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SUMMARY

Immunoglobulin M (IgM) memory cells undergo dif-
ferentiation in germinal centers following antigen
challenge, but the full effector cell potential of these
cells is unknown. We monitored the differentiation
of enhanced yellow fluorescent protein (eYFP)-
labeled CD11c* and CD11c¢"° T-bet* IgM memory
cells after their transfer into naive recipient mice.
Following challenge infection, many memory cells
differentiated into IgM-producing plasmablasts.
Other donor B cells entered germinal centers, down-
regulated CD11c, underwent class switch recombi-
nation, and became switched memory cells. Yet
other donor cells were maintained as IgM memory
cells, and these IgM memory cells retained their
multi-lineage potential following serial transfer.
These findings were corroborated at the molecular
level using immune repertoire analyses. Thus, IgM
memory cells can differentiate into all effector B cell
lineages and undergo self-renewal, properties that
are characteristic of stem cells. We propose that
these memory cells exist to provide long-term
multi-functional immunity and act primarily to main-
tain the production of protective antibodies.

INTRODUCTION

Class-switched memory B cells have long been known to be a
source of high-affinity antibodies responsible for protective im-
munity (Good-Jacobson and Shlomchik, 2010; Kurosaki et al.,
2015). However, there is now a greater appreciation for a role
for unswitched memory cells in long-term immunity (Dogan
et al., 2009; Pape et al., 2011). Immunoglobulin M (IgM) memory
cells are generated in response to infections and to immuniza-
tions with defined antigens (Della Valle et al., 2014; Krishnamurty
et al., 2016; Pape et al., 2011). IgM memory cell responses,
which can be long lived (Taylor et al., 2012), differ in important
ways from those of switched memory B cells. In particular, IgM
memory cells retain the capacity to enter germinal centers
(GCs) and to undergo class switching and affinity maturation
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(Dogan et al., 2009), attributes which likely allow greater flexibility
in the response to secondary infections (Purtha et al., 2011).

Previous studies of IgM memory cells revealed that, after anti-
gen challenge, IgM memory cells can enter GCs and undergo af-
finity maturation and class switching to produce high-affinity
switched immunoglobulin (swlg) memory B cells (Dogan et al.,
2009). This process of differentiation differs from that of swig
memory cells; although swlg memory cells can re-enter GCs,
upon challenge, most swlg memory cells differentiate into anti-
body-secreting cells (ASCs) (Pape et al., 2011) . However, in
some cases, swlg memory B cells can dominate the secondary
GC response and undergo additional affinity maturation
(McHeyzer-Williams et al., 2015). Other studies have demon-
strated that memory cell fate is not specified by B cell receptor
(BCR) signals. CD80/PDL2 double-positive memory B cells
rapidly differentiated into ASCs, and double-negative cells pref-
erentially entered into GCs (Zuccarino-Catania et al., 2014). Yet
other studies demonstrated that IgM memory B cells could
generate secondary antibody responses to malarial infection
without switching (Krishnamurty et al., 2016). Thus, a better un-
derstanding is needed as to how both IgM and swilg memory
cells contribute to secondary immunity.

We identified IgM memory cells in our studies of ehrlichial
infection (Yates et al., 2013). The ehrlichiae are obligate intracel-
lular rickettsiae that infect macrophages and dendritic cells
(Walker et al., 2004). Even though these pathogens are largely
confined to host cells, humoral immunity plays an essential
role in host defense (Bitsaktsis et al., 2007; Li et al., 2001).
Although we first identified IgM memory cells in our studies by
their unique expression of CD11c, we later demonstrated that
these cells also express T-bet as well as a number of cell surface
markers characteristic of memory B cells, including CD73, PD-
L2, and several integrins (Papillion et al., 2017; Yates et al.,
2013). A number of additional criteria were used to establish
that the CD11c* T-bet™ B cells identified in our infection model
are IgM memory cells: (1) they persist for at least one year
post-infection; (2) they are not actively dividing; (3) they do not
spontaneously produce IgM or IgG; (4) they do not express
markers characteristic of GC cells; and (5) depletion of the
CD11c" B cells ablated secondary IgG responses to antigen, in-
dependent of CD11c-negative bone marrow plasma cells (Yates
et al.,, 2013). At least a portion of the population underwent
somatic mutation (Yates et al., 2013). High frequencies of
IgM memory cells are derived from cells present on day 10
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post-infection, co-incident with a large extrafollicular plasma-
blast (exfPB) response (Racine et al., 2008).

Our laboratory first identified CD11c* B cells in studies of
exfPBs elicited early during infection; the exfPBs also expressed
T-bet (Winslow et al., 2017). The splenic CD11c* T-bet* exfPBs
generate a robust T-independent neutralizing IgM response, and
this process is accompanied by the suppression of GC B cells;
development of the latter is delayed until about three weeks
post-infection (Racine et al., 2010). Thereafter, IgM and swig
are maintained indefinitely, and both unswitched and switched
Ig contribute to long-term immunity. Persistent antibodies
maintain long-term immunity, as C57BL/6 mice are completely
immune to reinfection (Bitsaktsis et al., 2007). Immunity to rein-
fection is maintained in the presence of a low-level chronic ehrli-
chial infection, revealing that IgM memory can be maintained
even in the presence of chronic antigen.

CD11c" T-bet™ B cells have been described in a number of
other immunological contexts, including autoimmune diseases
(Rubtsov et al., 2013, 2017). These B cells have been character-
ized as age-related B cells (Hao et al., 2011; Rubtsov et al.,
2011), although it is evident now that T-bet* B cells are also
generated early following acute infection with a range of micro-
bial agents (Chang et al., 2017; Knox et al., 2017; Weiss et al.,
2009). The T-bet* IgM memory cells that are the focus of our
studies are closely related or identical in phenotype to the
T-bet* B cells described in other experimental models of chronic
immunity, suggesting that this subset of B cells shares common
functions (Chang et al., 2017; Knox et al., 2017). Thus, studies of
T-bet* memory B cells will likely lead to a better understanding of
B cell memory and the function of T-bet* B cells.

Our objective herein was to address how T-bet" memory
B cells differentiate following challenge infection. Our studies
focused on IgM memory cells, because these cells are the major
population of memory cells generated during ehrlichial infection.
We show that these memory cells exhibit stem cell characteris-
tics: following challenge infection, they can reconstitute all major
effector B cell lineages and can self-renew. We propose that the
primary function of these IgM memory cells is not to generate a
more rapid response to secondary infection but rather to main-
tain long-term production of protective antibodies. Our studies
highlight the importance of this B cell subset as an important
component of humoral immunity.

RESULTS

Marking Aicda-Expressing CD11c* T-Bet* IgM Memory
Cells In Vivo

Our previous studies demonstrated that CD11c* IgM memory
cells elicited during E. muris infection undergo limited somatic
mutation and showed that these cells could be irreversibly
labeled in (activation-induced cytidine deaminase [AID]-Cre-
ER™ x Rosa26 enhanced yellow fluorescent protein [eYFP]) F4
mice (Papillion et al., 2017). In the (AID-Cre-ER™ x Rosa26
eYFP) F4 mice, all cells expressing AID at the time of tamoxifen
administration irreversibly express eYFP (Dogan et al., 2009).
In our studies, few if any cells were labeled in uninfected (AID-
Cre-ER™ x Rosa26 eYFP) F1 mice, indicating that the labeled
cells were infection specific (Papillion et al., 2017). Although

our previous studies focused on CD11c* IgM memory cells,
eYFP" B cells detected after tamoxifen administration were
found to be more diverse. In addition to CD11c* T-bet* IgM
memory B cells, smaller populations of differentiated GL7* GC
B cells, as well as CD138* ASCs, were detected within the
eYFP* B cell population (Figures 1A, top middle panel, and
S1A). Nearly all of the GL7- and CD138-double-negative eYFP-
labeled B cells expressed IgM (R1; i.e., are memory IgM cells),
although low frequencies of swlg cells, also presumably memory
cells, were detected (Figure 1A, R4).

