A
to C), which has been shown to correlate with stronger PC differential
potential (14), and down-regulation of CD23 and CD62L, markers
usually associated with naive follicular B cells (fig. S1, C to E). Note
that unlike what is reported for simple protein antigens, where most
swlg" memory B cells are PD-L2" (14), only about half of Q8" MemB
are PD-L2* (Fig. 1A), suggesting a potential difference in the memory
B cells induced by different types of antigens. QB* MemB also exhib-
ited up-regulation of Fcrl5 (Fig. 1B and fig. S1C), which was origi-
nally identified on atypical memory B cells but shown recently to be
also present on plasmodium-induced memory B cells (42), support-
ing that Ferl5 is not an exclusive marker for atypical memory B cells.
In contrast to QB* MemB, QB* IgM™ B cells exhibited similar levels of
the above-mentioned markers to Qf~ IgM* B cells (Fig. 1B and
fig. S1, A and C to E), representing a heterogeneous population, with
a large percentage likely being naive B cells generated after the peak
immune response. A small proportion of CD73"PD-L2" cells within
the QB" IgM* population, likely IgM* memory B cells, are not further
investigated in this study.

We previously found that the number of Q" MemB peaked at
2 weeks after immunization and then gradually decreased and re-
mained stable from 6 months to more than 1 year (32). The SHM ratio
measured in QB+ MemB cells continually increased from 2 weeks to
5 months after immunization (Fig. 1C), the period when Qp* GC re-
sponse is ongoing, suggesting that GC-derived memory B cells are
continually replenishing the Q3" MemB pool. Consistent with previ-
ous notions that GC B cells with relatively low affinity to antigen dif-
ferentiate into memory B cells, we found that QB" MemB collected at
early time points after immunization (before 2 weeks) were low-
affinity, close to the level of QB* IgM™ B cells. However, the affinity of
QB* MemB gradually increased and reached near maximum at
5 months after immunization (Fig. 1D), suggesting that at least some
of the initial low-affinity QB MemB were replaced by the high-affinity
memory B cells, which presumably are derived from the GC response.
Together, our data provided an explanation to reconcile seemingly
contradictory observations, i.e., most antiviral memory B cells are
highly mutated and exhibit decent affinity to viral antigens while
memory B cells are produced most efficiently number-wise at the be-
ginning of an immune response from the low-affinity B cell pool. We
propose that although low-affinity memory B cells dominate the early
immune response, they can be partially replaced by the higher-affinity
B cells derived from GC responses later. This process will be limited
by the duration of the antigen-specific GC response, which is rela-
tively short in the case of soluble protein immunizations but usually
lasts much longer in antiviral or similar responses. Thus, Qp" MemB,
like other antiviral memory B cells, are derived from a prolonged GC
response.

Alterations of chromatin accessibility in memory B cells
reflect the gene activation history through B cell response
We focused our analysis on Q" MemB collected at 5 to 7 months
after immunization, when the Qf* MemB have become stable in
cell number and mutation rate. To explore the potential character-
istic change in antiviral memory B cells, we first analyzed the tran-
scriptome of QB* MemB by RNA-seq. A number of differentially
expressed genes (DEGs) in MemB versus naive B cells (MemB ver-
sus NB) were identified, such as Fcer2a (CD23), Cd80, Fcrl5, Cxcr3,
and Tbx21 (Fig. 1E and table S1), many of which correlate well
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with changes in surface staining (Fig. 1B and fig. S1, C to E) and
have been reported previously in relation to both murine and hu-
man memory B cells (43-47). Gene Set Enrichment Analysis
(GSEA) also confirmed the evolutionary conservation between the
szgJr human memory B cells and Qﬁ+ MemB (Fig. 1F). Thus, QB+
MemB are largely similar to previously identified swlg" memory B
cells at the transcriptome level. Curiously, although the transcrip-
tome of memory B cells is clearly distinguished from that of N'B, it
is unclear how memory B cells maintained their transcriptional
network, as memory B cells lack any “master” TFs that could dis-
tinguish them from NB. We wondered whether epigenetic altera-
tions might contribute to the transcriptional change in memory B
cells. We then examined chromatin accessibility changes in QB™*
MemB compared with NB by Assay for Transposase-Accessible
Chromatin using sequencing (ATAC-seq) and identified a large
number of QB MemB versus NB differentially accessible regions
(DARs) (4416 open and 3700 closed) (fig. S2A). While most of the
chromatin accessible regions are located outside the transcription-
al start site (TSS) regions, the Qp* MemB versus NB open DARs
are further enriched in TSS-distal regions (fig. S2B), suggesting
that MemB gained additional transcriptional regulatory elements
during their differentiation.

