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BAFFR controls early memory B cell responses but is
dispensable for germinal center function

Angelica W.Y. Lau'@®, Vivian M. Turner'®, Katherine Bourne'@®, Jana R. Hermes!@®, Tyani D. Chan'?@®, and Robert Brink"?@®

The TNF superfamily ligand BAFF maintains the survival of naive B cells by signaling through its surface receptor, BAFFR.
Activated B cells maintain expression of BAFFR after they differentiate into germinal center (GC) or memory B cells (MBCs).
However, the functions of BAFFR in these antigen-experienced B cell populations remain unclear. Here, we show that

B cell-intrinsic BAFFR does not play a significant role in the survival or function of GC B cells or in the generation of the
somatically mutated MBCs derived from them. Instead, BAFF/BAFFR signaling was required to generate the unmutated, GC-
independent MBCs that differentiate directly from activated B cell blasts early in the response. Furthermore, amplification of
BAFFR signaling in responding B cells did not affect GCs or the generation of GC-derived MBCs but greatly expanded the GC-
independent MBC response. Although BAFF/BAFFR signaling specifically controlled the formation of the GC-independent MBC

response, both types of MBCs required input from this pathway for optimal long-term survival.

Introduction
Humoral immunity following infection or vaccination depends
on the proliferative expansion of rare antigen-specific B cells
from the naive repertoire and their subsequent differentiation
into antibody-secreting plasma cells (PCs), somatically mutating
germinal center (GC) B cells, or quiescent memory B cells
(MBCs). Within 1-2 d of antigen challenge, activated B cells form
into a population of rapidly dividing, undifferentiated B cell
blasts driven by CD40 ligand (CD40L) and other stimuli derived
from cognate CD4* T helper cells (Chan et al., 2009; Garside
et al,, 1998; Reif et al.,, 2002). After 3-4 d, these early B cell
blasts differentiate into either (1) short-lived extrafollicular
plasmablasts that provide the initial wave of secreted antibody
production (MacLennan et al., 2003) or (2) follicular GC B cells
that continue to proliferate, undergo somatic hypermutation
(SHM) of their Ig variable region genes and selection for variants
with increased affinity for antigen (Victora and Nussenzweig,
2012). GC B cells also depend on CD40L supplied by ongoing
interactions with specialized T follicular helper (Tfh) cells lo-
calized within the GC and ultimately differentiate into either PCs
that secrete high-affinity antibodies or affinity-matured MBCs
that can mediate rapid recall responses upon antigen rechallenge
(Suan et al., 2017b).

Although it is well established that PCs can emerge inde-
pendent of the GC response (MacLennan et al., 2003), only re-
cently has it been appreciated that the same is also true for MBCs

(Takemori et al,, 2014; Tarlinton and Good-Jacobson, 2013).
Thus, in addition to GC B cells and plasmablasts, early B cell
blasts can also differentiate directly into quiescent MBCs with-
out the requirement for prior passage through the GC (Chan
et al.,, 2009; Kaji et al., 2012; Takemori et al., 2014; Taylor
et al., 2012; Toyama et al., 2002). These early, GC-independent
MBCs are frequently unswitched (IgM*) but can also be IgG* due
to the onset of class-switch recombination soon after B cell ac-
tivation and before GC B cell differentiation (Chan et al., 2009;
Pape et al., 2003; Taylor et al., 2012; Toellner et al., 1996). GC-
independent MBCs characteristically lack somatic mutations in
their Ig variable region genes and also have not undergone the
affinity-based selection typical of GC-derived MBCs. As a con-
sequence, GC-independent MBCs are thought to provide a pool
of broad specificities that may help counter the emergence of
mutant or related pathogens that may escape recognition by the
more specific GC-dependent MBCs (Takemori et al., 2014;
Tarlinton and Good-Jacobson, 2013).

Although B cells responding to T-dependent antigen depend
on signals delivered through cell surface CD40 (TNFRSF5), the
survival of naive resting B cells instead requires triggering of an
alternative member of the TNF receptor (TNFR) superfamily,
BAFFR (TNFRSF13C). Mature, naive B cells fail to survive in the
absence of either BAFFR or its specific ligand BAFF (TNFSF13B;
Gross et al., 2001; Schiemann et al., 2001; Thompson et al.,
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2001), with the result being that secondary lymphoid tissues
contain follicles greatly reduced in size and with compromised
development of stromal elements such as follicular dendritic
cells (Rahman et al., 2003; Vora et al., 2003). Mice lacking either
BAFFR or BAFF initiate GC responses following challenge with
T-dependent antigen, but these rapidly attenuate and are not
sustained (Rahman et al.,, 2003; Sasaki et al., 2004; Shulga-
Morskaya et al., 2004; Vora et al., 2003). It remains unclear
whether this is due to the lack of BAFFR signaling in responding
GC B cells or to extrinsic issues such as impaired development of
stromal elements. Indeed, the role of BAFF/BAFFR signaling in
regulating the fate of GC B cells remains undefined. In contrast,
it has been shown in two separate studies that the depletion of
BATFF efficiently removes naive B cells without impacting MBC
numbers greatly (Benson et al., 2008; Scholz et al., 2008).

To determine the B cell-intrinsic functions of BAFF/BAFFR
signaling during a T-dependent response, we employed a variety
of complementary approaches to circumvent the previously
confounding issues of impaired B cell development and com-
promised follicular microenvironment associated with the glo-
bal absence of either one of this ligand-receptor pair. Although
BAFFR expression was maintained throughout GC B cell and
MBC differentiation, the selection, survival, and persistence of
GC B cells proceeded normally in B cells lacking BAFFR, as did
the production of somatically mutated and affinity-matured
MBCs derived from GC B cell precursors. In contrast, the GC-
independent generation of both switched and unswitched MBCs
early in the response required both cell-intrinsic BAFFR ex-
pression and availability of BAFF. Strikingly, augmentation of
BAFFR signaling also selectively expanded the GC-independent
MBC pool. Taken together, these data indicate a specific re-
quirement for BAFF/BAFER signaling in controlling the pool of
MBCs that maintain broad antigen specificity.

