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SUMMARY

TheB cell response toEhrlichiamuris is dominated by
plasmablasts (PBs), with few—if any—germinal cen-
ters (GCs), yet it generates protective immunoglobulin
M (IgM) memory B cells (MBCs) that express the tran-
scription factor T-bet and harbor V-region mutations.
Because Ehrlichia prominently infects the liver, we
investigated the nature of liver B cell response and
that of the spleen. B cells within infected livers prolif-
erated and underwent somatic hypermutation (SHM).
Vh-region sequencing revealed trafficking of clones
between the spleen and liver and often subsequent
local clonal expansion and intraparenchymal localiza-
tion of T-bet+ MBCs. T-bet+ MBCs expressed MBC
subset markers CD80 and PD-L2. Many T-bet+

MBCs lacked CD11b or CD11c expression but had
marginal zone (MZ) B cell phenotypes and colonized
the splenic MZ, revealing T-bet+ MBC plasticity.
Hence, liver and spleen are generative sites of B cell
responses, and they include V-region mutation and
result in liver MBC localization.

INTRODUCTION

The conventional B cell response to pathogens such as the influ-

enza virus and the malarial parasite is dependent on a germinal

center (GC) pathway that results in the production of antibody-

forming cells (AFCs) and memory B cells (MBCs) (Coro et al.,

2006; Stephens et al., 2009). However, certain pathogens such

as Borrelia burgdorferi, Salmonella typhimurium, and Ehrlichia

muris suppress or delay the onset of a GC response; B cell re-

sponses instead follow a non-canonical pathway (Hastey et al.,

2012; Cunningham et al., 2007; Racine et al., 2010; Di Niro

et al., 2015). Ehrlichia is a gram-negative, obligate intracellular

bacterium that causes a tick-borne infection (Anderson et al.,

1991; Dawson et al., 1991). In humans, infection by Ehrlichia
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chaffeensis causes human monocytotropic ehrlichiosis, which

is characterized by flu-like symptoms such as fever, headache,

myalgia, and hematological abnormalities (Ismail and McBride,

2017). In both humans and mice, liver is a prominent site of

Ehrlichia infection (Sehdev and Dumler, 2003; Ismail et al.,

2004; Ismail et al., 2010). Ehrlichia induces a B cell response in

humans, and antibodies (Abs) are detected in the serum of in-

fected patients (Standaert et al., 2000). In mice, Ehrlichia infec-

tion induces large numbers of immunoglobulin M (IgM) AFCs

and considerable, yet comparatively lower, numbers of immuno-

globulin G (IgG) AFCs (Racine et al., 2008; Racine et al., 2010;

Winslow et al., 2000).

Ehrlichia infection induces the expression of the transcription

factor T-bet in AFCs and a subset of splenic MBCs (Winslow

et al., 2017). Although T-bet expression in B cells was originally

documented as a regulator of isotype switch induced in

response to TLR9 signals (Peng et al., 2002; Jegerlehner

et al., 2007), it has been closely associated with so-called

age-associated B cells (ABCs) (Rubtsov et al., 2011; Hao

et al., 2011; Naradikian et al., 2016). ABCs are found especially

in older female mice and in autoimmune-prone mice (Hao et al.,

2011; Rubtsov et al., 2011). These T-bet+ ABCs are typically

CD11b+ and CD11c+ but lack expression of CD21 and CD23

(Hao et al., 2011). A similar population has been identified in hu-

mans and is associated with lupus. T-bet+ B cells can also be

induced by various infections, and T-bet can also be expressed

in plasmablasts (PBs). (Rubtsova et al., 2013; Barnett et al.,

2016; Moir et al., 2008; Rubtsov et al., 2011; Rubtsova et al.,

2017; Rubtsov et al., 2013). A subset of MBCs formed during

certain conditions, including Ehrlichia infection, can express

T-bet as well. The role of T-bet in B cells and its relationship

to ABC, MBC, and PB development and function are an active

area of research, and the relationships among these cells and

processes are not fully clear.

Despite the fact that liver is a primary site for infection in hu-

mans and mice (Ismail et al., 2010; Ismail et al., 2004; Sehdev

and Dumler, 2003), there is limited information on hepatic

B cell responses to Ehrlichia (Miura and Rikihisa, 2009; Habib

et al., 2016). Here, we examined the extent to which the B cell

response to Ehrlichia occurs in liver and the consequences of
nc.
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Figure 1. E. muris Infection Induces a

Robust B Cell Response Marked by T-bet

Expression

(A and B) Total IgM and IgG AFCs measured by

ELISpot assay during E. muris infection in spleen

(A) and liver (B).

(C and D) Immunofluorescence staining of cry-

osections of mouse spleen on day 10 after infec-

tion shows PBs (C), and staining of liver cry-

osections shows B cells and T cells (D). Scale bars

represent 100 mm (C) and 100 pixels (D).

(E and F) Total B cell blasts (blue) and PBs (green)

measured by FC over the course of E. muris

infection in spleen (E) and liver (F).

(G and H) Histogram (G) and mean fluorescence

intensity (H) of T-bet expression in B cells during

acute E. muris infection.

Data are representative of at least 2 independent

experiments, and in (A), (B), (E), (F), and (H), data

are represented as mean plus SD of groups of at

least 2 mice. *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001. Statistics for (A), (B), (E), and (F)

were done by 2-way ANOVA. See Figures S1

and S2.
this local response. We found that liver was a major locus for

B cell proliferation and somatic hypermutation (SHM) during

the acute phase of the immune response. High-throughput

sequencing (HTS) analyses revealed bi-directional trafficking

of mutated B cell blasts and PBs between spleen and liver. Af-

ter pathogen clearance, we observed T-bet-expressing MBCs

that persisted in spleen and were localized in liver, including

some that were histologically intraparenchymal and resisted

intravascular labeling with intravenous (i.v.) anti-CD19. In

spleen, Ehrlichia infection remodeled the marginal zone (MZ)

compartment, which initially dissolved and was later reconsti-

tuted by a majority of T-bet-expressing MBCs induced by

infection. Although T-bet-expressing MBC populations have

generally been phenotyped as CD11b+CD11c+CD21�CD23�,
many formed after Ehrlichia infection have a CD21hiCD23lo

MZ phenotype. Further, only a fraction of these are CD11b+

CD11c+. Hence, Ehrlichia infection elicits unusual populations

of T-bet+ MBCs and reveals additional plasticity among

these cells.
Immunity
RESULTS

E. muris Infection Induces a Robust
B Cell Response Marked by T-bet
Expression
Inoculation of mice with E. muris leads to

systemic infection of spleen and liver

(Ismail et al., 2004; Olano et al., 2004). In

response to Ehrlichia, splenic B cells do

not form GCs and instead respond by

rapid extrafollicular expansion (Racine

et al., 2010). In agreement with previous

reports (Ismail et al., 2004; Olano et al.,

2004), we found that E. muris infection

was marked by a considerable bacterial

burden in spleen and liver along with an
enlargement of these organs (Figures S1A and S1B). In both

spleen and liver, infection elicited large numbers of AFCs by

day 10, which remained elevated until at least day 28 after infec-

tion (Figures 1A and 1B). There was a substantial IgG response,

but the number of IgG AFCswas lower than that of IgMAFCs (Fig-

ures 1A and 1B). Responding B cells were located within patches

at extrafollicular sites in spleen and in liver parenchyma (Figures

1C and 1D; Figures S1D and S1E). Flow-cytometric analysis of

spleen and liver from infected mice revealed expanded popula-

tions of B cell blasts (CD44+) and PBs (CD44+CD138+ PBs) (Fig-

ure S1F; Figures 1E and 1F). In findings consistent with previous

reports (Racine et al., 2010), we did not find induction of PNA+ GC

B cells by flow cytometry (FC) (Figure S1C). Confirming previous

studies (Winslow et al., 2017), we found that PB in E. muris-

infected mice expressed T-bet. B cell blasts also expressed

high amounts of T-bet. (Figures 1G and 1H).