We then examined the relationship between DARs and changes in
gene expression. For genes associated with TSS-proximal DARs, their
expression was largely correlated with the status of chromatin acces-
sibility as expected; i.e., genes associated with open DARs were up-
regulated and those associated with closed DARs were down-regulated
(fig. S2C). These genes include Cd80, Nt5e (CD73), and Sell (CD62L),
which are well-known for their characteristic changes in memory B
cells (fig. S2D). However, because most of the DARs are not associated
with gene promoters (fig. S2B), we extended our analysis to the com-
plete set of QB* MemB versus NB DARs. Although the correlation
between the DARs and gene expression changes appeared valid large-
ly, there was a nearly equal fraction of DAR-associated genes showing
no expression changes from NB to MemB (fig. S3A). We were curious
about which genes they are and found that many of them are known
to be involved in immune responses (table S2). To determine whether
these genes are indeed involved in B cell responses, we examined the
transcriptomes of B cells activated by QB-VLP in vivo at various stag-
es (Fig. 2A and fig. S4), from the early antigen encounter (NB6h) to
the later extrafollicular response at d3 (EFB and PCs), and then the
GC response at d14 (GCB). Activation of most of the antigen-specific
B cells at 6 hours after immunization was confirmed by the up-
regulation of surface markers CD69 and CD83 (fig. S5B). We found
that a large proportion of the Q" MemB versus NB open DAR-
associated genes, although exhibiting no differences in gene expres-
sion between MemB and NB, had been up-regulated at various stages
during the B cell response (fig. S3B). Many of these genes (clusters 3
and 4) were specifically up-regulated in the GCB stage (fig. S3B and
table S2), such as S1pr2, a chemokine receptor involved in regulating
GC homeostasis (48), and Tox2, a TF that has been shown to form a
feed forward relationship with Bcl-6 in Tth (49) (fig. S3C), consistent
with the idea that the majority of Qf-induced MemB are derived from
GC response. A small fraction of these genes (cluster 5) were not up-
regulated until the PC stage, such as Ctla4, a member of costimulatory
molecules (50) (fig. S3, B and C), suggesting that Q™ MemB might be
primed to differentiate into PCs. Thus, Q" MemB versus NB DARs
are associated with genes that are activated in previous cell stages,
which QB* MemB presumably have passed through, suggesting that
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Fig. 2. Previous experiences of memory B cells are recorded as epigenetic memory. (A) NB and QB* B cell subsets collected at the indicated time points from mice
immunized with QB-VLP once or twice underwent RNA-seq and ATAC-seq. PCA of RNA-seq and ATAC-seq data for the indicated cell groups are shown. (B to F) MemB
versus NB open DARs are grouped by k-means clustering based on their accessibility at the indicated cell stages. Normalized peak reads (Z score) are shown in a heatmap
(B) or as means of each cluster (C). (D) Examples of genes associated with one or multiple MemB versus NB DARs. Genes labeled in colors are further presented for their
expression changes in (E). (F) Tcf7 serves as an example demonstrating the progressive increases in chromatin accessibility in nearby regulatory regions. Gray stripes indi-

cate MemB versus NB DARs (see also figs. S3 to S5).

the epigenetic alterations in QB* MemB may reflect the gene activa-
tion history during B cell responses.

To understand how the epigenetic status is established in memory
B cells, we examined the chromatin accessibility by ATAC-seq in the
earlier stages of QB" B cells (NB6h, EFB, and GCB) as well as in PC
and MemB that encountered the antigen for a second time (MemB6h)
(Fig. 2A). An initial principal components analysis (PCA) showed
that the aforementioned cell groups are well separated at both tran-
scriptome and chromatin accessibility levels (Fig. 2A), confirming the
distinct identity of each cell group. While the antigen encounter in-
duced marked changes in transcriptomes (NB to NB6h and MemB to
MemB6h), the chromatin accessibilities changed relatively mildly
(Fig. 2A). On the other hand, MemB and NB are more distinguished
at the chromatin accessibility level than at the transcriptome level.
This result suggested again that epigenetic alterations are not always
directly correlated with transcriptional changes.

To test whether the epigenetic alterations in QB MemB reflect the
history of B cell activation, we examined the chromatin accessibility of
the QB* MemB versus NB open DARs over the earlier stages of Qf"
B cells. Almost half of these regions (clusters 3 and 4) exhibited high
levels of openness at the GC B cell stage (Fig. 2, B and C), suggesting
a potential impact of the GC response on shaping the epigenetic land-
scape in memory B cells. The chromatin accessibility at the S1pr2 and
Tox2 gene loci in MemB seemed to be the result of such an effect from
the GC B cell stage (fig. S3D). Notably, a small fraction of Q" MemB
versus NB open DARs gained prominent accessibility at the very
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beginning of the immune response (NB6h) or the extrafollicular re-
sponse stage (EFB) (clusters 1 and 2) (Fig. 2, B and C), implying that
earlier events in B cell activation might also contribute to the MemB
epigenetic changes despite the dominant contribution from the GC
B cell stage. Therefore, the epigenetic status of memory B cells might
carry the footprints of their activation history.

We noticed that some genes, such as Tcf7, Cxcr3, and Tox, were
associated with multiple Q8" MemB versus NB DARs; the regions
associated with these genes became open sequentially during B cell
response (Fig. 2D). Expression of these genes might, however, be
transient or delayed in some cases (Fig. 2E). Tcf7, encoding a TF criti-
cal for memory T cells (37), was not expressed until the MemB stage
although several nearby chromatin regions had gained accessibility at
earlier stages (Fig. 2, E and F). Ctla4 with gained chromatin accessibil-
ity at the MemB stage was not expressed until the PC stage (fig. S3, C
and D). This observation suggested that the epigenetic alterations in
QB* MemB might not only be a passive consequence of the previous
cell activation but also prepare the cells for their future destiny.