Results

T cell-derived BAFF does not significantly impact the

GC response

Although there are only limited data on the role of BAFF/BAFFR
signaling in the GC, one previous study of responses to OVA-
conjugated 4-hydroxy-3-nitrophenylacetyl indicated that Tth
cell-derived BAFF may regulate the selection of high-affinity
B cells within the GC (Goenka et al., 2014). To determine if
this finding is generally applicable, we first performed a similar
investigation of responses against a mutant form of the hen egg
lysozyme protein (HEL®%; Paus et al., 2006) conjugated to sheep
RBCs (HEL?*-SRBC). Two groups of mixed bone marrow (BM)
chimeric mice were established on a C57BL/6 (CD45.2*) back-
ground in which T cells were either WT or BAFF deficient
(BAFFA; Fig. 1 A). Reconstituted chimeras were injected i.v. with
B cells from the SWyg mice, which express the anti-HEL
specificity of the HyHEL10 mAb (Phan et al., 2003), together
with HEL®*-SRBC antigen (Fig. 1 A). Donor SWyg;, B cells, de-
tectable by flow cytometry in recipient mice as CD45.1*CD45.2"
(Fig. S1 A), undergo T-dependent proliferative expansion, Ig
class switching, and SHM in these responses and differentiate
into GC B cells as well as GC-dependent and GC-independent PCs
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and MBCs (Chan et al., 2009; Kriutler et al., 2017; Paus et al.,
2006; Phan et al., 2003, 2006; Suan et al., 2017a). Donor-derived
SWygr GC B cells also undergo affinity maturation to HEL®%,
primarily through the acquisition of the Y53D substitution in the
HyHELIO heavy chain variable region but also complemented by
S3IR and Y58F substitutions after days 9-10 of the response
(Chan et al., 2012; Paus et al., 2006).

Detailed analysis of the responses of SWiyg;, B cells failed to
identify a significant difference between those supported by
T cells that could or could not express BAFF. Class switching to
IgG1 and the size of the GC B cell and MBC responses did not vary
between chimeras containing WT versus BAFFA T cells on either
day 14 or day 21 after antigen challenge (Fig. 1, B and C). Affinity
maturation, as measured by the proportion of IgG1* GC B cells
capable of binding a low concentration (50 ng/ml) of HEL3¥
(Paus et al., 2006), was similar in responses that took place
within the two sets of chimeras (Fig. SI, B and D), as was the
fraction of high-affinity cells within the IgG1* MBC compart-
ment (Fig. S1, C and E). Accordingly, the frequency and pattern
of Ig heavy chain SHM events among IgG1* GC B cells on day 21
of the response, including the frequencies of the Y53D, S31R, and
Y58F substitutions that bestow increased affinity for HEL®%, did
not vary between chimeras containing WT or BAFFA T cells
(Fig. 1 D). Although a slightly lower titer of anti-HEL?** serum
IgG1 was measured in chimeras containing BAFFA T cells, this
was not statistically significant (Fig. 1 E). Taken together, these
data indicate that Tth cell-derived BAFF has minimal influence
over GC B cell responses in this system.

BAFF is required to support a GC-independent MBC response
Because we did not find a prominent role for Tth cell-derived
BAFF in regulating T-dependent B cell responses, we next un-
dertook a more fundamental examination of the role(s) of BAFF
and BAFFR in this process. First, WT mice were challenged with
SRBCs, and their spleen cells were analyzed for surface BAFFR
expression 9 d later. Both the IgGl* GC B cells and MBCs gen-
erated in these responses were confirmed to express levels of
BAFFR similar to those found on naive follicular B cells (Fig. S2,
A and B) and so to have the potential to respond to BAFF.

We next used mice that lacked expression of either BAFF
(Tnfsfi3b~/- = BAFFA) or BAFFR (Tnfrsfl3c/~ = BAFFRA). Flow
cytometric analysis of unimmunized animals confirmed the
specific absence of BAFFR from BAFFRA mice (Fig. S2 C) and
reduced numbers of splenic leukocytes and B cells in both BAFFA
and BAFFRA mice (Fig. S2 D). WT SWyg, B cells (expressing
BAFFR) were transferred into WT, BAFFA, and BAFFRA mice,
then challenged with HEL*X-SRBC (Fig. 2 A), and splenic re-
sponses were analyzed on day 14 by flow cytometry. As ex-
pected, donor-derived GC responses in BAFFA and BAFFRA
recipients were reduced compared with WT recipients (Fig. 2, B
and C), presumably due to the impaired development of follic-
ular structures associated with the paucity of mature B cells in
these animals (Rahman et al., 2003; Vora et al., 2003). Never-
theless, affinity maturation progressed efficiently among the
SWygr GC B cells in both BAFFA and BAFFRA recipients
(Fig. 2 D), as did SHM and positive selection for Y53D-containing
GC B cells (Fig. 2 E).
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Figure 1. T cell-derived BAFF does not significantly impact the GC response. (A) WT T cell or BAFFA T cell chimeras were generated by mixing BM from
Cd3e~/~ with WT or BAFFA mice in a ratio of 80% Cd3e™~ to 20% WT BM or 80% Cd3e™/~ to 20% Tnfsf13b=/~ BM mixtures, respectively. Mixed BM were injected
i.v. into lethally irradiated Cd3e™~ mice and allowed to reconstitute for 6-8 wk, and SWyg, B cells were adoptively transferred and challenged with HEL3X-
SRBC. WT T cells (black dots) or BAFFA T cells (blue squares) chimeric recipients were antigen boosted on day 4, and T-dependent B cell responses were
examined on days 14 and 21. (B) Flow cytometric analysis of donor-derived SWyg, B cells (CD45.1*, CD45.27, B220"), with gates showing IgG1* GC (IgG1*,
CD38) and IgG1* MBCs (IgG1*, CD38") in WT T cell and BAFFA T cell chimeric recipients on day 14 (top) and day 21 (bottom). (C) Enumeration of SWyg 1gG1*
GC B cells (left) and IgG1* MBCs (right) in WT T cell and BAFFA T cell chimeric recipients on days 14 and 21. Enumerated data were analyzed using an unpaired
Student’s t test with Welch’s post hoc correction; no statistical significance was found. (D) SHM analysis of day 21 single-cell-sorted SWyg, IgG1* GC B cells in
WT T (top) and BAFFA T cell (bottom) chimeric recipients. Skyscraper plot shows percentage of mutation at each amino acid residue of SWyg B cell (HyHEL10)
heavy chain variable region V,;10. CDR1, CDR2, and CDR3 are highlighted in yellow. High-affinity mutations to HEL3X: Y53D in red; additional affinity-increasing
mutations: Y58F in blue, S31R in green. n, number of clones analyzed; SHM, average number of mutations per clone. SHM data represent five pooled recipient
mice from one experiment and are representative of two independent experiments. (E) Titration of day 21 HEL3*-binding serum IgG1 antibodies detected in WT
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T cell and BAFFA T cell chimeric recipients. Serum from unimmunized WT mice (crossed circle) was used as a negative control. ELISA data show geometric
mean derived from five individual mice from one experiment and are representative of two independent experiments.