The eYFP-labeled IgM memory cells exhibited cell surface
marker expression similar to the IgM memory cells described
in our previous studies (Yates et al., 2013). However, approxi-
mately 40% of the labeled IgM memory cells did not express
CD11c (Figure 1B). We had not identified these putative
CD11c™9 memory cells in our previous studies, which relied
on the unique expression of CD11c for memory cell identifica-
tion (Yates et al., 2013). Also included in the analyses were
eYFP™® CD19" B cells (Figure 1A, R2); these cells exhibited
a cell surface phenotype nearly identical to that of the IgM
memory cells (Winslow et al., 2017), although GC cells and
plasmablasts were not excluded from that population. High
expression of CD19, relative to canonical B cells, is character-
istic of IgM and swlg memory cells generated during E. muris
infection and may indicate that the cells have enhanced
signaling capabilities (Li et al., 2017). For comparison, we
also analyzed eYFP" CD19* cells, which are primarily naive
follicular CD19" B cells (R3). The eYFP* population was, never-
theless, representative of the IgM memory cells we character-
ized on the basis of CD11c expression alone, although the
approach used here necessarily excluded Aicda™® cells, as
well as any memory cells that did not express CD11c or
T-bet. The eYFP* IgM memory cells (R1) also exhibited high
expression of T-bet, CXCR3, CD11b, CD73, CD86, CD80,
PD-L2, CD95, BAFF-R, and TACI and similar expression of
ICOS-L, relative to CD19™ follicular B cells. The mean fluores-
cence intensity (MFI) of each of the cell populations shown in
Figure 1 is provided in Table 1.

Swlg memory cells were also detected and constituted
approximately 11% of the eYFP™ memory cells (Figure 1, R4).
The IgM and swlg memory cells exhibited similar expression of
transcription factors and cell surface markers, including T-bet
and CD19, although a higher proportion of the swlg memory
cells did not express CD11c and CD11b (Figures 1C and S1B;
Table 1). Characterization of CD11c* and CD11c"®° eYFP* IgM
memory cells revealed that the two populations were largely
identical, again with the exception of CD11b, which exhibited
lower MFI in the CD11c"™9 B cells (Figures 1D and S1C;
Table S1). The memory B cell populations that were identified
are summarized in the schematic shown in Figure 1E. The
eYFP* IgM* B cells, all T-bet*, represent a portion of total
memory B cells that expressed Aicda early during infection.
The memory B cells can be further subdivided by their expres-
sion of CD11c. These analyses extend our previous character-
izations of memory cells by revealing additional sub-populations
of both IgM and swlg memory cells. Our findings also demon-
strate that Aicda expression can provide a means for marking
B cells that differentiate in response to infection.
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Figure 1. Characterization of Aicda-Ex-
pressing IgM* Memory Cells In Vivo
E.-muris-infected (AID-creER™ x ROSA26-eYFP)
F; mice were administered tamoxifen on days 7
and 10 post-infection, and splenocytes were
analyzed on day 70 post-infection.

(A) eYFP* GL7"*9 CD138"9 IgM*™ memory cells
(R1), CD19" B cells (R2), CD19* follicular B cells
(R3), and eYFP* GL7"°9 CD138"°9 IgM"*9 switched
memory cells (R4) were identified. Data from a
representative experiment are shown in the plots at
the top; the plots at the bottom are aggregate data
indicating the frequency of each of the populations.
*p < 0.05, **p < 0.001, and ***p < 0.0001.

(B) The B cells identified in the regions defined in (A)
were monitored for their expression of a panel of
markers previously characterized on IgM memory
B cells (Yates et al., 2013). Cells in R1 are shown in
blue and R2 in red; R3 cells are indicated with a
black line (open histograms).

(C) The expression of the indicated markers was
analyzed on eYFP* GL7"°? CD138"°9 IgM* memory
cells (R4; orange histogram) and eYFP* GL7"%¢
CD138"9 IgM™® memory cells (R1; blue histo-
gram); overlapping cells appear as green.

(D) The expression of CD11b was analyzed in
eYFP* GL7"°9 CD138™9 CD11c* (purple histo-
gram) and CD11¢™9 IgM* memory cells (green
histogram).

The data in (A)~(D) are representative of two ex-
periments that used 4 mice per group. (A) Statisti-
cal significance was determined using a repeated-
measures one-way ANOVA with Tukey’s multiple
comparison test for the left (p < 0.0001; F = 0.678;
df = 11) and middle panels (p < 0.0001; F = 0.0002;
df = 11) or a two-tailed paired t test for the data in
the right panel (p < 0.0001; t = 59; df = 3). In (C) and
(D), *p < 0.01, **p < 0.001, and ***p < 0.001.

(E) A Venn diagram is shown that illustrates the
relationships between the various populations that
were characterized. CD11c+ and CD11c™ cells
and cells expression Aicda are indicated by the
colors. IgM and swilg memory cells are indicated by
cross-hatching. See text for details.

CD11b

mice, due to the presence of pre-existing
neutralizing antibodies. To eliminate non-
memory eYFP* B cells in these studies,
IgM memory cells were obtained by sort-
ing for GL7-, CD138-, and IgG-negative

L (Dillcneg —*—— cD11c-pos —

IgM Memory Cells Differentiate upon Reinfection

The availability of the eYFP-labeled T-bet* IgM memory cells al-
lowed us to address how these cells differentiate following rein-
fection. Challenge infection of mice containing eYFP-labeled
IgM memory cells was not productive, as it did not result in an
increase in bacterial colonization (Figure S2). These data indi-
cated it was not possible to study the differentiation of IgM mem-
ory cells in previously infected (AID-Cre-ER™ x Rosa26 eYFP) F,
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eYFP™" B cells (Figure 2A).

The purified T-bet* IgM memory cells
were first transferred to naive C57BL/6
mice to determine whether they underwent differentiation in the
absence of infection. We have previously demonstrated that
CD11c* IgM memory cells are largely quiescent (Yates et al.,
2013). Similarly, the eYFP* IgM memory cells did not undergo dif-
ferentiation following their transfer to naive recipient mice (Fig-
ures 2B and S3). We next addressed whether IgM memory cells
differentiated following their transfer to mice that had been in-
fected for 50 days. Analysis of donor cells 12 days post-transfer



Table 1. Surface Marker Expression on IgM Memory Cells (MFI)

Surface Marker Cell Population

eYFP* IgM Memory CD19 cD1o" eYFP* swlg Memory

MFI? MFI Fold Difference MFI Fold Difference MFI Fold Difference
T-bet 2,967 721 4.1° 2,535 1.1° 1,896 1.5°
CXCR3 978 38 26°° 1,033 1.1 478 2.0
CD11b 6,071 91 67°° 3,080 2.0 3,208 1.9
CD73 4,333 94 46° 3,015 1.4° 3092 1.4°
CD86 1,565 250 6.3°° 1,532 1.0 1,000 1.6
CD80 1,214 57 21° 921 1.3° 805 1.5°
PD-L2 996 29 34° 698 1.4° 401 2.5°
FcyRllb 41,645 4,697 8.9° 41,449 1.0 18,700 2.2°
CD95 1,165 40 29° 934 1.2° 675 1.7°
BAFF-R 1,599 757 2.1° 2023 -1.3° 997 1.6°
TACI 538 54 10° 485 1.1° 331 1.6°
CD19 7,018 2,602 2.7° 8,086 -1.2° 4,271 1.6°
CD38 41,240 12,101 3.4° 41,546 1.0 19,778 2.1°
ICOS-L 186 78 2.4° 156 1.2° 126 1.5°