The epigenetic alterations prepared the Qf* MemB for
enhanced transcription of antiviral genes upon

antigen re-encounter

To explore how epigenetic alterations may contribute to the memory
B cell function, we examined the immediate response of QB* MemB
upon antigen re-encounter (MemB6h) from both gene expression
and chromatin accessibility aspects. First, the secondary response
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(MemB6h versus MemB) seemed to be more robust than the primary
response (NB6h versus NB) (Fig. 3A and fig. S6A), as one might ex-
pect. More genes were up-regulated (1383 > 923) or down-regulated
(812 > 293) during the secondary response, and the chromatin acces-
sibility appeared to be more dynamic during the secondary response
as well. Comparing the DEG or DAR sets between the primary and
the secondary responses, a large fraction of the up-regulated DEGs
(707 genes) or open DARs (1298 peaks) from the primary response
were also present in the secondary response (Fig. 3B), indicating that
NB and MemB shared a substantial part of cell activation program.
We then examined the DARs that are unique to the primary response
and found interestingly that these DARs, either open (892 peaks) or
closed (699 peaks), were maintained in the open or closed state in
MemB at resting state and did not change further upon antigen re-
encounter (Fig. 3C and fig. S6D). The DEGs that are uniquely induced
in the primary response (216 up-regulated and 221 down-regulated)
exhibited similar patterns, in which the expression level of these genes
in MemB was already set to the same level as in activated B cells
(NB6h) (fig. S6C). Thus, it appeared that QB* MemB were poised to a
state that is prepared for activation, consistent with the general notion
that memory response is usually faster than the primary response.

Although it is generally assumed that the memory response is
stronger than the primary response, more than two-thirds of the
genes that were induced by QB-VLP in either the primary or the sec-
ondary response were up-regulated to comparable levels in both re-
sponses (cluster 1, 1159 genes) (Fig. 3D). The genes that indeed
exhibited enhanced transcription in the secondary response (cluster
2, 440 genes) were specifically enriched for viral response genes,
whereas the commonly up-regulated genes were mainly related to
ribonucleoprotein functions (Fig. 3E). The selectivity of the gene
subset toward the antiviral pathway suggested that the transcription-
al enhancement induced in QB* MemB might not be a direct effect of
increased BCR signaling. We then wondered whether epigenetic al-
terations in QB+ MemB might contribute to the enhanced transcrip-
tion. In support of this hypothesis, the enhanced induction of II6,
1127, and Cxcl10 (Fig. 3F), cytokines and chemokine known to be
involved in antiviral responses, was accompanied by increased chro-
matin accessibility around these genes in quiescent MemB (Fig. 3G).
Furthermore, among all the genes that showed enhanced transcrip-
tion in the secondary response (cluster 2), about 30% was associated
with increased chromatin accessibility in the resting MemB, whereas
only 10% of the primary and secondary response shared genes (clus-
ter 1) was associated with such kind of changes (Fig. 3H). Note that
the up-regulation of these antiviral genes at the protein level may re-
quire additional regulation. For instance, TLR7 was induced to a
similar extent at the protein level 6 hours after immunization in NB
and MemB, while exhibiting a much higher level at the RNA level in
MemB (fig. S6B).

Together, these results suggested that the epigenetic alterations in
QpB* MemB might contribute to the enhanced transcription of a se-
lected group of genes in the secondary response.

The enhanced innate immune response in Qf* MemB is
determined by the nature of immunogens

Because the genes that exhibited transcriptional enhancement in the
Qp-VLP-induced secondary response are related to antiviral func-
tions and Qp-VLP is a virus-mimicking immunogen, we wondered
whether the nature of antigens contributes to the selectiveness of this
gene group. To test this hypothesis, we chose a different type of model
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antigen, the oligomeric protein phycoerythrin (PE), for immuniza-
tion (8). We added CpG-containing oligonucleotides (CpG) in addi-
tion to alum as adjuvants to promote the class switch to IgG2b and
IgG2alc, trying to match the main isotypes induced by QB-VLP
(Fig. 4A and fig. S7A). Most PE* swig* memory B (PE* MemB) cells
were IgG2b or IgG2a/c, although there was still a bias to IgG1 in PE*
MemB compared with Q8" MemB (Fig. 4B). By and large, PE* MemB
and Qf" MemB were very similar in transcriptome (fig. S8A), except
for a small group of genes that were up-regulated to a greater extent in
the QB* MemB (fig. S8, B and C, and table S3). Most memory B cell
signature genes, such as CD73, CD80, PD-L2, and CD23, exhibited
similar degrees of changes of expression in PE* MemB and Qf*
MemB compared with NB (Fig. 4C and fig. S7B).