Strikingly, SWygy, donor-derived IgG1* MBC responses were
absent from BAFFA but not BAFFRA recipients (Fig. 2, B and C).
Because both types of recipients sustained equivalent GC B cell
responses and ostensibly differ only in the presence or absence
of BAFF expression, these results point to a potent role for BAFF
in the control of MBC responses. Interestingly, the vast majority
of SWyg;, donor-derived IgGl* MBCs generated in BAFFRA recipi-
ents possessed uniformly low affinity for HEL®* (Fig. 2, D and F)
and almost exclusively lacked SHM of their Ig heavy chain
variable region (Fig. 2 E), indicating that they represented
predominantly unmutated, GC-independent MBCs. The size of
the GC-independent MBC response was actually increased on
day 14 in BAFFRA versus WT recipients (Fig. 2, D-F), likely due
to the increased levels of BAFF present in these B-lymphopenic
animals (Kreuzaler et al., 2012). Thus, the action of BAFF on ac-
tivated B cells appears to be important for supporting and po-
tentially regulating the size of GC-independent MBC responses.

GC responses progress normally in the absence of

BAFFR expression

To examine the role of cell-intrinsic BAFFR in T-dependent B cell
responses, CD45.1 congenic SWyg;, mice were bred onto the
BAFFRA background, and HEL-binding B cells from these mice
were challenged with HEL3*-SRBC in WT (CD45.2") recipient
animals (Fig. 3 A). HEL-binding B cells from SWyg;.BAFFRA
mice were confirmed to lack BAFFR expression (Fig. S3 A) but,
unlike HEL-binding B cells from WT SWyg;, mice, were com-
prised almost exclusively of CD21/35"°, CD23!°, CD93" immature
B cells (Fig. S3 B). Thus, to directly compare the responses of
B cell populations that differed only in terms of BAFFR expres-
sion, adoptive transfer experiments were performed using WT
SWhgr and SWygr . BAFFRA donor spleen cells that had first been
depleted of all mature B cells (Fig. 3 A and Fig. S3, A and B).
Using this strategy, BAFFR expression by responding B cells was
found to have no detectable impact on the overall magnitude of
the GC response (Fig. 3, B and C) or upon switching to IgG1 (Fig.
S3 C). Affinity maturation as assessed by accumulation of GC
B cells with high affinity for HEL3X was also unaffected on both
days 12 and 21 of the response (Fig. S3, C and D), and both the
rate of SHM and selection for the Y53D, S31R, and Y58F sub-
stitutions remained unchanged in the absence of BAFFR ex-
pression (Fig. 3 D and Fig. S3 E). Finally, on both days 12 and 21 of
the response, the production of affinity-matured serum IgGl
antibodies directed against HEL®¥ was indistinguishable, re-
gardless of whether responding GC B cells expressed BAFFR (Fig.
S3, F and G). Thus, the absence of BAFFR from responding GC
B cells had no detectable effect on either the size or the normal
function of the GC response.

GC-independent MBC responses are impaired in the absence of
BAFFR expression

In contrast to the normal GC responses mounted by BAFFR-
deficient SWygy, B cells, the numbers of IgGl* MBCs they
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produced were found to be significantly lower than those de-
rived from the control, immature WT SWyg;, donor B cells on
both days 12 and 21 of the response (Fig. 3 C). Examination of
SHM in the IgG1* MBC populations indicated that the absence
of BAFFR expression disproportionately affected the contribution
of unmutated, GC-independent MBCs to the response as opposed
to the somatically mutated, GC-dependent MBCs (Fig. 3 E). Con-
sistent with this, the numbers of low-affinity but not high-
affinity IgG1* MBCs were reduced by almost 10-fold on day 12
of the response of BAFFR-deficient SWyg;, B cells (Fig. 3, F and G).
A similar bias in the impact of BAFFR deficiency was evident on
day 21 of the response, although, by this time point, a reduction in
GC-dependent IgG1* MBCs derived from the SWyg; .BAFFRA B cell
response was also apparent (Fig. 3, F and G). Thus, BAFFR ex-
pression on responding B cells plays an important role in regu-
lating the magnitude of the MBC responses and is particularly
important for establishing the GC-independent MBC pool.