2MFI values represent the mean determined from the analysis of 4 mice on day 70 post infection.
PIndicates statistical significance, as determined using a RM one-way ANOVA using Dunnett’s multiple comparisons test.
°The data were non-parametric, as determined using a Friedman test with a Dunn’s multiple comparisons test.

revealed that the IgM memory cells again did not undergo any
detectable differentiation (Figure 2B, middle plots). Finally, donor
IgM memory cell differentiation was assessed 12 days after their
transfer to naive recipient mice that were infected following adop-
tive transfer. Under these conditions, most of the IgM memory
cells differentiated into IgM* CD138* ASCs, although small
numbers of spleen GL7* GC B cells and undifferentiated donor
cells were also detected (Figure 2B, bottom plots). The exfPB
response was observed as early as day 7 post-infection and
was maximal on day 12 post-infection, closely mirroring the ki-
netics of the primary response (Figure S4A; Yates et al., 2013).
The lack of an accelerated response from the donor IgM memory
cells may have been due to the absence of memory CD4 T cellsin
the recipient mice. This was not the case, however, as we
observed similar secondary response kinetics of IgM memory
cells following the transfer of unseparated splenocytes, which
included memory CD4 T cells (Figure S4B). IgM memory cells
and CD138" plasmablasts were also detected in the latter studies
in inguinal and mesenteric lymph nodes (Figure S4C). Related
studies that addressed the fate of swlg memory cells failed to
identify switched donor cells 30 days post-transfer; the reason
for this outcome is as yet unresolved.

We observed splenomegaly and a productive infection only in
the challenged mice (Figure 2C), indicating that IgM memory
cells did not undergo differentiation in the absence of infection
or in low-level chronically infected mice. These data provide
additional evidence that the IgM* donor cells function as mem-
ory cells: they are long lived, quiescent, and respond to chal-
lenge infection. To address whether the donor IgM memory cells
proliferated following infection, bromodeoxyuridine (BrdU) was
administered from day 14 to 21 post-transfer of T-cell-depleted
splenocytes obtained from previously infected (AID-Cre-ER™? x
Rosa26 eYFP) F; mice; donor-derived IgM memory cells were

analyzed (after excluding germinal center B cells, switched cells,
and plasmablasts). Nearly all of the donor cells had incorporated
BrdU, relative to canonical resting CD19* B cells (Figure 2D),
indicating that memory cell differentiation was accompanied
by cell division.

Multi-lineage Effector Cell Generation from T-Bet* IgM
Memory Cells

To address additional stages of the secondary IgM response, we
characterized IgM memory cell differentiation at later times
following challenge infection. By day 31 post-transfer, approxi-
mately 18% of the donor-derived eYFP* IgM memory cells
exhibited expression of markers characteristic of GC cells (Fig-
ure 3A). Among the GL7* CD38'° GC donor cells, approximately
80% had undergone class switching (i.e., were IgM"®%). Among
the donor-derived non-GC cells, a population of CD138* ASCs
persisted in the spleen, the majority of which expressed IgM.
The non-GC, CD138"*9 donor-derived cells, formally memory
cells, were predominantly IgM* and expressed CD11c.
CD11c™9 IgM memory cells were also detected, as well as
swlg memory cells (both CD11c* and CD11c"®9). The IgM mem-
ory cells recovered after secondary infection largely retained
expression of CXCR3, a surrogate marker for T-bet expression
(Figure 3B; Koch et al., 2009; Serre et al., 2012). In contrast,
GC differentiation was accompanied by a loss CXCR3 expres-
sion, indicative of T-bet downregulation.

We also addressed whether donor-derived cells were de-
tected in the bone marrow (BM), because we previously
described a population of IgM BM ASCs in infected mice
(Racine et al., 2011). These ASCs are derived from cells present
early during infection and are generated independent of CD4
T cell help (Papillion et al., 2017). The BM eYFP* donor-derived
B cells were predominately IgM* CD138" ASCs, but some
CD138™9 IgM* cells and swlg cells were also detected
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Figure 2. IgM Memory Cells Differentiated Only after Challenge Infection

(A) Purification of IgM memory B cells. eYFP* GL7"°9 CD138"°9 IgG"*? splenic B cells were purified by flow cytometry; representative dot plots show expression of
the indicated cell surface markers among the eYFP* cells prior to (open histograms) and after (red histograms) purification.

(B) Purified IgM memory cells were transferred into naive mice (top panels), mice infected for 50 days (middle panels), or naive mice that were challenged at the
time of cell transfer; each of the groups of recipient mice were analyzed 12 days post-cell transfer. eYFP* donor cells (gated in plots on left) were analyzed for
expression of GL7 and CD138 (middle plots). Expression of IgM was analyzed in GL7"°9 CD138"°9 memory cells (plots on right; red histograms); analyses of the
GL7"*9 CD138" ASCs (bottom right plots; open histogram) and GL7* CD138"°9 GC cells (blue histogram) are shown only for the challenged mice. The percentage
of eYFP* cells in each of the populations in the recipient mice is quantified in the plot on right. Statistical significance was determined using an ordinary one-way
ANOVA (p < 0.0001; F = 948.2; df = 35) and a Holm-Sidak’s multiple comparison test.

(C) Spleen cell numbers in the mice analyzed in (B) are shown. Statistical significance was determined using an ordinary one-way ANOVA (p < 0.0001; F = 28.7;
df = 12) and with Tukey’s multiple comparison test. The data in (A)~(C) are representative of one experiment that used 4 or 5 mice per group.

(D) Recipient mice were administered BrdU from day 14 to 21 following transfer of T-cell-depleted splenocytes from infected (AID-Cre-ER™ x Rosa26 eYFP) F,
mice; the recipient mice were infected immediately following cell transfer. Spleen IgM*, GL7"°® and CD138"°%, CD19+ B cells were analyzed on day 21 for BrdU
incorporation. Aggregate data are shown in the panel on the right. Statistical significance was determined using a two-tailed paired t test (p = 0.0019;
t=7.289; df = 4).

In (C) and (D), **p < 0.01, ***p < 0.001, and ***p < 0.001.
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Figure 3. IgM Memory B Cells Generated All Effector and Memory Subsets following Challenge Infection

(A) Purified eYFP* IgM memory cells were transferred into naive mice, the recipient mice were infected, and splenic B cells were analyzed 31 days post-transfer.
Representative analyses of differentiated eYFP* donor-cell-derived B cells are shown; aggregate data are shown in the plots on the right. See text for details.
Statistical significance was determined using a repeated-measure (RM) one-way ANOVA with Tukey’s multiple comparison test in upper (p < 0.0001; F = 196;

df = 26) and lower (p < 0.0001; F = 125.8; df = 26) panels.

(B) CXCR3 expression among eYFP* CD38" GL7* GC B cells (shaded histogram) and eYFP*CD38" GL7"°? CD138"°% memory cells (open histogram) on day
31 post-transfer. The MFI of each of the populations is shown in the plot on the right. Statistical significance was determined using a two-tailed Wilcoxon test

(o = 0.125).

(C) IgM and CD138 expression on eYFP* donor-derived cells in the BM of recipient mice on day 31 post-transfer. Statistical significance was determined using an
RM one-way ANOVA with Tukey’s multiple comparison test (p < 0.0001; F = 72.29; df = 23). The data in (A)-(C) are representative of 3 experiments that used 2-4
mice per group. In (A) and (C), *p < 0.05, *p < 0.01, **p < 0.001, and ***p < 0.0001.

(Figure 3C). Thus, the IgM memory cells were also capable of
generating BM ASCs. These data reveal that a portion of IgM
memory cells undergo differentiation following challenge infec-
tion and that these cells are able to reconstitute all effector
B cell lineages, including spleen and BM ASCs, IgM and swig
GC cells, exfPBs, and swlg memory cells. Furthermore, IgM
memory cells were maintained, indicating that the IgM memory
cells can self-renew.