To decipher the role of T-bet in the acute B cell response, we

used Tamoxifen-inducible, Cre-mediated deletion of T-bet dur-

ing an ongoing E. muris infection (Figure S2A). Assessment of
51, 1088–1101, December 17, 2019 1089



Figure 2. BCR Restriction Reduces the

Magnitude of B Cell Response to E. muris

(A and B) Total and Ag-specific responses of IgM

(A) and IgG (B) to E. muris in spleen asmeasured by

ELISpot assay.

(C and D) Total and Ag-specific responses of IgM

(C) and IgG (D) to E. muris in liver as measured by

ELISpot assay.

Data are representative of at least 2 independent

experiments and are represented as mean plus SD

of groups of at least 2 mice. *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001. Statistics were done by

2-way ANOVA.
T-bet expression on day 11 after infection revealed that treat-

ment with tamoxifen reduced T-bet expression on splenic

B cell blasts and PBs and showed a similar trend in hepatic

B cell populations (Figure S2B). Because liver is a metabolically

active site, we suspect that tamoxifen was metabolized rapidly

by liver cells and was not available for B cells. We assessed

the total number of responding B cells and found that splenic

PBs were more abundant in T-bet-deficient mice than in the

T-bet-sufficient group (Figure S2C). There was no difference in

the total numbers of splenic B cell blasts, hepatic B cell blasts,

and hepatic PBs upon T-bet deletion (Figure S2C). Enzyme-

linked immunosorbent spot (ELISpot) assay showed a trend of

increased IgM AFCs in spleen and liver, but there was no differ-

ence in total and antigen-specific splenic or hepatic AFCs upon

T-bet deletion (Figures S2D–S2I). Unlike what has been

observed during influenza infection and lupus disease in mice

(Stone et al., 2019; Rubtsova et al., 2017), the E. muris AFC

response was not dampened in the absence of T-bet. It is

possible that even though we did observe lower T-bet expres-

sion in responding populations, deletion during B cell develop-

ment, as performed in the influenza and lupus models, differed

from the inducible deletion we performed here.

A Diverse B Cell Receptor Repertoire Is Required for the
AFC Response to E. muris

We examined the specificity of the responding PBs by using

E. muris outer-membrane proteins Omp12 and Omp19 as

coating antigens (Ags) in ELISpot assays (Crocquet-Valdes

et al., 2011). Although these Ags are reported to be immunodo-

minant E. muris Ags (Racine et al., 2008; Yates et al., 2013), we

found that fewer than 1% of IgM and IgG AFCs were specific

to these Ags in both spleen and liver (Figures 2A–2D). This result
1090 Immunity 51, 1088–1101, December 17, 2019
is consistent with non-specific B-cell

expansion that is mediated by signals

through different pathogen-recognition

receptors without relying on B cell recep-

tor (BCR) recognition or stimulation.

However, if the B cell response were

indeed specific, then restricting the BCR

repertoire would negatively affect the

AFC response. To examine this, we used

(1) heavy-chain-restricted B18+/– mice

that utilize B18 heavy-chain genes paired

with diverse light chains and (2) heavy-

and light-chain-restricted B18+/�Vk8R+/�
mice that utilize B18 heavy-chain and Vk8R light-chain genes.

In general, we observed a trend of a lower total and Ag-specific

AFC response in spleens and livers of the BCR-restricted mice

than in those of wild-type (WT) counterparts (Figure 2). In spleen,

we observed that heavy- and light-chain restriction led to

reduced total, Omp12, andOmp19 AFCs at day 12 after infection

(Figures 2A and 2B). The splenic total and Ag-specific IgM AFCs

were also reduced merely by heavy-chain restriction at day 12

after infection (Figure 2A). The hepatic total numbers of IgM

and IgG AFCs, Omp12-specific IgM and IgG AFCs, and

Omp19-specific IgM AFCs were lower in B18+/�Vk8R+/� mice

than in WT mice at day 12 after infection (Figures 2C and 2D).

In all scenarios, BCR-restricted mice mounted an increased

response in comparison to baseline but failed to mount an AFC

response that matched the magnitude of the WT repertoire (Fig-

ure 2). No differences were observed in the AFC response be-

tween WT and BCR-restricted mice at day 22 after infection

because the acute response had subsided (Figure 2). These

data demonstrate that Ag sensing through the BCR is required

for the massive AFC response that is seen upon E. muris infec-

tion and suggest that although the response might be of low

affinity, the majority of it depends on specific BCR recognition.

Localized Proliferation and SHM of B Cells in Liver
Although increased numbers of B cell blasts and PBswere found

in livers of E. muris-infected mice, it was not clear whether the

hepatic B cell response was a product of infiltrating B cells

derived from lymphoid organs or from local proliferation and dif-

ferentiation of B cells in liver. To investigate this, we injected the

mice with 5-ethynyl-20-deoxyuridine (EdU) 30 min prior to the

harvest of organs so that we could label cells that were actively

undergoing DNA synthesis during that period. As expected,



Figure 3. Localized Proliferation and SHM

of B Cells in Spleen and Liver

(A and B) EdU+ B cell blasts (A) and PB (B) of

spleen (blue) and liver (red) over the course of

infection as measured by FC.

(C and D) 403 image of proliferating B cells in

naive spleen (C) and in E. muris-infected spleen on

day 10 after infection (D).

(E and F) 103 (E) and 403 (F) images of prolifer-

ating B cells in liver parenchyma on day 10 after

infection.

(G and H) Percentage of mutated nucleotides in

PBs from spleen (G) and liver (H).

(I and J) Laser microdissections of IgM+ PB

patches (green) and corresponding clonal trees

from Ig-region sequencing from spleen (I) and liver

(J). Inferred nodes are blue. Node size is propor-

tional to the number of sequences. The CDR3

amino acid sequence of each clone is shown at the

bottom.

Data are representative of at least 2 independent

experiments. Scale bars represent 20 mm (C and F),

200 pixels (D), and 100 mm (E). See Figure S3 and

Table S1.
there were substantially more EdU+ splenic B cell blasts and PBs

than naive controls 10 days after infection (Figures 3A and 3B).

Hepatic B cell blasts and PBs were proliferating to an extent

comparable to that of the splenic responders (Figures 3A and

3B). Histologic analysis showed that proliferation of IgM+ and

CD138+ B cells in spleen occurred within and outside of B cell

follicles (Figures 3C and 3D; Figure S3A). Proliferation of IgM+

B cells in liver was seen in liver parenchyma and around the por-

tal triads (Figures 3E and 3F; Figure S3B). These data indicate

that liver is a generative site for the B cell response to E. muris.

To investigate the presence of SHM in PB responses that

lacked GCs, we assessed the expression of the enzyme activa-

tion-induced cytidine deaminase (AID). We observed that both

splenic and hepatic B cell blasts and PBs expressed higher

amounts of AID than did naive B cells and T cells (Figures S3C–

S3E). To further assess SHM, we amplified and sequenced

V-region genes from the DNA of splenic and hepatic PBs sorted

by fluorescence-activated cell sorting (FACS). The mutation rate

was 1% for PBs from spleen and 1.5% for PBs from liver (Figures

3G and 3H). However, approximately 50% of V-gene sequences
Immunity
were unmutated at both sites (Figures 3G

and 3H), indicating that the cells harboring

these did not induce the SHM program.

Mutated PBs could either be generated

during local proliferation or undergomuta-

tion at a separate site and then migrate.