We then examined the secondary response induced by PE. A
large number of genes were up-regulated in the PE* MemB 6 hours
after immunization (fig. S8D). Most PE-induced DEGs in the sec-
ondary response were also up-regulated or down-regulated in the
Qp-VLP-induced secondary response (Fig. 4D). A small subset of
these genes exhibited enhanced transcription in the secondary re-
sponse compared with the Qf-VLP-induced primary response
(Fig. 4E and fig. S8E), many of which are downstream of BCR signal-
ing and involved in B cell activation, such as NFkB family genes, Myc,
and Irf4 (Fig. 4E). This result suggests that PE* MemB also acquired
transcriptional memory, which might facilitate their response to the
antigen. Although PE™ MemB exhibited such a robust response, Q™"
MemB up-regulated many more genes (788 genes) upon antigen re-
encounter than PE* MemB did (Fig. 4D). Consistently, PCA of the
transcriptomes also showed a greater distance at PC1 between MemB
and MemB6h following QB-VLP immunization compared to PE immu-
nization (Fig. 4F). Gene ontology (GO) analysis showed that the sec-
ondary response genes induced specifically by QB-VLP were enriched
for viral response genes (Fig. 4G), suggesting that the enhanced
transcription of antiviral genes indeed depends on the immunogen
type. By excluding the overlapped DEGs from the Qf-VLP-induced
primary response and PE-induced secondary response, we found
a group of genes (542) being uniquely up-regulated in the Qf-
VLP-induced secondary response (Fig. 4H and fig. S8F), many of
which have been shown to be induced in innate immune responses,
such as Irfl and Irf7 induced by TLR signaling and Oas genes in-
duced by interferon signaling (Fig. 4I). Therefore, although both PE*
MemB and Qf* MemB are IgG* memory B cells derived from GC
response, the enhanced antiviral response is a unique feature of Q"
MemB, which is highly likely to be caused by the virus-like nature
of QB-VLP.

Antiviral memory B cells carry distinct marks of chromatin
accessible regions at the T-bet gene locus

To explore the potential mechanisms underlying the unique feature of
QB* MemB, we analyzed the predicted TF binding motifs from the
ATACseq-identified chromatin accessible regions in QB* MemB. The
motifs enriched from the global chromatin accessible regions were
very similar between NB and QB* MemB. We then searched in the
QPB* MemB versus NB open DARs for the enriched TF motifs. Within
either the newly formed peaks (1687 peaks) or the complete set of
open DARs (4416 peaks), we consistently found Pit-Oct-Unc (POU),
Nuclear Factor-kappa B (NFkB), Interferon Regulatory Factor (IRF),
and T-box binding motifs being enriched (Fig. 5A and fig. S9, A and
B). POU family TF Pou2f2 (OCT?2) plays a major role in establishing
GC B cell chromatin status (51, 52), and its main coactivator Pou2f1
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Fig. 3. Epigenetic alterations predispose QB* MemB to enhanced transcription of antiviral genes upon antigen re-challenge. (A) DEGs (|Log,FoldChange| > 1) and
DARs (|Log,FoldChange| > 0.5) induced in primary (NB6h versus NB) and secondary (MemB6h versus MemB) responses to QB-VLP are highlighted in correlation plots of
gene expression and peak accessibility (expressed as Log,FPKM). (B) Venn diagrams show overlaps between the primary and secondary response-induced DEGs or DARs.
(C) DARs specific to the primary response are analyzed for peak accessibility at the indicated cell stages, presented as boxplots of normalized reads. (D) Combined up-
regulated DEGs from the primary and secondary responses are clustered into two groups by the k-means algorithm, with cluster 1 genes being commonly up-regulated
in both primary and secondary responses and cluster 2 genes exhibiting enhanced transcription in the secondary response. Representative genes from cluster 2 are listed.
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PE* MemB (see also fig. S9).

(OCT1) was robustly up-regulated in GCB (fig. S9C). The enrichment
of POU binding motifs in the Q" MemB likely reflected their GC
origin. NFkB and IRF genes, on the other hand, were even slightly
down-regulated in GCB and exhibited similar levels in NB and MemB
(fig. S9C). NFkB and IRF TFs play important roles at multiple B cell
stages, and they might be regulated posttranscriptionally or simply
relocate to different chromatin regions during MemB formation.

The only TF whose expression correlates with the motif enrich-
ment is T-box protein Tbx21 (T-bet), which was initially identified as
the “master regulator” for Tyl development and is also known to
play important roles in the development and functional differentia-
tion of a variety of adaptive and innate lymphocytes (53-55). The
expression of T-bet during Q-induced B cell response was very dy-
namic (Fig. 5B). It was induced as early as 6 hours after immuniza-
tion, then further increased in EFB, and maintained in GCB through

Zhuetal., Sci. Adv. 10, eadk0858 (2024) 29 March 2024

MemB. Upon antigen re-encounter, T-bet was further up-regulated.
The undulation of T-bet transcription at different cell stages suggested
that T-bet itself might be subjected to epigenetic regulation. The
chromatin accessibility at the T-bet gene locus was quite dynamic,
showing distinct peak patterns at different cell stages even the RNA
levels could sometimes be similar in these cells (Fig. 5C). Notably,
QB* MemB gained two new accessible regions in the first intron of
the T-bet gene compared with NB, one of which was acquired at the
GCB stage and is also conserved evolutionarily (CNS+6, 6 kb down-
stream of TSS) (Fig. 5C). Moreover, PE* MemB, which expressed
T-bet at a moderate level, lacked the CNS+6 peak compared with
QPB* MemB (Fig. 5D and fig. S11A), suggesting that chromatin acces-
sibility at the T-bet locus could be used to distinguish memory B cells
raised against different types of immunogens. We cannot be certain
whether T-bet contributes directly to the transcriptional program in
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QB* MemB, although we found a small number of genes being up-
regulated in the QB MemB, which are potential T-bet targets, such
as Zeb2, Cxcr3, and Igtax (fig. S9D). Overall, it appeared that the al-
terations in epigenetic status might contribute to the permanent
expression of T-bet in QB MemB, and modifications at T-bet chro-
matin regions might be used to indicate the antiviral nature of mem-
ory B cells.