Acute BAFF depletion preferentially reduces the
GC-independent MBC response

Because BAFF is the only known ligand for BAFFR, our results
predicted that the presence of BAFF as well as B cell-intrinsic
BAFFR expression should be required to establish GC-independent
MBC responses. To test this, we asked whether acute depletion
of BAFF in an otherwise WT setting (i.e., donor CD45.1*
SWrer.WT B cells and WT CD45.2" recipients) would result in
the abrogation of the GC-independent MBC response. Although
our previous experiments had focused on IgGl*, CD38M B cells
due to their unequivocal status as antigen-experienced MBCs, in
this experiment, we sought to identify both switched and un-
switched (IgM*) MBCs. To achieve this, recipient mice were
placed on BrdU-containing drinking water from 2 d before donor
cell and HEL®¥-SRBC immunization and were maintained on BrdU
water for 4 d after antigen challenge, so that all cells undergoing
cell division during this time would incorporate BrdU into their
DNA (Fig. 4 A). We reasoned that B cells that had proliferated
during the early phase of the response and differentiated soon
after into quiescent, GC-independent MBCs could be identified as
those that remained BrdU* 10-17 d after the cessation of BrdU
administration (days 14-21 of the response).

To validate this approach, we first analyzed donor-derived
CD38" B cells from days 4-21 of the response (Fig. 4 A). Onday 4,
~95% of donor-derived B cells were CD38" and could be divided
into BrdU* blasts expressing the HEL-binding BCR and BrdU-
naive B cells that did not express this BCR despite originating
from the SWyg;, donor (Fig. 4 B; Phan et al., 2003). By day 7,
many HEL-binding B cells had undergone differentiation into
CD38!° GC B cells and become BrdU- due to the multiple cell
divisions they had undergone in the 3 d since BrdU withdrawal
(Fig. 4 B). However, a significant proportion of CD38™ B cells
remained BrdU* on day 7, presumably having become quiescent
since the cessation of BrdU administration (Fig. 4 B). CD38M
MBCs with high affinity for HEL?¥ began to appear on day 7 and
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Figure 2. BAFF isrequired to support a GC-independent MBC response. (A) Transfer strategy to examine cell-extrinsic impact of BAFF or BAFFR deficiency
on T-dependent responses of WT B cells. WT SWy¢, B cells were adoptively transferred into WT (black dots), BAFFA (blue squares), and BAFFRA (red triangles)
recipient mice and challenged with HEL3X-SRBC. Recipient mice were antigen boosted on day 4 and harvested on day 14. (B) Flow cytometric analysis of donor-
derived WT SWyg B cells (CD45.1*, CD45.2-, B220*) in WT, BAFFA, and BAFFRA recipients, with gates showing IgG1* GC B cells (IgGl*, CD38'°) and
lgG1* MBCs (IgG1*, CD38") on day 14. (C) Enumeration of SWyg IgG1* GC B cells (left) and IgG1* MBCs (right) in WT, BAFFA, and BAFFRA recipients on day 14.
(D) Flow cytometric analysis of SWye. GC B cells (B220M, CD38'; top) and CD38" B cells (B220", CD38"; bottom) on day 14, with gates showing lgG1*
HEL3*-binding high- and low-affinity GC and MBC compartments in WT, BAFFA, and BAFFRA recipients. Flow data in B and D represent five replicate mice
from one experiment and are representative of two independent experiments. (E) SHM analysis of days 11 and 19 single-cell-sorted SWyg IgG1* GC B cells
and IgG1* MBCs in WT and BAFFRA recipients. Proportion of SWyg, 1gG1* GC (left) and IgG1* MBC (right) clones with no mutation (gray), with high-affinity
Y53D mutation (red) or low-affinity without Y53D mutation (blue) in SWyg. B cell (HyHEL10) heavy chain variable region V,;10. SHM data represent five
pooled recipient mice from one experiment and are representative of two independent experiments. Numbers of clones analyzed (n, from left to right) = 44,
37, 43, 34, 46, 43, 41, 33. SHM data were analyzed using the x? test (Cl = 99%), and statistical significance in frequency of unmutated clones is denoted by P
values; ****, P < 0.0001. (F) Enumeration of HEL?*-binding high-affinity (left) and low-affinity (right) IgG1* MBCs in WT, BAFFA, and BAFFRA recipient mice
on day 14. Enumerated data in C and F were analyzed with unmatched one-way ANOVA with multiple comparisons conducted using Bonferroni’s post hoc
correction. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

affinity for HEL?* (Fig. 4 C). Analysis of these distinct GC-
independent and GC-dependent MBC populations revealed that
they comprised predominantly of CD80-, IgM* and CD80*, IgG*
MBCs, respectively (Fig. 4 C), as would be predicted from

were prominent on both days 14 and 21 (Fig. 4 C). Being GC
derived, these affinity-matured MBCs were BrdU-. CD38" MBCs
that retained BrdU were also present on days 14 and 21 and, as
would be expected for GC-independent MBCs, retained low
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Figure 3. GC responses progress normally
but GC-independent MBC responses are im-
paired in the absence of BAFFR expression.
(A) Transfer strategy to examine immature WT
and BAFFRA B cell responses. SWyg .WT or
SWyel .BAFFRA splenocytes were MACS en-
riched for immature B cells (CD23'°, CD21/35',
CD93M). Immature WT or BAFFRA SW,g sple-
nocytes were adoptively transferred into WT
recipient mice and challenged with HEL3X-SRBC.
Recipient mice of WT (black dots) or BAFFRA
(red triangles) donor cells were antigen boosted
on day 4 and harvested on days 12 and 21.
(B) Flow cytometric analysis of donor-derived
WT or BAFFRA SWyg B cells (CD45.1%, CD45.2-,
B220"), with gates showing lgG1* GC B cells (IgG1*,
CD38Y) and IgG1* MBCs (lgGl*, CD38") in WT
recipient mice on day 12 (top) and day 21 (bot-
tom). (C) Enumeration of WT and BAFFRA
SWyee 1gG1* GC B cells (left) and 1gG1* MBCs
(right) in WT recipients on days 12 and 21.
(D) SHM analysis of day 21 single-cell-sorted
WT (top) or BAFFRA (bottom) SWyg lgGl* GC
B cells in WT recipients. Skyscraper plot shows
the percentage of mutation at each amino acid
residue of SWyg, B cell (HyHEL10) heavy chain
variable region V10. CDR1, CDR2, and CDR3 are
highlighted in yellow. High-affinity mutations
to HEL®: Y53D in red; additional affinity-
increasing mutations: Y58F in blue and S31R in
green. n = number of clones analyzed; SHM =
average number of mutations per clone. SHM
data represent five pooled recipient mice from
one experiment and are representative of two
independent experiments. (E) Proportion of WT
and BAFFA SWyg, 1gG1* GC (left) and IgG1* MBC
(right) clones on days 12 and 21: with no mu-
tation (gray), with high-affinity Y53D mutation
(red), or with low-affinity without Y53D muta-
tion (blue) in V410 obtained from single-cell
SHM analysis. SHM data in D and E represent
five pooled recipient mice from one experiment
and are representative of two independent ex-
periments. Numbers of clones analyzed (n, from
left to right) = 58, 75, 73, 79, 31, 45, 28, 22. SHM
data were analyzed using x? test (Cl = 99%);
significance in frequency of unmutated clones is
denoted by the following P values: *, P < 0.05;
** P < 0.01. (F) Enumeration of WT and
BAFFRA HEL**-binding high-affinity (left) and
low-affinity (right) SWye, IgG1l* MBCs in WT
recipient mice on day 14. Enumerated data in C
and F were analyzed using an unpaired Stu-
dent’s t test with Welch’s post hoc correction;