Becausewe knew that liver is a generative

site, we hypothesized that mutation could

occur within locally responding foci. To

address where mutations were actually

occurring, we used laser microdissection

of IgM patches from the liver and

spleen parenchyma. These microdissec-

tions typically captured �20 cells, of

which the full nucleus would be present
in about 1/2 of them. The finding of intraclonal diversity among

small groups of isolated cells demonstrates ongoing mutation at

that site (Jacob et al., 1991; William et al., 2002; Di Niro et al.,

2015). Of 11 microdissections from spleen, 6 had clones with se-

quences that were mutated from the closest germline (GL) Vh

gene (Table S1). Of 10 microdissections from the liver, 7 had se-

quences that were mutated from the closest GL Vh gene (Table

S1). These clonally related sequences could be assembled into

4 clonal lineage trees from spleen (Figure 3I; Figure S3F) and 4

clonal lineage trees from liver (Figure 3J; Figure S3G). The finding

in multiple cases at each site that there were cells that shared

mutations (i.e., the clones had trunks) and also differed by other

mutations (i.e., the clones had branches) provides evidence that

SHM occurred locally in spleen and in liver parenchyma.

Repertoire Characteristics of the Acute BCell Response
in Spleen and Liver
Next, to more deeply investigate the extent of SHM and the

magnitude of overlap of the responding B cell repertoire in

different B cell populations at both sites, we performed HTS of
51, 1088–1101, December 17, 2019 1091



Figure 4. SHM in Spleen and Liver B Cell

Blasts and PBs

(A) Mutation distribution in populations of splenic

and hepatic B cell blasts and PBs.

(B) Fraction of unmutated, GL-branched, and

trunk clones found in any of the 4 populations of

hepatic and splenic B cell blasts and PBs.

(C–F) Fraction of clones shared within populations

of splenic and hepatic B cell blasts and PBs of all

clones (C), unmutated clones (D), GL-branched

clones (E), and trunk clones (F).

(G) An example of a multi-tiered clonal lineage

found in both spleen and liver.

Nodes found in both organs are green, nodes

found in spleen only are blue, nodes found in liver

only are pink, and inferred nodes are black. Node

size is proportional to the number of sequences.

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Statistics for (A) were done by 2-way ANOVA. See

Figure S4.
the heavy-chain VDJ (variable, diversity, and joining gene

segment) mRNA, as described previously (Di Niro et al., 2015).

We FACS sorted splenic and hepatic B cell blasts and PBs on

day 13 after infection and created libraries with V-region se-

quences of these 4 populations. HTS analysis was done as pre-

viously described (Rosenfeld et al., 2018; Sheneman et al.,

2006). We assembled the clones by using ImmuneDB (see

STAR Methods), but to avoid spurious results, we included

them in this analysis only if they had 1–4 non-templated comple-

mentarity-determining region 3 (CDR3) residues (as measured

from the first non-GL-encoded nucleotide) or had at least 4 com-

mon V-gene mutations across all sequences. We found that

about 75% of the clones within the 4 populations were unmu-

tated (Figure 4A), suggesting that Ehrlichia infection induced

SHM in only a subset of B cells, which is consistent with our

sequencing and microdissection results (Figures 3G–3J). Over-

all, 10%–15% of the clones had an average mutation value

of >0 and %1, and 5%–10% of the clones had an average of

1–5 mutations (Figure 4A). To gain insight into how clones

grew andmigrated, we categorized the clones according to their
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clonal-lineage characteristics into 3

groups that might reflect different origins

or patterns of clonal expansion: unmu-

tated, GL branched (mutated clones

that do not have a common shared mu-

tation), and trunk (clones that have a

common shared mutation and bifurcate

further). Although the total number of

unmutated clones was the greatest (at

�75%, Figure 4A), GL-branched clones

were substantially larger in terms of

both clone size and ‘‘instances’’ (defined

as total number of unique sequences),

whereas trunk clones were intermediate

(Figures S4A and S4B). Hence,

although the number of unmutated

clones was greater, those that

did mutate had expanded considerably
in terms of numbers of sequences and thus presumably in

terms of numbers of cells.

Within each category we then assessed the extent of the

sharing of clones among the 4 populations that were sequenced.

Among unmutated clones, the vast majority (�90%) were found

in only 1 population, and only 10% were found in as many as 2

populations (Figure 4B). However, the GL-branched clones

demonstrated extensive spread among the different popula-

tions: 40% of clones were found in 2 populations, �25% clones

were found in 3 populations, and �5% were shared among all 4

populations (Figure 4B). In the case of the trunk clones, we found

that about 20% of the clones were shared between 2 popula-

tions (Figure 4B).

To determine patterns of migration and differentiation, we as-

sessed the fraction of clones that overlapped among all the pop-

ulations; this was a minimal estimate as a result of limited sam-

pling. Overall, splenic and hepatic PBs demonstrated the most

overlap (�5%) (Figure 4C). Upon breaking down the clones on

the basis of their unique clonal-lineage categories defined

above, we found that splenic and hepatic PB populations



exhibited themost overlap, which amounted to�20% of the GL-

branched subset and 5% of the trunk subset (Figures 4D–4F).

The GL-branched category demonstrated the most overlap,

wherein 15% of the clones were shared among splenic B cell

blasts and PBs along with hepatic PBs, and 5% of the clones

were shared by all 4 populations (Figure 4E). Analysis of the se-

lection pressure on the B cell clones revealed that the respond-

ing GL-branched clones exhibited a greater degree of selection

pressure than did trunk clones (Figures S4C–S4F). Overall, these

data demonstrate that Ehrlichia infection induced SHM in a sub-

set of responding B cells and that within the mutated clones,

there was both differentiation and spreading.

These conclusions are further supported by genealogies of

representative larger expanded clones that were found in both

spleen and liver (Figure 4G; Figures S4G–S4I). In Figures 4G,

S4G, and S4I, we show that the clones depicted had a

GL sequence that was found in both organs; however, the

clone further diversified by accumulating additional mutations

that demarcated nodes and branches that were found only

in spleen or liver. As shown in Figure S4H, the GL sequence

was found only in liver, but other nodes of the clone

overlapped between the spleen and liver, and a branch

was found to be present only in spleen. These data are

most consistent with bidirectional spreading of B cell clones

along with continued local mutation and expansion after

dissemination.

Memory-like T-bet+ B Cells Persist in Spleen and Liver
after Infection Subsides
Previously, CD19+CD80+CD11c+T-bet+ B cells have been

shown to persist in spleen for substantial time periods after initial

Ehrlichia infection (Papillion et al., 2017; Racine et al., 2008; Ra-

cine et al., 2010; Winslow et al., 2017; Kenderes et al., 2018).

These were interpreted to depend on inflammation or chronic

low-level Ag stimulation because Ehrlichia muris causes persis-

tent infection. We sought to determine whether generation and

maintenance of both splenic and hepatic MBC populations

depend on Ag persistence. To eliminate persistent Ehrlichia

infection, we treated mice with doxycycline 4 weeks after infec-

tion and then examined the MBC responses in spleen and liver

between weeks 6 and 12 after infection. We refer to these

mice as ‘‘memory mice.’’ We gated on MBCs by using a

commonly used marker that includes classical MBC markers,

such as CD73 (Anderson et al., 2007), along with T-bet expres-

sion (Figure 5A). We found a higher number of MBCs in both

spleen and liver of the memory mice than in their naive counter-

parts (Figures 5A–5C). In both spleen and liver, these cells

expressed the classical MBC markers CD80 and PD-L2 in a un-

imodal fashion (Figure 5D and 5E), whereas a distinct subpopu-

lation of the CD73+ T-bet+ cells expressed the ABC markers

CD11b and CD11c (Figures 5F and 5G). Moreover, these

MBCs were quiescent such that few expressed Ki67 (Figure 5H).