T-bet is required for the formation of Q" MemB

In B cells, T-bet is required for Ig class switching to IgG2a/c in mice
(56), which is driven by TLR and interferon-y (IFN-y) signaling (57,
58). T-bet also promotes PC formation in response to influenza infec-
tion (59, 60). Despite the extensive studies of T-bet™ B cells under dif-
ferent conditions, the role of T-bet in the generation or maintenance
of memory B cells is controversial. It has been proposed that T-bet is
specifically required for the formation of IgG2a/c* memory B cells
(61). However, because T-bet is required for IgG2a/c class switching,
a direct loss of IgG2a/c* memory B cells in the absence of T-bet could
be explained by the class switching defect. Furthermore, an indirect
loss of memory response indicated by the reduction of PC forma-
tion upon T-bet deletion could potentially be explained by the

A Enriched cells

involvement of T-bet in promoting PC differentiation (59). To resolve
whether T-bet is directly involved in memory B cell formation, we
chose to use mixed bone marrow chimeric mice derived from WT
and T-bet knockout (KO) mice so that the B cells with different geno-
types would be exposed to the same environment and any effects
caused by T-bet deficiency could be interpreted as a B cell-intrinsic
effect. The mice were examined at 2-3 months after immunization
when Qf-VLP-induced GC response was still ongoing so that we
could compare the different subsets of QB* cells simultaneously
(Fig. 6A). T-bet deficiency caused a marked decrease in Q" MemB
but did not affect QB* GCB (Fig. 6, A and C, and fig. S10, A and B).
While the relative proportion of GCB seemed increased in the T-bet
KO condition, the actual GCB cell numbers did not significantly differ
from the WT condition (fig. S10B), indicating T-bet’s primary role in
promoting Q" MemB. We confirmed the expression of T-bet at the
protein level in the WT QB* GCB and MemB (Fig. 6B and fig. S10, C
and D). Thus, although both GCB and MemB expressed T-bet, only
MemB were significantly reduced by the loss of T-bet. The remaining
MemB in T-bet KO are CD73"PD-L2" (fig. S10E). Furthermore, the
Qp* IgM™ B cells, which contain both [gM* memory B cells and NB
at this stage of the immune response, expressed T-bet at a moderate
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Fig. 6. T-bet is required for the formation of Q@ MemB. (A) Bone marrow chimeric mice derived from WT and T-bet KO mice were immunized with QB-VLP and exam-
ined 2 to 3 months later. Representative flow cytometry data show the relative contribution of each donor to the indicated Q™ cell groups. (B) Histogram of T-bet staining
from the bone marrow chimeric mice as in (A). (C) Quantification of donor ratios for each indicated Qﬁ+ cell group, as in (A). NB are total naive B cells without gating for
antigen specificity. The fold changes of the donor ratios from NB to the indicated QB* B cell groups are indicated in red letters. (D) Bone marrow chimeric mice were im-
munized and examined 2 to 3 weeks later. Surface IgD"IgM™ (sigD~IgM") cells gated from QB™ B cells are further gated by different Ig isotypes as indicated. GL-7* GCB and
CD38" MemB from each donor are then examined. (E) Quantification of MemB to GCB ratios for each isotype group as in (D). For (C) and (E), data from the same animal
are connected by lines. A paired t test was used for statistical analysis (*P < 0.05, **P < 0.01, *#*P < 0.001; ns, nonsignificant) (see also figs. S10 and S11).
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level and were also slightly reduced in the T-bet KO-derived cells
(Fig. 6, A and C), suggesting that the effect of T-bet on memory B cells
is not limited to the class-switched ones.

Because T-bet deficiency led to a marked decrease in IgG2c™ cells
(35), we examined the MemB-to-GCB ratio for each Ig isotype in
mice immunized 2 weeks previously to dissect the class-switch inde-
pendent roles of T-bet. The Qf" surface-IgD™ IgM™ (sIgD™ sIgM ™) B
cells included all the IgG subclasses and intracellular IgM (icIgM)-
positive cells (Fig. 6D). Across all the Ig isotypes, T-bet KO showed a
consistent reduction of MemB to GCB ratios (Fig. 6, D and E), sug-
gesting that T-bet was required for the formation of Q" MemB inde-
pendent of its function in class switching.

To investigate whether T-bet is uniquely required for the genera-
tion of antiviral memory B cells, we examined the formation of PE*
MemB in the mixed bone marrow chimeric mice derived from WT
and T-bet KO mice. PE* MemB also exhibited an increased level of
T-bet compared to NB, but to a lesser degree compared with Qf*
MemB (fig. S11A). Accordingly, several predicted T-bet target genes,
such as Zeb2, Ttgax, and I12rb, were expressed at lower levels in PE*
MemB than in Qp* MemB (fig. S11A). Consistent with the lower ex-
pression of T-bet in PE* MemB, there was a mild reduction of PE"
MemB in T-bet KO donors (fig. S11, B to E). Therefore, T-bet was
predominantly required for the memory B cells generated in antiviral-
like responses.

Together, T-bet was required for the generation of viral response-
induced memory B cells, regardless of their Ig isotypes. Because the
QpB* MemB was already largely reduced at the peak of GC response,
the defect might occur in the transition from GCB to MemB, although
a role of T-bet in maintaining the stability of memory B cells also
needs to be explored in the future.