CD11c Expression Did Not Influence IgM Memory Cell
Differentiation

Because we detected both CD11c* and CD11c"®° eYFP* IgM
memory cells, we next addressed whether these two popula-
tions generated different effector cells following challenge infec-
tion. For these studies, IgM memory cells were separated on the
basis of CD11c expression (Figure 4A). Equal numbers of
CD11c* and CD11c" cells were transferred into naive mice,
and donor cells were analyzed on day 30 post-infection. Both
CD11c* and CD11c"®? IgM memory cells exhibited a pattern of
differentiation that was characteristic of the unseparated popu-
lation (Figure 4B). The CD11c* and CD11c™? IgM memory

donor cells interconverted, as both populations were detected
following transfer of either donor population. Both populations
of donor IgM memory cells gave rise to BM ASCs. We also
observed that CD11c* donor-derived IgM memory cells downre-
gulated CD11c during GC differentiation (Figure 4C). The data
reveal that both CD11c* and CD11¢"®9 IgM memory cells can
differentiate into GC cells, spleen and BM IgM, and swlg
ASCs, as well as IgM and swlg memory cells, indicating that
CD11c expression by itself does not specify IgM memory cell
differentiation.

We also addressed whether interconversion of CD11c
expression occurred under steady-state conditions by perform-
ing transfer studies of CD11c™ and CD11c¢"° donor IgM mem-
ory cells to chronically infected mice. Both donor populations
interconverted in the absence of reinfection, although a bias to-
ward CD11c* B cells was observed (Figure 4D). Thus, although
integrins have been shown to play important roles in B cell
localization and migration (Belnoue et al., 2012; Rose et al.,
2007), a major role for CD11c in B cell differentiation was not
observed.
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IgM Memory Cells Retained Their Multi-lineage
Potential following Serial Transfer
Because IgM memory cells were maintained following second-
ary challenge infection, presumably via a process of self-
renewal, we next addressed whether these memory cells
retained their multi-lineage potential following a second chal-
lenge. To address this question, purified eYFP* IgM memory
cells were obtained from mice that had received a primary cell
transfer 30 days earlier. The cells were again transferred to naive
mice, and the differentiation of the serially transferred IgM mem-
ory cells was evaluated on day 30 post-secondary challenge.
IgM memory cells were found to undergo differentiation similar
to that observed after the primary transfer and challenge. Both
IgM and swlg memory, IgM and swlg ASCs, and GC B cells
were generated from the serially transferred donor cells
(Figure 5A). IgM memory cells also retained their ability to differ-
entiate into IgM* CD138* BM ASCs (Figure 5B). Overall, no
differences were observed between secondary and tertiary re-
sponses of the IgM memory cells. These data indicate that the
multi-lineage potential of the IgM memory cells was retained
following secondary challenge. Although, for technical reasons,
we were unable to monitor cell division in donor-derived IgM
memory cells, the serial transfer studies suggest that the mem-
ory cells were maintained by a process of self-renewal. There-
fore, the T-bet™ IgM memory cells generated during ehrlichial
infection, as a population, exhibit stem-cell-like characteristics.
Shared Ig Repertoire after igM Memory Cell
Differentiation
The population-based studies shown above suggested that IgM
memory cells were multipotent. However, this conclusion re-
quires that a single IgM memory cell clone be capable of re-
populating all effector B cell lineages and undergo self-renewal.
An alternative possibility is that particular clones of IgM memory
cells generate distinct effector cells lineages, for example, on the
basis of the affinity of the BCR for antigen or access to T cell help
(Gitlin et al., 2014; Shulman et al., 2014). We reasoned that, if
identical clones of B cells could be detected in IgM memory cells
in each of the differentiated effector cell populations, the data
would support the conclusion that individual IgM memory cells
were multipotent.

To address the potency of a single B cell, IgM memory cells
were purified and transferred into naive mice, and eYFP*

donor-derived cells were purified on day 21 or 27 post-infection;
the recovered cells included GC cells, BM ASCs, splenic ASCs,
and memory cells. To determine whether the differentiated prog-
eny of the IgM memory cells contained related clones, we per-
formed an analysis of V-region usage of the four differentiated
cell populations, as well as the donor IgM memory cells. These
data revealed similar V-region usage in all effector population
and in the donor cells, indicating that differentiation was not
biased by V-region usage (Figure 6A). To address clonal relation-
ships, clones from each of the effector cell populations were first
defined on the basis of their CDR3 region sequence. In each of
the populations, between 300 and 1,000 different clones were
identified. A number of clones were shared between all four pop-
ulations within each recipient mouse (Figure 6B). These data
indicated that a single IgM memory cell clone could differentiate
into GC B cells, BM and spleen ASCs, and memory B cells. The
number of shared clones represented a small fraction of the total
number of clones identified; however, the shared clones were
enriched compared to clones that were unique to each popula-
tion (Figure 6C). Moreover, 30%-50% of the clones in each
effector cell population were shared with at least one other
donor-derived population within the same recipient mouse (Fig-
ure 6D). These shared clones were only observed between pop-
ulations within a single recipient mouse, however. For example,
when clones from a replicate experiment were compared to each
of the four effector populations described above, fewer than 3%
of clones were shared (see control group in Figure 6D). Compar-
isons between replicate mice from the same experiment also
revealed limited overlap (Figure S5A). Thus, effector B cell clones
within a recipient mouse were very closely related, but each
recipient contained clonally distinct effector cells.

Within each recipient mouse, pairwise comparisons illustrated
the clonal relationship between the various populations (Fig-
ure 6E). For example, splenic ASCs exhibited the most clonal
overlap with splenic memory cells and vice versa. The GC B cells
exhibited the most clonal overlap with the splenic ASCs and
memory cells, and a smaller portion of the clones from the
splenic memory and ASC populations were found in the GC pop-
ulations. Because GC clones overlapped with other populations
and a reciprocal overlap was not observed, these data are indic-
ative of an expansion and selection of clones within the GC. The
BM ASCs, in contrast, exhibited the least similarity with the other

Figure 4. IgM Memory B Cell Differentiation Occurred Independently of CD11c

(A) Purification of CD11c™ and CD11¢"*? IgM memory cells. eYFP* GL7"°9 CD138"°9 IgG"*® memory cells were separated on the basis of CD11c expression. The
purified CD11c* (dashed histogram) and CD11c¢" (shaded histogram) B cells are shown.

(B) Equal numbers CD11c* or CD11c™? eYFP* IgM memory cells were transferred into naive mice, and the recipient mice were infected. Differentiation of eYFP*
cells in the spleen and BM of recipient mice was analyzed on day 30 post-transfer, as in Figure 3. The percentage of eYFP™ cells in each population and the
percentage of CD11c* among the memory cells are quantified in the plots at the bottom. Statistical significance was determined by doing a comparison between
recipient mice for each population, using an ordinary one-way ANOVA (p < 0.0001; F = 26.79; df = 51) with Sidak’s multiple comparison test (left panel), two tailed
unpaired t test (middle panel; p = 0.413; t = 0.8531; df = 10.3), and a Kruskal-Wallis test (p < 0.0001) with Dunn’s multiple comparison test (right panel).

(C) CD11c expression among eYFP* CD38"° GL7* GC B cells and eYFP* CD38" GL7"*% CD138"°9 CD11c* memory cells in mice that received CD11c* IgM
memory cells 30 days post-transfer. MFI values are quantified in the plot below. Statistical significance was determined using a two-tailed paired t test
(p < 0.0001; t = 46.5; df = 3).

(D) Steady-state interconversion of IgM memory cells. CD11c* or CD11c"®9 eYFP* IgM memory cells were transferred into recipient mice that had been infected
for 47 days, and differentiation of donor cells in the spleen of the recipient mice was analyzed 21 days later. Statistical significance was determined using a
two-tailed unpaired t test in the middle panel (p = 0.0031; t = 4.294; df = 7.335).