IgM was expressed by most of the MBCs; the fraction lacking

IgM was more predominant in liver (Figure 5I). These findings re-

vealed that CD11b and CD11c, which up to now have been used

to identify ABC-type MBCs (Winslow et al., 2017), identify only a

fraction—in fact less than half—of all T-bet+-elicited MBCs,

raising the question of whether there is additional heterogeneity

among T-bet-expressing MBCs.
To rule out any contamination from blood-derived MBCs that

were not removed from liver by perfusion, we employed an

approach that involved the labeling of all circulating B cells via

an intravenous injection of CD19-PE. We harvested spleen,

blood, and liver 3 min after the injection. Although all the B cells

in the blood became labeled, given the short window of time

and because of the large size andmolecular weight of the fluoro-

phore phycoerythrin (PE), the Ab should not be able to reach the

liver parenchyma to a substantial extent. So, any liver-localized

MBCs should beCD19-PElo or CD19-PE�. In practice, during tis-

sue processing, tissue-localized cells encounter CD19-PE

released from the substantial vascular compartment of liver

(which is un-perfused) and thereby become stained, albeit to a

substantially lower level. After processing, we further stained

the cells with anti-CD19 in a different color (BUV395). In liver, a

clear population of cells was much more dimly stained for

CD19-PE (�53 dimmer) than for CD19-BUV395 but more

brightly stained for CD19-BUV395 than for CD19-PE (Figures

S5A and S5B). No such population existed in the blood (Figures

S5A and S5B). As expected, spleen had mostly CD19-PElo cells

given that follicular B cells are not directly accessible to blood

and were not quickly stained by an Ab (Figures S5A and S5B).

About 10% of liver MBCs in un-perfused liver were weakly

stained for CD19-PE and brightly stained for CD19-BUV395.

Moreover, the number of these cells (i.e., their frequency multi-

plied by the total cells recovered) was comparable to the number

of MBCs that we observed in liver after perfusion (Figure S5C;

Figure 5C). These data provide support for the interpretation

that a tissue-localized MBC population was observed as persis-

tent after perfusion of liver. The other �90% of cells that stained

brightly with anti-CD19-PE within 3 min in un-perfused liver were

presumably in intravascular spaces, suchas sinusoids, and these

would very largely be washed away by perfusion. Moreover, by

histology, we found CD19- and CD11c-expressing MBCs in liver

parenchyma of immune mice (Figure S5D). Upon comparison to

livers from naive mice, we observed more CD19+CD11c+ cells

per field in the immune mouse livers (Figures S5E and S5F).

When taken together, these data suggest that a liver-localized

MBC population was induced by E. muris infection.

Repertoire and Phenotypic Characteristics of the MBC
Response in Spleen and Liver
The validation of CD73 as a marker for T-bet+ MBCs in this

setting allowed us to FACS sort CD73+ hepatic and splenic

MBCs from memory mice and perform V-region HTS to assess

both SHM and clonal sharing among sites and subsets. As

seen from the fraction of clones that were unmutated (Figure 6A),

60% of IgM MBC clones and 80% of IgG MBC clones were

mutated in both organs. Overall, IgG clones harbored more mu-

tations than did IgM clones, and 40% of splenic IgG clones and

20% of hepatic IgG clones had an average of 5–20 mutations

(Figure 6A). A substantial fraction of clones had 1–5 mutations

per sequence, which is comparable to levels seen in MBCs after

primary responses to model Ags in GCs (Kaji et al., 2012; Ander-

son et al., 2007). In addition, these data establish that the MBC

compartment localized in liver was mutated similarly to that in

spleen. Approximately 90% of the clones were found only in

spleen, about 5% were found only in liver, and 5% were shared

between spleen and liver (Figures 6B and 6C). The GL-branched
Immunity 51, 1088–1101, December 17, 2019 1093



Figure 5. Memory-like T-bet+ B Cells Persist in Spleen and Liver after Infection Clearance
(A) Gating strategy for CD73+ and T-bet+ B cells in spleen and liver of naive and memory mice.

(B and C) CD73+ and T-bet+ B cells in spleen (B) and liver (C) harvested after perfusion with phosphate-buffered saline (PBS) of naive and memory mice.

(D–G) Histogram, mean fluorescence intensity, and percentage of cells positive for CD80 (D), PD-L2 (E), CD11b (F), and CD11c (G) in CD73� and T-bet� cells and

CD73+ and T-bet+ B cells in spleen and liver of memory mice.

(H and I) Histogram and percentage of Ki-67+ cells (H) and histogram and percentage of IgM+ cells (I) in CD73� and T-bet� cells and CD73+ and T-bet+ B cells in

spleen and liver of memory mice.

Data are representative of at least 2 independent experiments, and in (B)–(H), data are represented as mean plus SD of groups of at least 2 mice. *p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001. Statistics for (B), (C), and (I) were done by t test, and statistics for (G) were done by 2-way ANOVA. See Figure S5.
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category had the most clones shared between spleen and liver,

indicative of the fact that this category includes clones with more

mutation and expansion but is a smaller category overall in terms

of numbers of clones (Figures 6B and 6C). A major reason for the

relative lack of overlap of clones in spleen and liver could be the

much larger size of the spleen MBC pool and differences in sam-

pling depth. Alternatively, it is possible that only a few splenic

MBCs engrafted the liver and/or the majority of liver-derived

MBCs engrafted the splenic MBC compartment. Analysis of

clonal trees from large clones did reveal trees that were consis-

tent with both migration after differentiation and extensive local

production of diversified MBC clonal populations (Figure S6).

To phenotypically characterize the splenic and hepatic MBCs,

we performed RNA-sequencing (RNA-seq) analysis of CD11b�

CD11c� (DN) and CD11b+CD11+ (DP) MBCs on FACS-sorted

populations frommemorymice (Figure S7A).We found 730 genes

that were differentially and significantly expressed (false-discov-

ery rate < 0.01, 2-fold change) in the splenic and hepatic MBC

populations (Figure S7B; Table S2). Gene clusters marked with

navy blue, red, and dark red were significantly and differentially

expressed in the DN subsets compared with the DP subsets

regardless of the site of origin (Figure S7B). Gene clustersmarked

with yellow, purple, pink, turquoise blue, and light pink were

significantly and differentially expressed in liver MBCs compared

with the splenic counterparts (Figure S7B). We found several

genes that were differentially and significantly expressed in

spleen DN and DP subsets in comparison with their liver counter-

parts (Figures 6D and 6E). Liver MBC subsets both expressed

CD69, whereas splenic MBC subsets did not (Figures 6D and

6E), consistent with the expression patterns of bona fide T resi-

dent memory cells (Sathaliyawala et al., 2013). We verified the

CD69 expression on the liverMBC subsets during acute response

(day 10 after infection) by FC (Figures S7C and S7D). Together,

these data demonstrate that although shared genes were ex-

pressed in MBC subsets regardless of their tissue localization,

several genes were unique to the subset and site of origin. This

suggests that the local tissuemicroenvironmentmight be shaping

the MBC differently in spleen and liver, much as it does for T cells

and macrophages (Kumar et al., 2017; Lavin et al., 2014).

Weperformedgene-set enrichment analysis (GSEA) in compar-

ison toapublisheddataset fromCD11c-expressingsplenicBcells

that were presumptive MBCs and isolated 30 days after Ehrlichia

infection (Winslowet al., 2017).GSEA revealed that genes found in

that database were enriched in transcriptomes of splenic and he-

patic DPMBCs compared with DNMBCs (Figures S7E and S7F).

This suggests that our data are consistentwith thepreviouslypub-

lisheddataset with reference toEhrlichia infection.We further per-

formed differential analysis of splenic and liver memory subsets

with respect to naive B cells from a previously published study

(Barnett et al., 2016) (seeSTARMethods for inter-studynormaliza-

tiondetails). Using a set of genes that havehigher expression in ni-

trophenyl-hapten-induced MBCs than in naive B cells (data not
Figure 6. Repertoire and Phenotypic Characteristics of the MBC Popu

(A) Mutation distribution of the MBC population in spleen and liver from memory

(B andC) The distribution of cloneswith respect to whether theywere found in sple

as analyzed by fraction of clones (B) and number of clones (C).