DISCUSSION

It is well acknowledged that memory B cells comprise a highly hetero-
geneous population. The cellular events B cells might go through,
such as antigen encounter, activation of TLRs, interaction with T
helper cells, and transition through GC B cell, might influence the
features of the resulting memory B cells. In search for characteristics
of antiviral memory B cells, we found unexpectedly that a subset of
antiviral genes, most of which have been previously shown to be
downstream of innate immune signaling, are selectively enhanced
during the secondary response of QB+ MemB. This phenomenon re-
sembles innate memory, also known as trained immunity. Although
innate immune memory has been observed under many different
conditions and considered a more primitive but evolutionarily con-
served form of memory (62), it is mostly identified in innate immune
cells, such as natural killer cells, monocytes, and macrophages (63,
64), and has not been considered much for the adaptive immune cells,
ie., T cells and B cells. The enhanced innate immune response in
memory B cells could potentially be critical to ensure the proper
memory response. Antiviral memory B cells, which express high-
affinity BCRs for pathogens, could become targets of infection them-
selves. It has been shown that the influenza virus could infect naive B
cells expressing hemagglutinin-specific BCR derived from anti-
influenza memory B cells through antigen receptors (65). However,
most antiviral memory B cells are not depleted by repetitive viral
infections. It is possible that the enhanced innate immune response
protects the viral-specific memory B cells from being destructed.
Furthermore, an enhanced ability to produce immune-modulating

Zhuetal., Sci. Adv. 10, eadk0858 (2024) 29 March 2024

cytokines and chemokines could confer B cells additional effector
functions beyond antibody secretion. For example, a recent study
demonstrated that B cell-derived IL-27 is essential for controlling the
chronic infection caused by lymphocytic choriomeningitis virus (66).
Our data indicated that memory B cells are far more efficient in IL-27
production than naive B cells. Yet, enhanced production of inflamma-
tory cytokines by B cells might also contribute to pathological condi-
tions. IL-6 by B cells has been implicated in the pathogenesis of
autoimmunity (67). Further research is warranted to explore the po-
tential contribution of memory B cells in these chronic conditions.

Here, we further demonstrated that epigenetic alterations might
underlie the innate immune memory in B cells. A much higher pro-
portion of the genes that are subjected to transcriptional enhance-
mentin the secondary response is associated with increased chromatin
accessibility in resting memory B cells (Fig. 3H), supporting the idea
that epigenetic changes may prime these genes for expression. Al-
though several recent studies reported similar transcriptome and
chromatin accessibility changes in quiescent memory B cells as our
study, they did not characterize the reactivation of memory B cells in
detail (40, 68). Because epigenetic machinery not only regulates gene
expression at steady state but also determines cell response to external
stimuli, it is important to challenge cells to fully reveal the physiologi-
cal relevance of the epigenetic alterations. It is worth noting that a
large fraction of QB* MemB versus NB DARs are associated with
genes expressed specifically at the GCB stage. We are not certain
whether these DARs confer any physiological functions or simply re-
flect the gene activation history. Nevertheless, we identified T-bet as a
potential contributor to the epigenetic landscape of antiviral memory
B cells because the T-bet binding motif is enriched in the Q™ MemB
versus NB DARs. The expression of the T-bet gene itself also seems to
be subjected to epigenetic regulation, with a specific chromatin region
at the T-bet gene locus turning accessible in QB* MemB but not in
PE* MemB, suggesting that epigenetic marks may be used to distin-
guish different subsets of memory B cells.

Here, we also demonstrated that T-bet is required for the genera-
tion of Q" MemB. Although it may not be a surprise to find expres-
sion of T-bet in Q" MemB because T-bet™ B cells have been found to
associate with a variety of physiological and pathological conditions,
including viral infections (69-72) and the development of lupus-like
symptoms (73-75), it is unexpected to find that T-bet deficiency af-
fected the formation of QB* MemB while leaving GCB largely intact.
It has been shown in this study as well as by others (55, 76) that T-bet
could be expressed at various activation stages of a B cell, not limited
to memory B cells. T-bet, as a TE, could promote class-switch and
regulate gene expression in B cells. For example, T-bet may promote
the expression of chemokine receptor Cxcr3 to coordinate the migra-
tion of B cells to infectious sites (77), and T-bet level in B cells could
contribute to their tissue distribution (60). However, within a small
handful of potential T-bet target genes in Q" MemB, none is known
to be essential for cell survival. Thus, the necessity of T-bet in the gen-
eration of QB* MemB could hardly be explained by its classical TF
function. Another possibility is that T-bet could function as an epi-
genetic modifier, as exemplified in Ty1 development (78). It has also
been demonstrated that differentiation of PCs driven by IFN-y de-
pends on T-bet to repress a group of genes (59), suggesting a more
complicated role of T-bet in regulating cell differentiation. T-bet
seems to promote PC generation in the secondary response upon in-
fluenza infection (59, 60). The dependency on T-bet for the formation
of antiviral memory B cells might ensure the availability of T-bet as a
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critical TF during the secondary response. Our finding on the role of
T-bet in generating antiviral memory B cells might also give a clue
about why T-bet is often involved in chronic conditions, such as
chronic infections or autoimmune diseases. A recent study reported
that deficiency of T-bet in humans led to a decrease of a subset of
memory B cells but left the humoral immunity largely intact (79), sug-
gesting that other redundant mechanisms might be involved. Future
studies are needed to understand the epigenetic role of T-bet in both
mouse and human memory B cells.