The data are representative of 2 experiments (A-C), each containing 3 or 4 mice per group, or one experiment with 5 mice per group (D). In (C) and (D), **p < 0.01,
****p < 0.0001.
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Figure 5. IgM Memory B Cells Retained Their Multi-lineage Potential after Serial Transfer

(A) eYFP* IgM memory cells were purified from mice that had been recipients of eYFP* IgM memory cells 31 days prior; the donor cells were transferred into naive
mice, which were subsequently infected. Splenocytes from the recipient mice were analyzed 30 days post-secondary transfer. Representative dot plots illus-
trating the gating for the differentiation of eYFP* cells are shown (left); aggregate data are shown in the plots on the right. Statistical significance was determined
using an RM one-way ANOVA with Tukey’s multiple comparison test for the upper panel (p < 0.0001; F = 57.8; df = 23) and lower panel (p < 0.0001; F = 269.1;

df = 23).

(B) Representative dot plots of IgM and CD138 expression on eYFP* donor cells in the BM of recipient mice day 30 post-secondary transfer. Statistical
significance was determined using an RM one-way ANOVA (p = 0.0001; F = 37.16; df = 27) with Tukey’s multiple comparison test. The data are representative of 3

experiments that used 2 or 3 mice per group.
**p < 0.01, **p < 0.001, and ***p < 0.0001.

effector cell populations; the largest portion of these clones was
shared with splenic ASCs (Figure S5B). Thus, the different
effector populations exhibited different degrees of clonal over-
lap, indicating that some lineages are more closely related, likely
because they were derived from the same population. Thus,
clones observed in the splenic ASC and memory cell populations
likely underwent expansion in GCs. Similarly, the BM ASCs ex-
hibited the most overlap with splenic ASCs, suggesting that
the former were derived from the latter, supporting our previous
work that demonstrated both spleen and BM ASC populations
are T independent (Racine et al., 2011).

We next examined whether the mutational diversity differed
between the various effector populations. This analysis was
performed by generating lineage trees, based on mutation
analysis of clones that were identified in all four effector popu-
lations. Clones were defined based on VJ usage, junction re-
gion length, and hamming distance. In most cases, daughter
clones that were found within the same effector cell population
were found to cluster (Figures 6F and S5C). The clustering was
accompanied by differing degrees of mutational diversity for
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each effector population; however, the amount of mutational
diversity for a particular effector population varied. Thus,
although mutational diversity differed within each clone, the
clustering of daughter clones within each effector populations
likely reflects diversification within each of the effector popula-
tions. However, the frequency of mutations was similar in all of
the effector populations (Figure 6G). Moreover, about 8% of the
clones in the IgM memory population were unmutated (Fig-
ure 6H). The low number of mutations, as well as the percent-
age of germline sequences in the IgM memory cells, indicated
the cells likely express low-affinity receptors. Low affinity could
contribute to the stem-cell-like nature of IgM memory cells by
allowing for further diversification during their differentiation.
Comparison of the percentage of IgM memory clones with
germline sequences before and after challenge infection identi-
fied a decrease in the percentage of germline sequences, how-
ever, suggesting that germline clones are eventually lost from
the IgM memory population. These data, along with the cellular
studies, indicate that a single IgM memory cell clone can
generate all effector and memory B cell lineages.
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DISCUSSION

Our studies of T-bet* IgM memory cells, including both CD11¢c*
and CD11c"™? variants, demonstrate that these cells have the
capacity to undergo multi-lineage differentiation following chal-
lenge infection. This property distinguishes these memory cells
from swlg memory cells, which exhibit a more limited differentia-
tive potential (Dogan et al., 2009; Gitlin et al., 2016; Pape et al.,
2011). The two memory cell populations therefore complement
one another; swlg memory cells produce high-affinity anti-
bodies, whereas the IgM memory cells produce lower affinity an-
tibodies but retain a greater capacity to generate different
effector cells. The IgM memory cells, therefore, act as atypical
memory cells, similar to atypical memory cells described in hu-
mans (Pupovac and Good-Jacobson, 2017).

Differentiation of IgM memory cells in our studies occurred
only after challenge infection and in the absence of pre-existing
antibody, as the transferred IgM memory cells persisted days in
both uninfected recipient mice and in chronically infected sero-
positive mice. Our data are also consistent with the idea that
memory B cell diversification occurs independently of B cell iso-
type, at least with respect to IgM. Other studies have reported
that memory B cells subset on the basis of CD80 and PDL2
expression, independent of BCR isotype, exhibited different
fates (Zuccarino-Catania et al., 2014). The IgM memory cells
we have characterized all exhibited high expression of both
CD80 and PD-L2, indicating that these receptors do not by
themselves regulate IgM memory cell differentiation.

We also addressed whether CD11c expression affected IgM
memory cell fate, because CD11c is one of the few surface
markers differentially expressed among IgM memory B cells.
However, CD11c expression did not appear to influence IgM
memory cell differentiation and CD11c* and CD11c"®° cells in-
terconverted in vivo. Given the unique expression of CD11c by
T-bet™ B cells, it was unexpected that the loss of the integrin
would have no apparent effect on function, given its likely role

in B cell localization in vivo (Lu and Cyster, 2002). However, it
is not known how rapidly interconversion occurs; it is possible,
for example, that IgM memory cells interconvert throughout their
differentiation, and modulation of receptor expression is impor-
tant for differentiation.

The differentiation of the IgM memory cells we observed
differed from classically defined memory cells in that the ki-
netics of the response were not accelerated. Instead, the IgM
memory response was very similar to the B cell responses
we have described during primary ehrlichial infection. For
example, most of the donor IgM memory cells differentiated
to CD138" ASCs by day 12 post-infection, data that mimicked
the massive exfPB response we reported previously (Racine
et al., 2008). Transfer of all splenocytes, including memory
T and B cells, did not alter the kinetics of the secondary plas-
mablast response, indicating that memory T cells do not influ-
ence the rate at which the IgM memory cells differentiate into
exfPBs and confirms other studies that have reported that
IgM memory cells do not require memory T cells for their
differentiation (Zuccarino-Catania et al., 2014). Therefore, we
propose that the IgM memory cells’ primary function is not to
provide an earlier response to infection but rather to maintain
concentrations of neutralizing antibodies sufficient to protect
the host from reinfection by maintaining populations of long-
lived IgM and IgG ASCs. Antibodies play a major role in protec-
tion against the ehrlichiae, as well as many other bacterial and
viral infections, so it is not necessary for the host to mount a
more rapid secondary response if it can maintain sufficiently
high concentrations of neutralizing antibodies. Zinkernagel
and others have elegantly articulated this concept (Lanzavec-
chia et al., 2006; Zinkernagel, 2012). This paradigm for memory
is significant because it challenges dogma that memory cells
by nature must respond more rapidly to infection. Earlier
cellular responses are necessary only when neutralizing anti-
bodies decline such that the host is once again susceptible
to serious infection. This is clearly not the case for immunity

Figure 6. IgH Chain Repertoire Analyses of Differentiated IgM Memory Cells
IgSeq analysis was performed on B cell populations generated from transferred IgM memory B cells.

(A) Frequency of IgH V-gene usage in the donor IgM memory population and each IgM memory cell-derived B cell population. V-regions are indicated on the
ordinate.

(B) A Venn diagram is shown that illustrates the number of clonotypes shared among B cell populations in a representative mouse. Regions of overlap represent
the number of clonotypes shared between the overlapping populations.

(C) Clonal enrichment. The plot on the right shows the fold clonal enrichment (i.e., the clonal frequency divided by the expected frequency; assuming equal
representation) of clones unique to each population and clones identified in all effector populations. For frequencies less than one, the negative reciprocal was
plotted.