(D and E) Volcano plots demonstrating highly expressed genes in spleen and live

See Figures S6 and S7 and Table S2.
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shown), we found that splenic DN, splenic DP, and hepatic DP

MBC subsets had an enrichment of memory genes, and hepatic

DN MBC subsets had a similar trend (Figures S7G–S7J). These

data suggest thatEhrlichia-induced splenic DP andDNMBC sub-

sets, along with hepatic DPMBC subsets, express genes that are

characteristically expressed by classical, GC-induced MBCs.

T-bet+ B Cells Dominantly Repopulate the Splenic MZ
after Infection
During the acute phase of Ehrlichia infection, the histologic MZ

architecture is disrupted, resulting in loss of CD169+ metallo-

philic macrophages that demarcate the MZ (data not shown).

FC showed that CD23loCD21+ MZ-phenotype B cells were

also absent (Figure 7A). At a memory time point, the histologic

MZ was largely regenerated with a border of CD169+ cells, albeit

somewhat less organized than in a naive animal (Figures 7B and

7C). Nonetheless, at this memory time point, very few of the

CD23loCD21+ MZ-phenotype cells that had repopulated this

compartment were T-bet�, unlike in the naive mouse, in which

essentially all MZ-phenotype B cells lacked T-bet expression

(Figures 7D and 7E). On average there were 2.3-fold more T-

bet+ than T-bet� MZ B cells in the memory mice (Figures 7F

and 7G). Histologically, in memory mice, T-bet+ B cells were

found abundantly in the MZ region and were also scattered in

the follicular (FO) region (Figure 7C). A prior report had identified

CD11c+ B cells in or near the MZ at day 63 after infection (Yates

et al., 2013), although, as noted earlier, CD11c would only pick

up <40% of total T-bet+ MBCs. Generally, ABCs are thought to

lack the expression of B cell subset markers CD21 (high on MZ

B cells) and CD23 (high on FO B cells) (Rubtsova et al., 2015;

Rubtsova et al., 2017; Hao et al., 2011). However, a large fraction

of the T-bet+ MBCs formed in this setting after Ehrlichia infection

were of aMZphenotypewith strong expression of CD21; in addi-

tion, some had an ABC (CD21�CD23�) or FO phenotype.

To assess whether the FO, MZ, and ABC MBC subsets retain

their phenotype and preferentially lodge to those sites upon trans-

fer, we used FACS to purify FO, MZ, and ABC CD45.2 MBCs by

using the expression of CD21 and CD23. We labeled the MBC

subsets with carboxyfluorescein succinimidyl ester (CFSE) and

transferred them into a naive B18+/�Vk8R+/�CD45.1/2 mouse.

We harvested the spleens of the host 42 h after the transfer to

assess homing of the MBC subsets. According to histologic anal-

ysis, >50%ofFOMBCspreferentially populated the follicle, >70%

of MZ MBCs populated the MZ area, and the ABCs populated all

the zones (Figures 7H and 7I). These data suggest that the MBC

subsets could rehome to the compartment that they originated

in and that their localization is a relatively stable characteristic.

DISCUSSION

Here, we found that liver is a generative site of B cell responses

during local infection of the liver. Local B cell responses in
lation in Spleen and Liver

mice and B cells from a naive mouse.

en only, liver only, or both liver and spleen for the different types ofMBC clones,

r DN (D) and DP (E) MBC subsets.



Figure 7. After Infection Resolves, T-bet+ MBCs Dominate the MZ of Spleen

(A) B cell subset gating on CD19+ B cells in naive or D12 after E. muris infection.

(B and C) CD169 (green), T-bet (red), and CD19 (blue) staining in naive (B) and memory spleens (C) at 403 magnification. Scale bars represent 20 mm.

(D and E) Histogram (D) and percentage (E) of T-bet+ B cells in naive and memory mice.

(F) B cell subset gating on naive and memory T-bet+ B cells.

(G) Quantification of T-bet+ MZ B cells in naive and memory mice.

(H) 203 images of CFSE-labeled CD19+CD73+CD45.2/2 splenic MBC populations sorted as CD23+CD21� (FO), CD21+CD23� (MZ), and CD21�CD23� (ABC)

and transferred into CD45.1/2 mice are shown 42 h after transfer. Scale bars represent 50 mm (top) and 10 mm (bottom).

(legend continued on next page)
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non-lymphoid organs have been reported in several other con-

texts. Influenza infection yields lung responses that involve gen-

eration of tertiary lymphoid tissue (Moyron-Quiroz et al., 2004).

Local production of immunoglobulin A (IgA) AFCs in the lamina

propria (Fagarasan et al., 2001) is most likely driven by

commensal flora (Kunisawa et al., 2013; Fagarasan et al.,

2002). However, unlike lung and gut, liver has no direct mucosal

interface with the environment.

Hepatitis infection in humans also can generate B cell infiltra-

tion, including tertiary lymphoid tissue and local GC formation

(Farci et al., 2010; Murakami et al., 1999; Racanelli et al., 2001;

Sansonno et al., 2004). In contrast, hepatic E. muris infection

did not induce tertiary lymphoid tissue or GCs, yet SHM and

class switch were induced in a fraction of responding cells in

liver. Intrahepatic responses to E. muris involved both portal tri-

ads and foci that were within the parenchyma itself. Thus, under

circumstances of infection, robust and mature local B cell re-

sponses can ensue directly within parenchymal tissue.

The advantages ofmounting local B cell responses are several.

Some pathogens might not infect or spread well to lymphoid tis-

sue. Pathogens such as E. muris and Plasmodium might clear

systemically but persist in liver as low-level infections (Dumler

et al., 1993; Mueller et al., 2009; Crocquet-Valdes et al., 2011;

Thirumalapura et al., 2009; Thirumalapura et al., 2008). Therefore,

if local B cell responseswere not possible, then theremight be lit-

tle if anyAbproduced against suchpathogens. Intraparenchymal

T cell responses and infiltration aremore commonly seen; local B

cell responsesmight optimize thesebecause theywould allow for

enhanced Ag presentation to T cells. In addition, B cells produce

substantial amounts of inflammatory cytokines, such as IL-6 and

TNF-a, which could stimulate other arms of the immune system

and be directly protective in a local manner.

HTS of V regions revealed extensive cross-site clonal mixing.

Although limited sampling depth led to a general underestima-

tion of the extent of clonal size, diversification, and cross seeding

of tissues, it is reasonable to assume that not all clones dissem-

inated. Overall, mutation was observed in only about 25% of

clones, and these clones, which we termed ‘‘GL branched,’’

tended to be found in multiple sites and in both PBs and B cell

blast compartments. These clones were evidently much larger

than those in either the unmutated or trunk subset. It is not clear

what controls whether clones initiate SHM and expand to a

greater extent; it could be affinity-driven and/or dependent on

proximity to sites of proliferating bacteria and thereby the degree

of persistent Ag-stimulation as well as T cell help.

Patterns of distribution of clone members were most consis-

tent with bidirectional interchange of both PBs and B cell blasts

in clones that were expanding and undergoing SHM. Regardless

of how such clones evolved, their disseminating nature illumi-

nates an immune system feature that would anticipate pathogen

dissemination by enabling actively responding B cell clones to

populate sites distant from where they received their initial stim-

ulus and thus create a more comprehensive and adaptive
(I) From the recipient mice as in (H), 67 CFSE-labeled cells from the FO transfer gro

group were counted over 21 images, and 105-CFSE labeled cells from the ABC

Percentages of the CFSE+ transferred MBC subsets found in FO, MZ, or neither o

least 2 independent experiments with groups of at least 2 mice. In (E) and (G), data

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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immune response. Compared with responding B cells at early

time points after infection, MBC clones hadmore V-region muta-

tion. This suggests that either most MBCs were formed at later

time points in the response, after more mutations accumulated,

or the more expanded clones that had more mutation were more

likely to spawn longer-lived MBCs.