*, P < 0.05 **, P < 0.03; or n.s. (not significant). (G) Flow cytometric analysis of WT or BAFFRA SWyg, CD38" B cells (220", CD38M) with gates showing
IgG1* HEL®*-binding high- and low-affinity MBC compartments in WT recipients on days 12 and 21. Flow data in B and G represent five concatenated mice
from one experiment and are representative of two independent experiments.

previous analyses of mouse MBC subsets (Anderson et al., 2007;

Zuccarino-Catania et al., 2014).

La

To test the impact of BAFF depletion on these two MBC
populations, BAFF-neutralizing or isotype control mAbs were
administered on day 2 after HEL3X-SRBC challenge, and re-
sponding SWygr, B cells were analyzed on days 4 and 14
(Fig. 4 D). Effective neutralization of BAFF was evident from the
approximately threefold decrease in total B cell numbers in mice

uetal.
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treated with anti-BAFF for 12 d (day 14 of the response; Fig. S4 A).

Because anti-BAFF treatment did not affect the number of

B220~ non-B cells in the spleen, the size of the various B cell
subsets could be expressed relative to this internal control
population to avoid introducing additional variability through
manual counts of total spleen cell numbers. This analysis re-
vealed that depletion of B cells had already occurred by day 4
of the response, 2 d after the initiation of anti-BAFF treatment
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(Fig. S4 A). Nevertheless, BAFF depletion had no impact on the
early (day 4) response of donor SWyg;, B cells (Fig. S4, B and C).
By day 14, analysis of GC B cell responses revealed that treat-
ment with anti-BAFF had no significant impact on IgG class

Lau et al.
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Brdu* IgG* cipient mice from one experiment and are rep-

resentative of three independent experiments.
Enumerated data were analyzed using an un-
paired Student’s t test with Welch’s post hoc
correction; *, P < 0.05; **, P < 0.01; **** P <
0.0001.

switching or positive selection of cells with high affinity for
HELX (Fig. S4 D). However, it did result in a small decrease in
the number of total and high-affinity IgG* GC B cells present by
day 14 of the response (Fig. 4 E and Fig. S4 C).
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In contrast to the GC response, BAFF depletion had a major
impact on the numbers of donor-derived, CD38 B cells present
on day 14, reducing the frequency of this population by greater
than fivefold (Fig. S4 C). Breakdown of this population into the
various MBC subsets (using the gates depicted in Fig. 4 C) revealed
that the frequency of both IgM* and IgG* GC-independent MBCs
(CD38M, BrdU*) had decreased by 7.2-fold and 8.6-fold, respectively,
in anti-BAFF-treated recipients, significantly (P < 0.001) more than
the 2.5-fold decrease in the numbers of affinity-matured, IgG* post-
GC MBCs that accompanied the reduced GC response (Fig. 4 E).
Thus, like B cell-intrinsic BAFFR expression, availability of BAFF is
required to obtain an optimal GC-independent MBC response but
not the production of GC-dependent MBCs.

Established GC-dependent and GC-independent MBCs can be
BAFF dependent

The data obtained thus far pointed strongly to a requirement for
cell-intrinsic BAFF/BAFFR signaling in the formation of the GC-
independent, but not the GC-dependent, MBC pool. However,
despite the normal generation of GC-dependent MBCs by
BAFFR-deficient SWygy B cells on day 12, we did observe a re-
duction in the number of these affinity-matured cells at a later
time point (day 21; Fig. 3, F and G), suggesting that BAFFR may
be involved in sustaining the longer-term survival of these cells.
To clarify the role of BAFF/BAFFR signaling in long-term MBC
survival in our system, we once again labeled GC-independent
MBCs via BrdU administration during the early phase of the
SWygr.-WT B cell response to HEL3X-SRBC, but this time we
delayed administration of BAFF-neutralizing mAb until a point
(day 21) when stable GC-dependent and GC-independent MBC
populations had been established (Fig. 5, A and B). Surprisingly,
neutralization of BAFF for 8 d (until day 29) depleted both GC-
dependent (high-affinity) and GC-independent (BrdU*; low-
affinity) MBCs in the spleen to a degree similar to that in total
splenic B cells (Fig. 5 C). As a result, the proportions of these two
MBC subpopulations among donor-derived CD38M B cells were
not altered by BAFF blockade (Fig. 5 B), despite the reduction in
their overall numbers (Fig. 5 C). BAFF neutralization impacted
total B cell numbers in peripheral LNs even more strongly, re-
sulting in an ~10-fold depletion compared with ~3-fold in the
spleen (Fig. 5 D). Accordingly, depletion of GC-dependent (high-
affinity) and GC-independent (BrdU*; low-affinity) MBCs was
also more extensive in peripheral LNs (Fig. 5 D). Thus, in this
experimental system, there is a clear requirement for BAFF to
support the longer-term survival of both GC-dependent and GC-
independent MBCs as well as naive B cells.