(D) Percent of clonotypes shared among B cell populations. The blue bar segments represent the frequency of clones within each population that were also found
in one other population; the red bars represent clones found in two other populations, and the green bars represents clones found in three other populations. The
plot on the right shows the percentage of clones shared between at least one other population within an individual mouse. Each mouse was compared to a
different recipient mouse from a different time point (control). Statistical significance was determined using a RM one-way ANOVA (p = 0.0008; F = 16.92; df = 29)
with Dunnett’s multiple comparisons test.

(E) A Circos plot representing the clonal overlap in pairwise comparisons of the different B cell populations is shown.

(F) Alineage tree illustrating common clones identified in all of the isolated B cell populations. Black circles represent a germline clone, and white circles represent
inferred clones. Daughter clones are shown in color, based on the effector population from which they were identified. The number of mutations from germline is
indicated by the number shown in each circle.

(G) The number of replacement and silent mutations, from germline, in the V-region of the indicated populations is shown. Statistical significance was determined
by an ordinary one-way ANOVA (p < 0.0001; F = 1244; df = 145,175) with Tukey’s multiple comparisons test. ***p < 0.0001.

(H) The percentage of clones with the indicated number of replacement and silent mutations in the V-region of the IgM memory donor population (left) and the IgM
memory recipient population on day 27 post-challenge (right) is shown. Outliers have been removed for clarity. All data of the recipient mice are from 2
experiments with 3 mice per group. The donor population is representative of two experiments with three pooled mice per experiment.
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to many pathogens, where pre-existing antibodies are para-
mount to preventing reinfection.

Our interpretation is supported by our findings that the IgM
memory cells did not differentiate in the presence of protective
antibodies in chronically infected mice. The mechanism whereby
this apparent inhibition occurs is not yet known but may involve
suppression via Fc receptors for IgM, IgG, or both (Nguyen et al.,
2017; Nimmerjahn and Ravetch, 2008). FcyRllb is expressed at
4-fold higher levels on IgM memory cells. The possibility that
pre-existing antibodies suppress IgM memory cells was pro-
posed by Pape and colleagues, who reported that transfer of im-
mune serum suppressed memory cell differentiation (Pape et al.,
2011).

The IgM memory cells, as a population, are also distinct in their
capacity to both differentiate and to self-renew, a property char-
acteristic of hematopoietic stem cells (HSCs). The latter property
was evident from our observations that, even though all or nearly
all IgM memory cells proliferated following challenge infection,
undifferentiated IgM memory cells were maintained. T memory
stem cells with such characteristics have been described in hu-
mans (Gattinoni et al., 2017; Graef et al., 2014; Lugli et al., 2013).
Similar properties have not been demonstrated for memory
B cells, although transcriptional signatures of HSCs have been
described (Luckey et al., 2006). Although the studies herein
only characterized Aicda-positive memory cells, a significant
portion of the IgM memory cells remained unmutated following
challenge infection. Retaining germline configuration would
allow the IgM memory cells to initiate somatic hypermutation af-
ter secondary infection and to undergo diversification similar to
naive B cells. This stem-cell-like characteristic of IgM memory
cells may allow for more efficient responses to variant pathogens
and suggests that the defining feature of IgM memory cells is,
instead, their longevity (Taylor et al., 2012), a feature that distin-
guishes them from naive B cells.

Our studies of the Ig repertoire of the IgM memory cells, prior
to and following challenge infection, yielded several important
conclusions. First, identical clones were found in each of the
differentiated B cell populations analyzed. These studies pro-
vided additional evidence that IgM memory cells are multipotent.
Although some clones were differentially distributed within the
effector cell populations, the most highly represented clones
were found in all of the populations analyzed. Thus, individual
clones do not appear to be biased in their differentiation to
particular effector cell lineages. Second, we observed major dif-
ferences in the IgM memory repertoire between individual recip-
ient mice, an observation that we attribute to the complexity of
the donor IgM memory population. Third, different effector pop-
ulations displayed varying amounts of clonal overlap. The
splenic ASCs and memory were the most closely related, and
the BM ASCs were the most distinct. Because the IgSeq analysis
provides a “snapshot” of the clones present at the time of anal-
ysis, BM cells, which occupy a very different anatomical niche,
might be expected to differ more from clones occupying the
same biological niche (i.e., the spleen). The BM ASCs exhibited
the most clonal overlap with splenic ASCs, suggesting also
that the BM cells were derived from splenic ASCs, as has been
suggested by our other studies (Racine et al., 2008, 2011).
Fourth, the same clone found in each of the effector populations

underwent different degrees of mutational diversification. This
finding suggests that, whereas a single cell can give rise to mul-
tiple effector lineages, the progeny of that cell can undergo inde-
pendent diversification. However, analysis of multiple lineage
trees and the mutation frequencies indicated that mutational di-
versity was not favored by a particular lineage. Finally, the low
number of mutations detected in the IgM memory cells suggests
that IgM produced by these cells is of low affinity. Lower affinity,
broadly reactive antibodies may more effectively recognize
closely related pathogens than high-affinity antibodies produced
by swlg memory cells.

Our studies also have important implications for our knowl-
edge of T-bet* B cells, as we have shown here that this emerging
B cell subset can differentiate as both IgM and swlg memory
B cells. Indeed, T-bet* cells observed in autoimmunity, aging,
and chronic infections might be functionally equivalent by the
common feature that they are maintained under conditions of
low-level chronic antigen stimulation (Winslow et al., 2017). In a
model of Systemic Lupus erythematosus (SLE), conditional dele-
tion of T-bet in B cells was associated with reduced activation of
B cells and mitigated kidney damage (Rubtsova et al., 2017).
These latter studies support the notion that T-bet* B cells act
to maintain long-term antibody; however, when autoreactive,
these may be to the detriment of the host. Our data also demon-
strate that T-bet memory cells are fully functional and suggest
they may serve similar functions in long-term antibody re-
sponses and memory cell maintenance in other infection
models, aging, and in autoimmunity. The function of T-bet in
long-term IgM memory cells is not yet known but will be ad-
dressed in ongoing studies.

Our work demonstrates that both CD11c* and CD11c"®
T-bet* IgM memory cells can differentiate into ASCs, enter
GCs, and generate class-switched and IgM memory cells. The
IgM memory cells self-renewed after challenge infection, and
they retained ability to differentiate into multiple lineages after
secondary challenge. These findings indicate that IgM memory
cells are formally stem cells, similar to those described in CD8
memory T cells (Graef et al., 2014). Because the kinetics of the
IgM memory response mirrored those observed during primary
infection, we also propose that T-bet* IgM memory cells act as
memory stem cells to maintain long-term humoral immunity to
pathogens.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

PE-conjugated anti-CD38 (Clone 90) eBioscience Cat#5010337
APC-eFlour780-conjugated anti-CD11c (N418) eBioscience Cat#5016143
eflour660-conjugated anti-GL7 (GL7) eBioscience Cat#501124407

Brilliant Violet 421-conjugated anti-CD138 (281-2) Biolegend Cat#142507; RRID: AB_11204257
Alexa fluor 700-conjugated anti-CD19 (6D5) Biolegend Cat#115527; RRID: AB_493734
Brilliant Violet 605-conjugated anti-CXCR3 (CXCR3-176) Biolegend Cat#353729; RRID: AB_2562628
PE-conjugated anti-CD95 (15A7) eBioscience Cat#501122253

PE-conjugated anti-ICOS-L (HK5.3) eBioscience Cat#5011056

PE-conjugated anti-TACI (ebio8F10-3) eBioscience Cat#5011004

PE-conjugated anti-CD73 (TY/23)
PE-conjugated anti-CD11b (M1/70)
PE-conjugated anti-BAFF-R (7H22-E16)
PE-conjugated anti-CD86 (GL-1)
PE-conjugated anti-PD-L2 (TY25)
PE-conjugated anti-CD80 (16-10A1)
PE-conjugated anti-CD16/32 (2.4G2)
PE-conjugated anti-CD138 (281-2)
Biotinylated IgG1 (A85-1)