At steady state, expanded B cell clones are also disseminated

in normal humans (Meng et al., 2017). Cerutti and colleagues

identified an IgM MBC subset, disseminated throughout human

gut, that does not share clonal origin with most peripheral MBCs

but is the precursor of local IgM and IgA production (Magri et al.,

2017). These MBCs are most likely driven by gut commensals,

but their precise site of origin remains unclear. In analogous

elegant studies, Lindner et al. found dispersed clones of MBCs

in multiple Peyer’s patches, though they did not examine lamina

propria; these MBCs migrate to spleen, and they are clonally

related to mammary gland IgA plasma cells (Lindner et al.,

2012). In these settings, the inductive phase was considered to

occur in secondary lymphoid tissue and lead to the subsequent

spread of both MBC and plasma cells.

We conclude that many of the B cells that were detected in

liver at memory time points were MBCs; it is unlikely that they

were blood passenger B cells that remained despite our perfu-

sion of the liver prior to harvest. Their memory characteristics,

including isotype switch in a fraction, V-region mutation, and

particularly expression of T-bet, CD73, and CD80, are all unlike

B cells found in blood. Intravenous injection of anti-CD19-PE

also demonstrated the presence of a liver-localized MBC popu-

lation that was resistant to rapid labeling. Because we have not

directly studied their migration, we prefer to call these cells ‘‘tis-

sue-localized’’ MBCs rather than ‘‘tissue-resident’’ to reflect that

they were neither in lymphoid structures nor intravascular. The

length of residence of the MBCs we identified remains to be

determined. Although tissue MBCs are relatively less studied

than their T cell counterparts, prior work has identified such cells

in gut at steady state in both mice and humans, and they can be

induced by influenza infection or oral immunization in mice (Ono-

dera et al., 2012; Bemark et al., 2016).

The presence of MBCs localized in liver after the clearance of

the infection is distinctive in that, unlike lung and gut, liver is not a

mucosal barrier site. However, MBC populations are clearly

identified during chronic liver disease, such as chronic hepatitis

and autoimmunity, in humans. In these cases, continuous im-

mune stimulation is most likely responsible for the development

and maintenance of such populations. By analogy, MBCs in liver

after E. muris infection might have been formed from prior local

acute responses and/or might have migrated from splenic pop-

ulations, as exemplified by clones that were both liver specific

and found in both spleen and liver. The functional implications

of liver-localized MBCs for subsequent infection and protection

are unclear, but it is tempting to speculate that they can provide

protection for certain types of local reinfection, as is proposed

for resident memory T cells (Kumar et al., 2017) and certain
up were counted over 42 images, 108 CFSE-labeled cells from the MZ transfer

transfer group were counted over 44 images.

f those locations are presented in the bar graphs. Data are representative of at

are represented as mean plus SD, and statistics were done by 2-way ANOVA.



types of tissue-localized MBCs (Onodera et al., 2012; Bemark

et al., 2016).

Our findings also have implications for understanding T-bet+

cells in terms of their origins, identities, locations, and functions.

In agreement with others (Kenderes et al., 2018; Winslow et al.,

2017), we confirmed that these cells were indeed MBCs and

largely non-proliferative. Although previous reports in the

context of E. muris have relied on CD11c expression as a surro-

gatemarker, we found that a full 50% of T-bet+MBCs did not ex-

press CD11c or CD11b. Conversely, there were also many that

did express CD21 and CD23, although the canonical ABCs are

described as not expressing those markers (Rubtsova et al.,

2015; Rubtsova et al., 2017). This basic immunophenotyping re-

vealed considerable heterogeneity among the E. muris-induced

T-bet+ MBCs. Moreover, RNA-seq analysis demonstrated not

only that certain shared genes were expressed in MBC subsets

regardless of their tissue location but also a substantial number

of genes unique to the particular subset and site of origin. This

suggests that the local tissue microenvironment might shape

the MBCs differently in spleen and in liver.

Finally, in the course of tracking the B cell response to E.muris,

we unexpectedly found that infection caused a wholesale re-

modeling of the splenic MZ. MZ disruption, as part of more

pervasive splenic-architecture disruption, has been previously

reported in the context of multiple infections, such as lympho-

cytic choriomeningitis virus, salmonella, and malaria (Rosche

et al., 2015;M€uller et al., 2002; Urban et al., 2005). However, after

E. muris infection, during the eventual reorganization, the MZ

was repopulated by MBCs induced by infection rather than by

the more typical primary MZ B cells. Hence, the repertoire

and presumably the functional capacity of the MZ B cell

compartment were markedly reprogrammed such that �70%

of MZ-phenotype B cells expressed T-bet after infection,

whereas a negligible proportion was expressed prior to infection.

This major alteration lasted for at least 8 weeks after infection

and, we assume, formuch longer. It is unclear why T-bet+ B cells,

rather than naive MZ B cells, preferentially repopulate the MZ.

This type of mechanism might explain the observed presence

of mutated IgM MBCs in the MZ of human spleens (Weller

et al., 2004). We further propose that, given the importance of

MZ B cells in responding acutely to various infections (Martin

et al., 2001; Bankoti et al., 2012), the remodeling of the MZ by

E. muris, and potentially other similar primary infections, could

be amechanism by which a significant initial infection could alter

or impair the response to subsequent infection.
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RRID: AB_2739999

Rat anti CD169 (clone 3D6.112) A647 Biolegend Catalog # 142402;

RRID: AB_2563620

Anti CD11b (clone M1-70) APCCy7 Biolegend Catalog # 101214;

RRID: AB_830641
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Bacterial and Virus Strains

Ehrlichia muris This paper and Thirumalapura

et al., 2009

N/A

Chemicals, Peptides, and Recombinant Proteins

E. muris antigens Omp 12 and Omp 19 This paper and Crocquet-

Valdes et al., 2011

N/A

PNA Vector laboratories and

conjugated in the lab

Catalog # L1070;

RRID: AB_2315097
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Oligonucleotides

5-GGGAATTCGAGGTGCAGCTGCAG-3 This paper and Di Niro et al.,

2015

N/A

5-TGCGAAGTCGACGCTGAGGAGACGGTGACCGTGG-3

5-TGCGAAGTCGACGCTGAGGAGACTGTGAGAGTGG-3

5-TGCGAAGTCGACGCTGCAGAGACAGTGACCAGAG-3
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Critical Commercial Assays

Click IT Plus Edu kit Thermofisher Catalog # C10634

Ni NTA Spin kit QIAGEN Catalog # 31314

RNeasy plus micro kit QIAGEN Catalog # 74034

Zero Blunt PCR Cloning kit Thermofisher Catalog # 450031

Deposited Data

V region HTS data NCBI Sequence Read Archive BioProject PRJNA587455

mRNA-seq data Gene Expression
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GEO: GSE137154

Experimental Models: Organisms/Strains

C57BL/6 mice Jackson Laboratories Catalog # 000664

B18+/+ C57BL/6 mice This paper and Sonoda

et al., 1997

N/A

B18+/+ Vk8R+/+ C57BL/6 mice This paper and Sonoda

et al., 1997

N/A

huCD20 TamCre C57BL/6 mice This paper and Khalil

et al., 2012

N/A

Tbx21fl/fl C57BL/6 mice This paper and Intlekofer

et al., 2008

N/A

huCD20 TamCre Tbx21fl/fl C57BL/6 mice This paper N/A

B18+/� Vk8R+/� CD45.1/2 C57BL/6 mice This paper N/A

Software and Algorithms

Flow Jo version 10 Flow Jo https://www.flowjo.com/;