To directly test the impact of BAFF depletion on MBC-
dependent secondary responses, a separate cohort of mice that
had undergone primary challenge and treatment with either
control or anti-BAFF mAb were supplemented with naive OT-II
TCR transgenic CD4* T cells (day 28) and 24 h later were chal-
lenged s.c. with HEL conjugated to the I-AP restricted OVA
peptide recognized by OT-II (HEL-OVA; Fig. 5 A). After 6 d, the
numbers of donor-derived SWyg, B cells in draining LNs in-
creased by 5-10-fold, regardless of prior BAFF depletion (Fig. 5, E
and F; and Fig. S4 E). Recall responses at this point comprised
mostly GC B cells as well as smaller population of PCs. The
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magnitude of the recall responses on day 35 in each case re-
flected the size of the day 29 MBC pool, therefore being ~10-fold
lower in mice that had undergone BAFF depletion (Fig. 5, E and
F; and Fig. S4, E and F). Recall responses contained both IgG*
switched and IgM* unswitched GC B cells and PCs (Fig. 5, G and
H; and Fig. S5 B). GC responses were made up predominantly of
cells with low affinity for the HEL?* primary antigen (Fig. 5, G
and H), whereas the cells with high affinity for HEL** were more
frequent in the PC responses, suggesting that GC-dependent and
GC-independent MBCs differentially contributed to these two
arms of the secondary response. Overall, however, the major
conclusion of this experiment was that neutralization of BAFF in
this system depleted both types of long-lived MBCs and im-
pacted the recall response accordingly.

Augmenting BAFFR signaling specifically expands
GC-independent MBC responses

Because signaling by BAFF through BAFFR on responding B cells
is specifically required to obtain the GC-independent MBC re-
sponse, we reasoned that this component of T-dependent B cell
responses may be selectively augmented by increasing the
magnitude of this signal. To test this, we first used a retroviral
transduction approach to overexpress BAFFR on responding
SWyer B cells and examined the impact on their response to
antigen in WT recipients (Fig. 6 A). In vitro transduction of
SWyee B cells with plasmid murine stem cell virus (pMSCV)-
based retroviral vectors carrying an internal ribosome entry site
(IRES)-GFP reporter was followed by transfer and challenge
with HEL3*-SRBC and analysis of donor-derived responses on
days 12 and 21. Transduced (GFP*) donor cells carrying the
BAFFR-encoding vector were verified to overexpress surface
BAFFR by flow cytometry (Fig. S5 A). Although BAFFR over-
expression had a small, transient impact on the size of the GC
response (Fig. 6 B), there was no effect on either IgGl class
switching (Fig. 6 C) or SHM and selection for high-affinity
HEL**-binding GC B cells (Fig. 6, C and D). However, BAFFR
overexpression led to increased numbers of CD38 IgGl-switched
MBCs (Fig. 6 B and Fig. S5 B) due to a selective increase in the
numbers of low-affinity (Fig. 6, E and F) and unmutated (Fig. 6 G)
MBCs, indicating that it had caused a specific expansion of the GC-
independent MBC response.

We have previously shown that the TRAF3 signaling adapter
acts as a potent negative regulator of BAFFR signaling in B cells
(Gardam et al., 2008). We therefore also asked whether SWiyg;,
B cells that lacked TRAF3 expression (SWyg . TRAF3AB) would
also produce an expanded GC-independent MBC response (Fig. 7
A). TRAF3 inactivation in donor B cells was found to have no
detectable effect on their GC responses in terms of size, IgGl
class switching (Fig. 7, B and C), or selection for high-affinity
HEL?*-binding B cells (Fig. 7, D and E). In contrast, SWyg;, B cells
lacking TRAF3 made an expanded CD38M IgGl-switched MBC
response (Fig. 7, B and C) due exclusively to an increase in the
numbers of MBCs with low affinity for HEL3* (Fig. 7, F and G),
once again consistent with the selective expansion of the GC-
independent MBC response.