Biotinylated 1gG3 (R40-82)

Biotinylated IgG2b

PE-conjugated anti-BrdU (Bu20a)
PE-Cy7-conjugated anti-lgM (R6-60.2)
Brilliant Violet 421-conjugated streptavidin

BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
Southern Biotech
Biolegend

BD Parmigen
BD Biosciences

Cat#550741; RRID: AB_393860
Cat#553311; RRID: AB_394775
Cat#565783

Cat#553692; RRID: AB_394994
Cat#557796

Cat#562504

Cat#553145; RRID: AB_394660
Cat#553714; RRID: AB_395000
Cat#553441; RRID: AB_394861
Cat#553401; RRID: AB_394838
Cat#1090-05

Cat#339811; RRID: AB_1626188
Cat#552867; RRID: AB_394500
Cat#563259

Bacterial and Virus Strains

Ehrlichia muris N/A
Chemicals, Peptides, and Recombinant Proteins

QlAzol QIAGEN Cat#79306
Critical Commercial Assays

TetrocDNA Synthesis Kit Bioline Cat#Bio-65042
EasySep Mouse CD90.2 Positive selection Kit Il Stem Cell Cat#18951RF
AxyPrep Fisher Scientific Cat# 14-223-227
Ampure Beckman Coulter N/A

Deposited Data

IgH repertoire sequencing files NCBI BioProject database PRJNA473804
Experimental Models: Organisms/Strains

C57BL/6 The Jackson Laboratory Stock# 000664
B6.Cg-Gt(Rosa)26SorMm3(CAC-eYFPHze The Jackson Laboratory Stock# 007903
AID-Cre-ER™ Dr. Jean-Claude Weill, ISERM, Paris, France N/A
Oligonucleotides

Nextera XT indexing primers lllumina FC-131-1024
Ig Cy, Cy1, Cy2b, Cy2c, and Cy3 region primers Tiller et al., 2009 N/A

Software and Algorithms

FlowJo Tree Star N/A

Diva BD Bioscience N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Pear Zhang et al., 2014 N/A
pRESTO Vander Heiden et al., 2014 N/A

MiXCR Bolotin et al., 2015 N/A
VDJTools Software Shugay et al., 2015 N/A

IgBlast Ye et al., 2013 N/A
Changeo Gupta et al., 2015 N/A
SHazaM Gupta et al., 2015 N/A
Alakazam Gupta et al., 2015 N/A

Other

MiSeq Reagent Kit v3 lllumina MS-102-3001

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Gary
Winslow (winslowg@upstate.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

C57BL/6 and B6.Cg-Gt(Rosa)26Sor™m3(CAG-eYFPHze, j myjce were obtained from The Jackson Laboratory (Bar Harbor, ME). The AID-
Cre-ER™ mice, provided by Dr. Jean-Claude Weill, ISERM, Paris, France, were bred to the Rosa26 strain to generate F; mice. Mice
that carried the eYFP transgene were identified by PCR-based genotyping provided by Mouse Genotype (Escondido, CA). For all
experiments, female mice of at least 6 weeks of age were used and randomly assigned to experimental groups. All mice were
bred, grouped housed with littermates of the same sex and maintained under microisolator conditions at Upstate Medical University
(Syracuse, NY) in accordance with institutional guidelines for animal welfare.

METHOD DETAILS

Infections and tamoxifen treatment
Mice were infected, intraperitoneally, with 5x10* copies of E. muris, as described previously (Bitsaktsis et al., 2007). Tamoxifen was
dissolved in peanut oil at a concentration of 20 mg/ml, and 0.5 mL was administered via oral gavage.

Flow cytometry

Spleens were disrupted, and erythrocytes removed by treatment with ACK lysis buffer (Quality Biological). The cells were treated with
anti-CD16/32 (2.4G2) prior to incubation with the antibodies. For most experiments the following antibodies were used: PE-conju-
gated anti-CD38 (clone 90), APC-eFlour780-conjugated anti CD11c (N418), eflour660-conjugated anti-GL-7 (GL7), PE-Cy7-conju-
gated anti-IgM (R6-60.2), Brilliant Violet 421-conjugated anti-CD138 (281-2), Alexafluor 700-conjugated anti-CD19 (6D5), and
Brilliant Violet 605-conjugated CXCR3 (CXCR3-173). For cell surface phenotyping, the following PE-conjugated antibodies were
used: CD95 (15A7), ICOS-L (HK5.3), TACI (ebio8F10-3), CD73 (TY/11.8), CD11b (M1/70), BAFF-R (7H22-E16), CD86 (GL-1),
PD-L2 (TY25), CD80 (16-10A1), and CD16/32 (2.4G2). The cells were stained at 4°C for 20 min, washed, and analyzed without
fixation. Unstained cells were used to establish the flow cytometer voltage settings, and single-color positive control samples
were used to adjust compensation. Data were acquired on a BD Fortessa flow cytometer, using Diva software (BD bioscience),
and were analyzed using FlowJo software (Tree Star).

BrdU administration and staining

To assess proliferation, Mice were administered BrdU (0.8 mg), by i.p. injection, and were maintained on BrdU in drinking water
(0.8 mg/mL, plus 10% dextrose), ad libitum, for 7 days. Splenocytes were stained for surface markers, and fixed using a BD
Cytofix/Cytoperm solution, for 30 minutes at 4°C. BD Perm/Wash solution was added to the cells prior to pelleting. Cells were
then resuspended in 10% DMSO in BD Perm/Wash solution for 10 minutes at 4°C. Cells were then re-fixed with BD Cytofix/Cytoperm
solution for 5 minutes at 4°C. DNase | in PBS was then added to the cells for 1 hour at 37°C. The cells were then incubated with
PE-conjugated anti-BrdU (Bu20a) diluted in BD perm/wash solution for 30 minutes at room temperature then washed and analyzed
as above.
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Adoptive transfer of FACS-purified cells

To obtain donor B cells, spleen cells from infected (AID-Cre-ER™ x Rosa26 eYFP) F;mice were disrupted, and erythrocytes removed
by treatment with ACK lysis buffer (Quality Biological). The spleens were then depleted of T cells by magnetic bead selection, using a
T cell Enrichment Kit (StemCell Technologies). The T cell depleted spleens were stained with the following antibodies: eFlour660-con-
jugated anti-GL-7 (GL-7), PE-conjugated anti-CD138 (281-2), biotinylated IgG1 (A85-1), IgG3 (R40-82), and IgG2b, followed by strep-
tavidin Brilliant Violet 421. IgM memory cells were purified by sorting on eYFP*, GL7"°9, CD138"°¢, IgG"*® cells, using a FACS Aria cell
sorter (BD Bioscience). Samples of sorted populations were analyzed on the FACS Aria to ensure purity of the sorted cells. In each
case the resulting population was greater than 95% pure. Following flow cytometric purification, cells were resuspended at
1-10 x 108 cells/mL, for primary transfer, or 0.5-1.0x10° cells/mL, for secondary transfer experiments. The cells were administered
via the retro-orbital sinus. Where indicated, recipient mice were administered 250 pg of doxycycline intraperitoneally, daily, from
day —1 today 7 post-transfer.