RRID: SCR_008520

GraphPad Prism 7 GraphPad https://www.graphpad.com/scientific-

software/prism/;

RRID: SCR_002798

IMGT V quest IMGT http://www.imgt.org/;

RRID: SCR_012780

MUSCLE European Bioinformatics https://www.ebi.ac.uk/Tools/msa/muscle/;

RRID: SCR_011812

FastQC v0.11.7 Babraham Institute https://www.bioinformatics.babraham.ac.uk/

projects/fastqc/;

RRID: SCR_014583

Trimgalore v0.3.8 Babraham Institute https://www.bioinformatics.babraham.ac.uk/

projects/trim_galore/;

RRID: SCR_016946

cutadapt v1.18 Babraham Institute https://github.com/marcelm/cutadapt/;

RRID: SCR_011841

STAR v2.6.1a Dobin et al., 2013 https://github.com/alexdobin/STAR
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Subread v1.6.2; featureCounts Liao et al., 2014 http://subread.sourceforge.net;

RRID: SCR_009803

Limma v3.20.9-voom Law et al., 2014; Ritchie

et al., 2015

https://ucdavis-bioinformatics-training.

github.io/2018-June-RNA-Seq-Workshop/

thursday/DE.html;

RRID: SCR_010943

Limma v3.20.9-rankSumTestWithCorrelation Barry et al., 2008 https://www.rdocumentation.org/packages/

limma/versions/3.28.14/topics/rankSumTest

WithCorrelation;

RRID: SCR_010943

ImmuneDB v0.24.0 Rosenfeld et al., 2018 https://immunedb.readthedocs.io/en/latest/;

RRID: SCR_017125
LEAD CONTACT AND MATERIALS AVAILABILITY

Requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact for this study, Mark Shlomchik

(mshlomch@pitt.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The mice used in this study were bred under specific pathogen free conditions in the animal facility at the University of Pittsburgh. All

mouse work was done according to the protocols approved by the University of Pittsburgh Institutional Animal Care and Use Com-

mittee. The following mouse strains were used:C57BL/6 (Jackson Laboratories),B18+/+ and B18+/+ Vk8R+/+ (Sonoda et al., 1997),

huCD20 TamCre (Khalil et al., 2012), Tbx21fl/fl (Intlekofer et al., 2008), huCD20 TamCre Tbx21fl/fl, and B18+/� Vk8R+/� CD45.1/2.

E. muris was used for infection of the above-mentioned mouse strains (Thirumalapura et al., 2009).

METHOD DETAILS

Infection and Treatment Procedures
E. muris infections were done according to procedures described previously (Stevenson et al., 2006; Thirumalapura et al., 2009).

Briefly, E. muris inoculum was prepared by passage through wild-type C57BL/6 carrier mice. Single cell suspensions from spleens

harvested from carrier mice were used for infection of experimental mice. Mice were infected intraperitoneally with 105 E. muris/

mouse (Thirumalapura et al., 2009). The bacterial burden was assessed by quantitative RT-PCR as described previously (Stevenson

et al., 2006). Tamoxifen treatments were done at day 3, 5 and 7 post infection at a dose of 1 or 2 mg orally in corn oil. For labeling B

cells in the circulation, 1 mg CD19 PE was injected intravenously. After 3 min, blood, spleen and liver were harvested and analyzed.

For MBC homing experiments, CD45.2 MBC subsets were FACS sorted, CFSE labeled and transferred intravenously into B18+/�
Vk8R+/� CD45.1/2 mice.

ELISpot Assays
Single cell suspensions from spleen were obtained by mechanical disruption of the tissue, followed by treatment with ACK buffer for

lysis of red blood cells. Single cell suspension of the liver was prepared by mechanical disruption using the MACS dissociator along

with use of 50KU/mL DNase and collagenase 100U/mL, followed by treatment with ACK buffer for lysis of red blood cells. The single

cell suspension from the liver was re-suspended in 20%Percoll and underlaid with 80%Percoll. The Percoll gradient was spun at 450

rcf for 20 min at room temperature. The lymphocytes were collected from the interface of the Percoll gradients and washed with me-

dia before further use in various assays described below. For ELISpot assay, Immulon 4-HBX plates were coated with the following

antigens: anti-kappa at 5 mg/mL, Omp12 at 4mg/mL and Omp19 at 4mg/mL. E. coli strains containing recombinant plasmids for

E. muris antigens Omp 12 and Omp 19 were provided by David Walker at University of Texas Medical Branch (Crocquet-Valdes

et al., 2011). The recombinant His tagged proteins were produced and purified using Ni-NTA spin kit from QIAGEN as per standard

protocols (Crocquet-Valdes et al., 2011). For ELISpot assay, non-specific binding was blocked with 1% bovine serum albumin (BSA)

in PBS. Splenocytes were incubated overnight at 37�C. AFCwere detected by using alkaline phosphatase-conjugated secondary Ab

(to IgG or IgM, Southern Biotech) and 5-bromo- 4-chloro-3-indolyl-phosphate in agarose.

Flow Cytometry
For FC staining, non-specific binding was blocked using anti-FcR clone 2.4G2 and dead cells were excluded using cell viability dye

(Tonbo Biosciences). The Abs were either purified in our lab or purchased and are as follows. Anti-B220 (Biolegend, RA3-6B2), anti-

CD19 (BD ID3), anti-IgM (homemade, B7-6), anti-CD45 (home-made 30-F11), anti-CD21 (homemade, 7G6), anti-CD23 (ebioscience,
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B3B4) for B cells, anti-CD4 (Biolegend, GK1.5), anti-TCR-b (Biolegend H57-597) for T cells, anti-CD138 (Biolegend, 281-2) and

anti-CD44 (Biolegend, IM7) for B cell blasts and PB, anti-CD73 (Biolegend, TY-11.8), anti-CD80 (ebioscience, 16-1oA1), anti-

PD-L2 (ebioscience, TY25) for MBC, PNA (vector labs), anti-CD95 (BD, Jo2) for GCBC, anti-CD169 (Biolegend, 3D6.112) for metal-

ophillic macrophages, anti-CD11b (Biolegend M1-70), anti-CD11c (ebioscience, N418), anti-CD69 (ebioscience, H1.2F3), anti-AID

(ebioscience, mAID-2) and anti-T-bet (Biolegend, 4B10). The click IT Plus Edu kit was purchased from Invitrogen and the staining

was done according to the recommended protocol. The cells were analyzed on LSR II or Fortessa instruments (BD) and the data

were analyzed on FlowJo software.

Immunofluorescence imaging
7 mm spleen sections were prepared from OCT-frozen tissues, fixed in acetone for 10 min, and stored at �80�C. The slides were

thawed and re-hydrated using PBS and blocked using PBS+1%BSA and 2.4G2 for 10min. The slideswere then stainedwith relevant

Abs as described in the figure legends in a dark humid chamber for 30 min. The Abs were either purified in our lab or purchased and

are as follows. Anti-B220 (Biolegend RA3-6B2), anti-CD19 (BD ID3), anti-IgM (home-made B7-6), for B cells, anti-CD4 (Biolegend

GK1.5), anti-TCR-b (Biolegend H57-597) for T cells, anti-CD138 (Biolegend 281-2) for PB, anti-CD169 (Biolegend 3D6.112) for metal-

ophillic macrophages, anti-CD11c (ebioscience N418) and anti-T-bet (Biolegend 4B10). The slides were washed thrice using PBS

and the same steps were followed for secondary Ab. For intracellular staining, the sections were permeabilized using 0.3% Triton

X-100 reagent before staining. Sections were mounted using ProLong Anti-fade Gold (Life Technologies) and imaged using Olympus

Fluorescence Microscope IX3-BSW and acquired using Cell Sens Dimension software.