In summary, we provide evidence supporting that epigenetic
memory is established during the formation of memory B cells, which
could contribute to an enhanced innate immune response in antiviral
memory B cells. T-bet, potentially as an epigenetic regulator, is re-
quired for the formation of antiviral memory B cells.

MATERIALS AND METHODS

Animals

All experiments were approved by and carried out in accordance with
guidelines of the Animal Care and Use Committee of the Institute of
Biophysics (CAS, Beijing). All experimental mice were housed under
specific pathogen-free (SPF) conditions. C57BL/6 were purchased
from SPF (Beijing) Biotechnology Co. Ltd. or bred in-house. CD45.1
BoyJ (JAX 002014), Tbx21 /= (80) were originally from the sources
listed in the references. Mixed bone marrow chimeric mice were gen-
erated by transplanting CD45.1 Boy] and Thx21~'~ (at 1:1 ratio)
mixed mouse BM cells into lethally irradiated (1000 rad) C57BL/6
mice. Littermates of the same sex at 8 to 12 weeks old or 8 weeks after
transplantation were randomly assigned to experimental groups.
Male and female mice were used in roughly equal numbers.

Immunization

Qp-VLP (25 pg) in phosphate-buffered saline (PBS) or PE (25 pg)
mixed with CpG (ODN1826, 50 pg) and alum was injected intra-
peritoneally.

Labeling and enrichment of antigen-specific B cells

Labeling and enrichment of Qf-specific B cells (32) or PE-specific
B cells (8) was done as previously described. In brief, QB-AF647 or PE
was added to enzymatically dissociated splenocytes at 2 nM and incu-
bated at 4 °C for 30 min. Cells were then incubated with anti-AF647 or
anti-PE microbeads (Miltenyi Biotec) and isolated by magnetic col-
umn (Miltenyi Biotec). QB-GFP was added at 2 nM when it is neces-
sary to distinguish QB* versus AF647" B cells.

Flow cytometry

Cells were suspended and stained in FACS (fluorescence-activated
cell sorting) buffer (2% newborn calf serum, 2 mM EDTA, and
0.1%NaNj3 in PBS). For intracellular staining, cells were treated with
Cytofix/Cytoperm solution (BD Biosciences) following the manu-
facturer’s instruction. Antibody and reagents used for flow cy-
tometry included the following: PE anti-T-bet (4B10), PE-CF594
anti-B220 (RA-6B2), APC-eF780 anti-B220 (RA3-6B2), PerCP-
Cy5.5 anti-CD8 (53-6.7), PE-Cy7 anti-IgM (R6-60.2), FITC anti-
IgM (R6-60.2), BV711 anti-IgD (11-26c.2a), PerCP-Cy5.5 anti-IgD
(11-26¢.2a), PE anti-GL-7 (GL-7), eF450 anti-GL-7 (GL-7), AF700
anti-CD38 (90), BV650 anti-CD19 (6D5), PE-Cy7 anti-CD19 (6D5),
FITC anti-IgM (RMM-1), PE-Cy7 anti-IgM (11/41), BV605 anti-
CD73 (TY/11.8), PE anti-PD-L2 (TY25), FITC anti-CD45.1 (A20),
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Pacific Blue anti-CD45.1 (A20), APC-eF780 anti-CD45.2 (104), Pa-
cific Blue anti-CD45.2 (104), PE-Cy?7 streptavidin (BD Biosciences),
and Pacific orange streptavidin (Invitrogen). All data were col-
lected on a BD LSR Fortessa cytometer (BD) and analyzed with
FlowJo (BD).

Mutation and affinity analysis

Mutation analysis was performed on single cells picked from sorted
QB* MemB as described before (32). Population affinity of Qp*
MemB was measured by the competitive binding assay as described
before (32).

Cell sorting

Naive B (NB) cells were sorted from the splenocytes of the unim-
munized mice as B220"CD19"IgD™. For antigen-specific cells, Qp-
AF647" or PE* cells were first enriched from the splenocytes and
then sorted. NB6h cells were collected 6 hours after immunization
of naive mice and sorted as B220*CD19"Qp-AF647"QB-GFP*. Ex-
trafollicularly activated B cells (EFB) and PCs were collected at day
3 after immunization as B220TCD19"Qp-AF647"Qp-GFP* (EFB)
and B220"CD19~Qp-AF647" (PC). GC B cells were collected at day
14 after immunization as B220*CD19*Qp-AF647*CD38 GL-7".
FAS staining confirmed that all the GC B cells defined by these cri-
teria were FAS™ (fig. S5A). MemB were collected at 5 to 7 months
after immunization of QB-VLP or 2 to 3 months after immunization
of PE as QB-AF647" or PE" B220"CD19* CD38*GL-7 IgD IgM .
MemB6h cells were collected at 6 hours after the second immuniza-
tion of previously immunized mice and sorted as QB-AF647* or
PE* B220*CD19* CD38*GL-7 IgD IgM~. Samples were sorted
with BD FACSAria III. Purities of 91.3 to 100% were yielded.

mRNA-seq

Total RNA from 5000 to 10,000 isolated mouse B cells were extracted
by TRIzol Reagent (Life Technologies) and precipitated along with
Glycogen (RNA grade) (Thermo Scientific). Then, mRNA was im-
mediately isolated from total RNA with NEBNext Poly(A) mRNA
Magnetic Isolation Module (E7490S). High-throughput sequencing
libraries were constructed with NEBNext Ultra II RNA Library Prep
Kit for llumina (E7770S). Quality checking and sequencing were per-
formed by Annoroad Gene Technology Co. Ltd. and BerryGenomics
Co. Ltd. (Beijing, China). Illumina HiSeq X10 and Nova-Seq plat-
forms with PE150 protocols were used for sequencing. Three biologi-
cal replicates were sequenced for each cell group, with each biological
replicate collected from one to two mice.