Examination of a later time point (day 40) in response to
HEL?X-SRBCs indicated that low-affinity MBCs remained greatly
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Figure 5. Established GC-dependent and GC-
independent MBCs can be BAFF dependent.
(A) Transfer and treatment strategy to examine
BAFF neutralization on WT MBC responses. WT
recipient mice were placed on BrdU drinking wa-
ter 2 d before receiving SWyg donor cells (day -2).
WT SWye B cells (CD45.1*) were adoptively
transferred and challenged with HEL3X-SRBC i.v.
(day 0). Recipients were either killed on days 4
and 21 for spleen and LN analysis or placed on
normal water from day 4. Mice either were
treated with mouse IgG1k isotype control or anti-
BAFF blocking antibody on day 21 or day 29 or
received OT-Il CD4* T cells i.v. on day 28 and
rechallenged with HEL-OVA s.c. 24 h later (day
29) for analysis of the day 5 recall response (day
35). (B) Flow cytometric analysis of donor-
derived (CD45.1*, CD45.27) SWyg, CD38" B cells
(B220M, CD38M), with gates showing BrdU-labeled
HEL3*-binding low-affinity (BrdU*, HEL®") and
unlabeled high-affinity (BrdU-, HEL®X°) MBC com-
partments in WT recipients before mAb treatment
(days 4 and 21) and 8 d after control or anti-BAFF
mAb treatment (day 29). Flow data represent
eight concatenated mice from one experiment
and are representative of two independent ex-
periments. (C) Enumeration of splenic B cell re-
sponses in mice treated with isotype control
(black dots) or anti-BAFF antibody (red triangles).
From left to right: Total splenic B cells (CD45.1+,
CD45.2*, B220*) before (day 21) and after (day 29)
treatment, donor-derived (CD45.1*, CD45.2")
SWie, 1gG* high-affinity MBCs (IgG1*, CD38M,
HELM), SWye. GC-independent unswitched
MBCs (BrdU*, IgM*, CD38M), and SWye GC-
independent lgG-switched MBCs (BrdU*, IgG*,
CD38") on day 29. (D) Enumeration of LN B cell
responses in mice treated with isotype control
(black dots) or anti-BAFF (red triangles) anti-
body. From left to right: Total B cells in inguinal
LNs before (day 21) and after (day 29) treatment,
SWye, 1gG* high-affinity MBCs, and SWyg GC-
independent unswitched MBCs on day 29. Enu-
merated data in C and D represent eight replicate
mice from one experiment and are representa-
tive of two independent experiments. Enumer-
ated data were analyzed using an unpaired
Student’s t test with Welch'’s post hoc correction;
*, P < 0.05 ** P < 0.01; **** P < 0.0001.
(E) Flow cytometric analysis of SWyg, B cell re-
sponses in paired inguinal LNs of isotype
control-treated recipients and (F) anti-BAFF
mAb-treated recipients before HEL-OVA chal-
lenge (day 29) and 5 d after rechallenge (day 35),
with gates showing GC B cells (B220", CD38v),
CD38" B cells (B220", CD38"), and PCs (B220'°,
CD38M). (G) Flow cytometric analysis of day 5
recall SWyg, GC and PC responses (arrows from E)
of control mAb-treated mice, with gates showing
intracellular (i.c.) 1gG versus HEL**-binding high-
and low-affinity compartments. (H) Flow cyto-
metric analysis of day 5 recall SWyg GC and PC
responses (arrows from F) of anti-BAFF mAb-
treated mice, with gates showing IgG (i.c.) versus
HEL**-binding (i.c.) high- and low-affinity com-
partments. Flow data in E-H represent five con-
catenated mice from one experiment and are
representative of two independent experiments.
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Figure 6. Increased BAFFR expression spe-
cifically expands GC-independent MBC re-
sponses. (A) Transfer strategy to examine the
impact of BAFFR overexpression on T-dependent
B cell responses. SWyg, B cells were stimulated
in vitro and transduced with retrovirus (RV)
containing overexpression GFP vector encoding
BAFFR protein under the control of 5'-LTR-mediated
transcription. RV-containing empty GFP vector
was used as a control (Empty). RV-transduced
SWe, B cells (GFP*, CD45.1*) were adoptively
transferred into WT (CD45.2*) recipient mice
and challenged with HEL3X-SRBC. Recipients of
Empty (black dots) or BAFFR (red triangles)
transduced donor cells were antigen boosted on
day 4 and analyzed on days 12 and 21. IRES,
internal ribosome entry site. (B) Enumeration of
donor-derived (CD45.1*, CD45.2-, B220*) trans-
duced SWyg 1gGl* GC B cells (GFP*, IgGl*,
CD38'; left) and transduced IgG1* MBCs (GFP*,
lgG1*, CD38"; right) in WT recipients on days 12
and 21. (C) Flow cytometric analysis of Empty or
BAFFR-transduced SWyg GC B cells (GFP*,
B220M, CD38Y), with gates showing IgGl*
HEL**-binding high- and low-affinity GC com-
partments in WT recipients on day 12 (top) and
day 21 (bottom). (D) SHM analysis of day
21 single-cell-sorted GFP* SWyg IgGl* GC
B cells from Empty or BAFFR-transduced donor
responses. Skyscraper plot shows the percent-
age of mutation at each amino acid residue of
SWyeL B cell (HyHEL10) heavy chain variable
region V110. CDR1, CDR2, and CDR3 are high-
lighted in yellow. High-affinity mutations to
HEL3*: Y53D in red; additional affinity-increasing
mutations: Y58F in blue and S31R in green. n =
number of clones analyzed; SHM = average
number of mutations per clone. (E) Flow cyto-
metric analysis of Empty or BAFFR-transduced
SWye CD38M B cells (GFP*, B220M, CD38h),
with gates showing IgG1* HEL**-binding high-
and low-affinity MBC compartments in WT re-
cipients on day 12 (top) and day 21 (bottom).
Flow data in C and E represent five concate-
nated mice from one experiment and are rep-
resentative of three independent experiments.
(F) Enumeration of GFP* HEL3*-binding high-
and low-affinity IgG1* GC B cells (left) and IgG1*
MBCs (right) in empty (black dots) or BAFFR-
transduced (red triangles) SWyg, donor re-
sponses in WT recipients on day 21. Enumerated
data in B and F were analyzed using an unpaired
Student’s t test with Welch’s post hoc correc-
tion; *, P < 0.05; **, P < 0.01. (G) SHM analysis
of day 21 single-cell-sorted Empty or BAFFR-
transduced SWyg GFP* 1gGl* GC and GFP*

lgG1* MBC clones in WT recipients. Proportion of 1gG1* GC (left) and IgG1* MBC (right) clones with no mutation (gray), with high-affinity Y53D mutation
(red), or with low-affinity without Y53D mutation (blue) in SWyg, B cell (HyHEL10) heavy chain variable region V10. Numbers of clones analyzed (n, from
left to right) = 39, 52, 14, 11. SHM data were analyzed using the y? test (Cl = 99%); significance in frequency of unmutated clones is denoted by P value: *, P <
0.05. SHM data in D and G represent five pooled recipient mice from one experiment and are representative of three independent experiments.