Heavy chain Ig repertoire analysis

Donor IgM memory cells were purified using flow cytometry; 1x10° cells were resuspended in QlAzol (QIAGEN), and the remaining
cells were transferred to recipient mice. Following transfer, splenic eYFP*CD38'°GL7*B cells, eYFP* CD38" GL7"°9 CD138" cells,
eYFP* CD38" GL7"9 CD138"9 cells, and eYFP* CD138* BM cells, were sorted into QIAzol. mRNA was isolated and reverse tran-
scribed using a TetrocDNA Synthesis Kit (Bioline), using primers specific for the Ig Cu, Cy1, Cy2b, Cy2c, and Cy3 regions. Ig tran-
scripts were amplified using the MSVHE and C-outer primers described by Tiller et al. (Tiller et al., 2009). lllumina adaptor overhang
sequences were added, using MSVHE and C-inner primers, concatenated to the forward and reverse adaptor overhang sequences,
respectively. The samples were purified using either AxyPrep (Fisher Scientific), or Ampure magnetic beads (Beckman Coulter), and
were indexed using Nextera XT indexing primers (lllumina). Indexed samples were Ampure bead-purified, and pooled. The pooled
samples were sequenced paired end, using an lllumina MiSeq platform, with a MiSeq Reagent Kit v3 (2 x 300; lllumina). The
paired-end reads were merged using Pear (Zhang et al., 2014), and pRESTO (Vander Heiden et al., 2014) was used to filter reads
by a g score of 20 and to mask primer sequences. Identical reads were collapsed and filtered to obtain only those reads with at least
two duplicates, using pPRESTO (Vander Heiden et al., 2014). The reads were aligned and assembled into clones using MiXCR (Bolotin
etal., 2015). VDJTools Software (Shugay et al., 2015) was used to determine VH segment usage and clonal overlap between samples.
For lineage trees and mutational analysis, filtered and masked reads were aligned using IgBlast (Ye et al., 2013), and were assembled
into clones using Changeo and SHazaM (Gupta et al., 2015). Lineage trees were constructed using Alakazam (Gupta et al., 2015).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses

Statistical analyses were performed using Prism 7 software (Graphpad). A minimum p value of < 0.05 was used to establish statistical
significance; the following symbols were used throughout to indicate statistical significance: *: p < 0.05, **: p < 0.01, **: p < 0.001, and
***: p < 0.0001. Differences that were not statistically significant were not indicated with symbols. The statistical tests performed on
the data are indicated in the figure legends along with sample size (n) indicating the number of animals used. All data summary plots

have a line indicating the mean of that dataset. All data was tested for normality prior to selection of the statistical test.
DATA AND SOFTWARE AVAILABILITY

The accession number for the Ig-sequencing data reported in this paper is NCBI SRA: SRP149354.
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FIGURE S1. Related to Figure 1. Phenotype of Aidca-expressing memory B cell subsets.

E.muris-infected (AID-creER™ X ROSA26-eYFP) F| mice were administered tamoxifen on day 7 and 10
post-infection and splenocytes were analyzed day 70 post-infection.

(a) Representative plots of the gating strategy used to select singlet events and lymphocytes prior to
analysis of the lymphocytes.

(b) eYFP*GL7"¢CD138"¢[gM" memory cells (shaded histograms) and eYFP* GL7*¢ CD138"¢ [gM"
memory cells (open histograms) were analyzed for expression of indicated surface markers.

(¢) eYFP*GL7™¢CD138™¢IgM" CD11c" memory cells (shaded histograms) and eYFP* GL7"¢ CD138¢
IgM* CD11c™¢ memory cells (open histograms) were analyzed for expression of the indicated markers. The
data are representative of two experiments containing 4 mice each.
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FIGURE S2. Related to Figure 2. Infected mice were resistant to a secondary challenge infection.

C57BL/6 mice that had been infected for 98 days, or naive mice, were infected with £. muris, and bacterial copy number in the
liver and spleen was quantified 10 days later. The statistical data are as follows. Left panel, liver: P=0.0012, t=8.125, df=4.063;
spleen, P=0.0006, t=9.971, df=4.0017; middle panel, spleen weights: P=0.013, t=3.335, df=6.804; right panel, cell number:
P=10.0175, t=3.749, df=4.308. The data are from one experiment that used groups of 4 or 5 mice. Statistical significance was
determined using an unpaired two-tailed ¢ test with Welch’s correction.
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FIGURE S3. Related to Figure 2. IgM memory cells did not differentiate following transfer into
naive mice.

Purified EYFP* IgM memory cells were transferred into naive mice and splenocytes were analyzed 30
days post-transfer. GL7- and CD138-negative eYFP* donor cells were analyzed for IgM expression. The
percentages of eYFP” cells that expressed markers characteristic of ASCs, GC B cells, and IgM memory
cells (as described in Figure 2), are shown in the plot on the right. The data are from one experiment that
utilized 3 mice. Statistical significance was determined using a Friedman test (P=0.1944) with Dunn’s
multiple comparisons.
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FIGURE $4. Related to Figure 2. IgM memory cells were also detected in lymph nodes.

Spleen cells from infected (AID-creER™ ROSA26-eYFP) F| mice, or flow cytometrically purified IgM
memory cells, were transferred into naive mice. The recipient mice were then infected and IgM and CD138
expressing eYFP* donor cells were monitored in the indicated tissues.

(a) Representative flow cytometry dot plots of eYFP*donor cells identified in the spleen on day 7 post-
transfer of purified IgM memory cells. eYFP*donor cells were analyzed for IgM and CD138 expression
(middle plot). The percentage of CD138" IgM" and IgM™¢ cells, within the eYFP" gate, is quantified in
the plot on the far right. Statistical significance was determined using a two-tailed paired # test (P=0.0018,
t=4.585, df=8).

(b) Representative flow cytometry dot plots of eYFP* donor cells identified in the spleen on day 4 (top)
and 7 (bottom) post-transfer of unseparated splenocytes. eYFP* donor cells were analyzed for IgM and
CD138 expression (middle plot).The percentage of eYFP* cells that expressed CD138 is quantified to the
right. Statistical significance was determined using Wilcoxon matched-pairs signed rank test (top, P=0.25;
bottom, P=0.25).

(¢) Representative flow cytometry dot plots of eYFP* donor cells in the inguinal and mesenteric lymph
nodes day 10 post-transfer of all splenocytes. The percentage of eYFP* cells that expressed CD138 and/
or IgM is quantified to the right; swlg cells were [gM™¢, and ASCs were identified by expression of
CD138. Statistical significance was determined using a Friedman test (P=0.0747) with Dunn’s multiple
comparisons. The data are from one experiment containing 3 mice per time point for the transfer of
unseparated splenocytes and two experiments containing 4 or 5 mice per experiment for analysis of day 7
post-transfer of purified I[gM memory cells.
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FIGURE S5. Related to Figure 6. Clonal relationship between recipient mice and lineages.

Clones shared between B cell populations from three recipient mice.

(a) The VDJTools (Shugay et al., 2015) TrackClonotypes function was used to analyze clones that appeared
in at least two different populations; only top 200 are visualized. Color indicates the frequency of each
clone.

(b) Dendrogram of the clonal relationship between the different effector populations generated with
VDJTools ClusterSamples function.

(¢) Lineage trees of a common clone identified in all of the isolated B cell populations. Black circles
represent a germline clone, and white circles represent inferred clones. Daughter clones are colored based
on the effector population in which they were identified. The number of mutations from germline is
indicated in each clone.



Table S1. Related to Figure 1: Surface Marker Expression on CD11¢"* and
CD11c"?1gM Memory Cells (MFI)®

Surface marker Cell population Fold-difference
CD11c* CD11c"™*

T-bet 3662 2002 1.8
CXCR3 1048 894 1.2°
CD11b 9094 1738 5.2

CD73 5411 2985 1.8

CD86 1599 1519 1.1°

CD80 1425 893 1.6
PD-L2 1000 992 1.0
FcyRllb 50417 32594 1.5

CD95 1409 883 1.6
BAFF-R 1378 1933 -1.4

TACI 564 500 1.1

CD19 7876 6154 1.3

CD38 48441 33631 1.4°
ICOS-L 206 158 1.3

®MFI values represent the mean determined from the analysis of 4 mice on day 70 post-infection.
®Bold type indicates statistical significance, as determined using a paired t test.
°A non-parametric Wilcoxon test was used to determine statistical significance.
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