ATAC-seq

ATAC-seq was performed as previously described with some modifi-
cations (81). Basically, 10,000 cells from different stages were sorted
by flow cytometry. Then, cells were washed once with ice-cold PBS
and lysed with 50 pl of ice-cold lysis buffer (10 mM tris-HCI, pH 7.5,
10 mM NaCl, 3 mM MgCl,, 0.1% NP-40, 0.1% Tween 20, and 0.01%
digitonin) by incubating on ice for 10 min. The pellet was washed
once with 1 ml of freshly prepared cold washing buffer (10 mM tris-
HCI, pH 7.5, 10 mM NaCl, 3 mM MgCl,, and 0.1% Tween 20). Trans-
position reaction was performed with TruePrep DNA Library Prep
Kit V2 for Illumina kit (Vazyme, TD501) and incubated at 37 °C for
30 min on a thermomixer with shaking at 1,000 rpm. Finally, genome
DNA was extracted with phenol-chloroform-isoamyl alcohol and
amplified by KAPA HiFi HotStart ReadyMix (KAPA Biosystems,
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KK2611) with barcoded primers (Vazyme, TD202). DNA fragments
ranging from 200 to 1,000 bp were selected with VAHT DNA clean
beads (Vazyme) for deep sequencing. Sequencing was performed us-
ing the same platforms as described for mRNA-seq. Two biological
replicates were sequenced for each cell group, with each biological
replicate collected from two mice.

RNA-seq and ATAC-seq analysis

Sequencing data were checked for quality using FastQC (v0.11.7)
(82) and cleaned with Trimmomatic (v0.39) (83). The RNA-seq
and ATAC-seq reads were mapped to the reference genome using
HISAT?2 (84). Mouse genome sequence GRCm38 and the annotation
were downloaded from Ensembl archive release 97 (85). Mapped
reads were then sorted and converted from .sam files to .bam files
with Samtools (v1.9) (86). RNA fragment counts were obtained by
counting paired-end reads containing exons using FeatureCounts
(87). Fragments per kilobase of transcript per million mapped reads
(FPKM) was calculated by a customized R script.

ATAC-seq peaks for each type of cells were called with Genrich
(88) from the duplicated samples using the “ATAC-seq mode” with
PCR duplicates removed, reads from mitochondrial and Y chromo-
some excluded, reads from a reference blacklist (89) removed, un-
paired alignments kept, maximum g value as 0.05, and minimum
AUC for a peak as 20.0. For comparing ATAC-seq peaks quantita-
tively, peaks from individual types of cells were merged by BEDTools
(90) “unionbedg” and “merge” commands, and then reads located in
the merged peak regions were counted with FeatureCounts (87).
Deeptools (v3.2.1) (91) “bamCoverage” was used to convert genomic
mapping results into bigwig format with “normalizeUsing RPKM’. In-
tegrative genomics viewer (IGV) (v2.4.13) (92) was used to view the
bigwig file. Motif enrichment from the ATAC-seq peaks was per-
formed using HOMER (93, 94) “findMotifsGenome.pl” command
with defined background sequences. HOMER de novo motif results
are presented. Genes associated with ATAC-seq peaks were defined as
genes nearest to the peaks by HOMER “annotatePeaks.pl” command
using the annotation database within HOMER program.

Statistical analysis

Differential analysis including DEGs and DARs was performed using
DESeq2 (95) run as an R package. For the defined threshold of Log-
2FoldChange, apeglm (Approximate Posterior Estimation for general-
ized linear model) (96) was used for statistical analysis, and the s value
<0.005 was considered to be statistically significant. For comparison
without a defined threshold of Log2FoldChange, adjusted P value <0.1
was considered to be statistically significant. Genes expressing low lev-
els (mean FPKM <1) are not included in further analysis.

PCA was performed in R using FPKM data in normalized mode,
with genes expressing at low levels (mean FPKM <1) excluded.
Graphs of PCA were generated using the R package “ggbiplot.” Calcu-
lation of Z score was performed in R. Heatmap.2 in the R package
“gplots” was used to generate the heatmap. K-means clustering was
performed in R. Volcano plots were generated using the R package
“EnhancedVolcano” The R package “Gviz” was used to generate se-
quencing plots of example genes. Venn diagrams were generated us-
ing the R package “VennDiagram.” GO analysis and presentation were
performed using the R package “clusterProfiler” (97). Gene-gene in-
teraction was analyzed using STRING database on string-db.org (98).
GSEA (99) was used to compare our data to the published human
memory B cell data.
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Paired Student’s ¢ test was used for statistical analysis in the mixed
bone marrow chimeric mouse experiments.

Supplementary Materials
This PDF file includes:

Figs.S1to S11

Legends for tables S1to S3

Other Supplementary Material for this manuscript includes the following:
Tables S1to S3
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