V region sequencing
V region sequencingwas done on FACS sorted PB ormicro-dissected B cell patches. 7mmspleen sectionswere prepared fromOCT-

frozen tissues on the membrane-coated PEN slides (Leica). PB patches were detected using anti-IgM Alexa488 staining. Microdissec-

tions were performed using Zeiss PALMMicroBeam Laser Capture Microdissection System. Dissected patches were collected in the

cap of PCR microtubes in 12uL of digestion buffer (50 mM Tris-HCl, 50mM KCl, 0.63 mM EDTA, 0.22% Igepal, 0.22% Tween20,

0.8mg/mL proteinase K). The patches or FACS sorted PBwere digested at 37�C for 4 h and at then at 90�C for 5min. Primers, V region

amplification and data analysis has been described previously (Di Niro et al., 2015). Briefly, a primary PCR was performed using the

primers MsVHE-short: 5-GGGAATTCGAGGTGCAGCTGCAG-3 and a mix of 4 JH region anti-sense primers 3 SalI P-mJH01:

5-TGCGAAGTCGACGCTGAGGAGACGGTGACCGTGG-3 3SalIP-mJH02: 5-TGCGAAGTCGACGCTGAGGAGACTGTGAGAGTGG-3

3SalIP-mJH03: 5-TGCGAAGTCGACGCTGCAGAGACAGTGACCAGAG-3 3SalIP-mJH04: 5-TGCGAAGTCGACGCTGAGGAGACGG

TGACTGAGG-3. A second nested PCR was performed using 1uL of the product from the 1st PCR using the primers MsVHE:

5-GGGAATCGAGGTGCAGCTGCAGGAGTCTGG-3 and a mix of JH antisense primers 50- TGGTCCCTGTGCCCCAGACATCG �30,
50- GTGGTGCCTTGGCCCCAGTAGTC �30, 50- AGAGTCCCTTGGCCCCAGTAAGC �30 and 50- GAGGTTCCTTGACCCCAGTAGTC

�3. High fidelity polymerasePfU Turbo (Agilent) was used for the PCRamplification tominimize the possibility of PCRerror while gener-

ating the V region sequence. The resulting PCR products were cloned and sequenced using Zero Blunt PCR cloning kit (Thermofisher).

Sequence analysis was done by using http://www.imgt.org/IMGT_vquest/analysis.

Cell Sorting and RNA preparation
PB were sorted as TCR-b negative, CD138 positive, CD44 positive, CD19 intermediate, B cell blasts were sorted as TCR-b negative,

CD44 positive, CD138 negative, CD19 positive, naive B cells were sorted as CD19 positive, CD138 negative and CD44 negative,

CD73 negative. For HTS, B cells were sorted from naivemice as CD45 positive, CD19 positive, CD73 negative, andMBCwere sorted

frommemorymice asCD45 positive, CD19 positive andCD73 positive. FormRNA sequencing analysis, B220 positive, CD73 positive

MBCwere sorted as CD11b, CD11c double negative and CD11b, CD11c double positive frommemory mice. The staining was done

as described earlier for FC. After sorting, cells were spun down and washed with PB and re-suspended in RLT+1% beta-mercap-

toethanol. RNA was prepared with RNAeasy microplus kits from QIAGEN, according to recommended protocol.

HTS library preparation and analysis
For HTS, B cell blasts, PB, andMBCwere FACS sorted and RNAwas prepared as described above. Themethod for high-throughput

sequencing of the B cell repertoire was performed as previously described (Di Niro et al., 2015; Tsioris et al., 2015). Briefly, RNA was

reverse-transcribed into cDNA using a biotinylated oligo dT primer. An adaptor sequence was added to the 30 end of all cDNA, which

contains the Illumina P7 universal priming site and a 17-nucleotide unique molecular identifier (UMI). Products were purified using

streptavidin-coated magnetic beads followed by a primary PCR reaction using a pool of primers targeting the IGHA, IGHD, IGHE,

IGHG, IGHM, IGKC and IGLC regions, as well as a sample-indexed Illumina P7C7 primer. The immunoglobulin-specific primers con-

tained tails corresponding to the Illumina P5 sequence. PCR products were then purified using AMPure XP beads. A secondary PCR

was then performed to add the Illumina C5 clustering sequence to the end of the molecule containing the constant region. The num-

ber of secondary PCR cycles was tailored to each sample to avoid entering plateau phase, as judged by a prior quantitative PCR

analysis. Final products were purified, quantified with Agilent Tapestation and pooled in equimolar proportions, followed by high-

throughput paired-end sequencing on the IlluminaMiSeq platform. For sequencing, the Illumina 600 cycle kit was usedwith themod-

ifications that 325 cycles were used for read 1, 6 cycles for the index reads, 300 cycles for read 2 and a 20%PhiX spike-in to increase

sequence diversity.
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FASTA files provided by Juno were analyzed with ImmuneDB v0.24.0 using default parameters for all stages (Rosenfeld et al.,

2018). The GL reference sequences were acquired from IMGT’s GENE-DB, which can be accessed at http://www.imgt.org/

IMGTindex/IMGTgene-db.php. After clonal assignment, lineages were generated with clearcut (Sheneman et al., 2006) using

neighbor-joining, excludingmutations that occurred in only one sequence. Data were then exported from ImmuneDB for downstream

analysis. Clones were included in this analysis only if they had between 1 and 4 non-templated CDR3 residues (asmeasured from the

first non-GL-encoded nucleotide) or at least 4 common V-gene mutations across all sequences. ETE3 v3.1.1 (Huerta-Cepas et al.,

2016) was used to calculate tree metrics and numpy v1.15.0 was used for all statistical testing. The HTS data generated during this

study are available in the NCBI’s Sequence Read Archive (SRA) with accession ID BioProject: PRJNA587455.

RNA seq analysis
MBC were FACS sorted and RNA was prepared as described above. cDNA libraries were constructed using SMARTer low input kit

for mRNA seq (Clontech). Samples were sequenced using Illumina NextSeq 500 with 75 bp paired-end reads and aligned to the

mm10 genome using the STAR aligner (Dobin et al., 2013). The number of uniquely aligned reads ranged from 22 to 32 million.

Gene-level counts were determined using featureCounts (Liao et al., 2014), and raw counts were quantile normalized to each other

for differential expression using the voom method (Law et al., 2014) in the limma R package (Ritchie et al., 2015) The presence of

certain liver-specific transcripts indicated unavoidable liver cell contamination in the liver sample; to prevent this from confounding

our analysis, differential expression was performed only on genes, which were having at least 30 counts in the all liver and spleen

samples. All RNA-seq data were deposited in the NCBI’s Gene Expression Omnibus database (GEO) with accession ID

GSE137154. All gene-set enrichments were preformed using the rankSumTestWithCorrelation function in limma, which explicitly cor-

rects for correlation among genes in the gene set being interrogated. For differential analysis of splenic and liver memory subsets in

figure S7, the naive B cell transcriptional profile was extracted from a previously published microarray study (Barnett et al., 2016). For

normalization of the datasets, the Quantile method was used.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performedwith Prism (GraphPad Software). p valueswere determined using Student’s t tests (two-tailed). For

multiple comparisons, Two-Way ANOVA or Mann Whitney tests or Chi square analysis were applied. Differences between groups

were considered significant for p values < 0.05 (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001).

DATA AND CODE AVAILABILITY

The RNA seq data generated during this study is available in theNCBI’s Gene ExpressionOmnibus database (GEO)with accession ID

GEO: GSE137154. The HTS data generated during this study are available in the NCBI’s Sequence Read Archive (SRA) with acces-

sion ID BioProject: PRJNA587455.
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