expanded in responses mounted by TRAF3-deficient SWygy
B cells (Fig. S5, C and D). SHM analysis revealed that this cor-
related with a 10-fold higher frequency of unmutated clones
among donor-derived B cells (Fig. S5 E), confirming that re-
moval of TRAF3 expression from responding B cells had greatly
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expanded the GC-independent MBC compartment. Unlike ear-
lier time points, the number of high-affinity GC-dependent
MBCs was also increased on day 40 of the SWygr. TRAF3AB
B cell response (Fig. S5 E), presumably reflecting the role of
BAFFR signaling in promoting the longer-term survival of these
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Figure 7. Removal of TRAF3 expression spe-
cifically expands GC-independent MBC re-
sponses. (A) Transfer strategy to examine the
impact of cell-intrinsic hyperactivated BAFFR
signaling by TRAF3 inactivation on T-dependent
B cell responses. SWyg, mice were crossed onto
Traf328/58 mice to generate SWyg mice with B
cell-restricted TRAF3 inactivation (SWyg . TRAF3AB).
WT or TRAF3AB SWye, splenocytes (CD45.1%)
were adoptively transferred into WT (CD45.2*)
recipient mice and challenged with HEL3*-SRBC.
Recipient mice of WT (black dots) or TRAF3AB
(red triangles) donor cells were antigen boosted
on day 4 and harvested on days 12 and 21.
(B) Flow cytometric analysis of donor-derived
WT or TRAF3AB SWyg, B cells (CD45.1, CD45.2,
B220"), with gates showing IgG1* GC B cells (IgG1*,
CD38) and IgGl* MBC (IgGl*, CD38") in WT
recipients on day 12 (top) and day 21 (bottom).
(C) Enumeration of WT or TRAF3AB SWye, GC
B cells (B220", CD38'; left), IgG1* GC B cells
(IgG1*, CD38'"; center), and IgG1* MBCs (IgG1*,
CD38M; right) in WT recipients on days 12 and
21. (D) Flow cytometric analysis of WT or
TRAF3AB SWyg GC B cells (B220M, CD38v),
with gates showing 1gG1* HEL**-binding high-
and low-affinity GC compartments in WT re-
cipients on day 12 (top) and day 21 (bottom).
(E) Enumeration of HEL®*-binding high- and
low-affinity compartments in WT or TRAF3AB
SWie, 1gG1* GC B cells on day 12 (left) and day
21 (right). (F) Flow cytometric analysis of WT or
TRAF3AB SWyge, CD38" B cells (B220M, CD38M),
with gates showing 1gG1* HEL**-binding high-
and low-affinity MBC compartments in WT re-
cipients on day 12 (top) and day 21 (bottom).
Flow data represent five replicate mice from
one experiment and are representative of three
independent experiments. Flow data in B, D,
and F represent five mice from one experiment
and are representative of three independent
experiments. (G) Enumeration of HEL3*-binding
high- and low-affinity compartments in WT or
TRAF3AB SWyg, IgG1* MBCs on day 12 (left) and
day 21 (right). Enumerated data in C, E, and G
were analyzed using an unpaired Student’s
t test with Welch’s post hoc correction; *, P <
0.05; **, P < 0.01.

cells in this system (Fig. 5, C and D). Recall responses initiated
with HEL**-HRBCs i.v. on day 40 and analyzed 5 d later revealed
that unmutated, GC-independent MBCs disproportionately
contributed to the secondary responses mounted by both WT
and TRAF3-deficient B cells (Fig. S5 E), consistent with the re-
sults obtained earlier in HEL-OVA recall responses (Fig. 5, G
and H). Taken together, these results establish GC-independent
MBCs as an important contributor to secondary T-dependent
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B cell responses and confirm that the formation of this MBC
pool is specifically and potently increased by the augmentation of
BAFFR signaling in responding B cells.

Discussion
The identification of BAFF and BAFFR and their key role in
supporting the survival of mature, naive B cells fundamentally
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changed our understanding of B cell homeostasis (Mackay et al.,
2003). However, the depletion of mature B cells and compro-
mised development of stromal cells that occur in the absence
of BAFF or BAFFR have made it difficult to assess their roles
in B cells participating in downstream immune responses. By
circumventing these problems using several complementary
approaches, we have shown that BAFFR signaling in B cells is
dispensable in the GC response and for the production of MBCs
that derive from GC B cell precursors. However, BAFF-mediated
triggering of BAFFR expressed on responding B cells was found
to be essential for the development of the population of un-
switched (IgM*) and class-switched (IgG*) MBCs that arise early
in the response independent of the GC reaction.

Although GCs are transient in the global absence of BAFF or
BAFFR, previous studies have shown that SHM still occurs
among GC B cells under these circumstances (Rahman et al.,
2003; Vora et al., 2003). Our data confirmed not only that
BAFFR signaling in GC B cells is not required for SHM but also
that it is dispensable for their survival and affinity maturation,
as well as their differentiation into MBCs and the production of
high-affinity antibodies. A previous study has indicated that
BAFF provided by Tth cells can play a role in GC B cell affinity
maturation (Goenka et al., 2014). However, consistent with the
absence of any obvious function for BAFFR in GC B cells, we did
not detect a significant role for Tfh cell-derived BAFF in regu-
lating the GC response in our experimental system. Possible
explanations for this discrepancy between the two studies in-
clude differences in the target epitope (chemical hapten versus
conformational protein epitope), the carrier responsible for re-
cruiting CD4* T cell help (OVA versus SRBC), and the presence
versus absence of alum adjuvant (Goenka et al., 2014). It remains
possible that the kinetics of selection of high-affinity GC B cells
was slower in our system in the absence of Tth cell-derived
BAFF but not detected by our analysis. However, we did not see
an effect on the accumulation of high-affinity GC B cells early in
the response (day 14), so any impact would have been a rela-
tively subtle one. We did observe a small (but not statistically
significant) reduction in the levels of high-affinity serum IgGl
when Tfh cells could not produce BAFF. Because Goenka et al.
(2014) observed a greater impact upon affinity maturation of
serum antibody as opposed to GC B cell selection per se, it may
be that the major impact of Tfh cell-derived BAFF is upon GC-
derived PCs and that it acts via either the transmembrane acti-
vator and calcium-modulating ligand interactor (TACI) receptor
or the B cell maturation antigen (BCMA) receptor rather than
BAFFR.

The data described here demonstrate that the production of
GC-independent MBCs during the early phase of a primary
T-dependent B cell response is exquisitely sensitive to B cell-
intrinsic signals delivered through the BAFF/BAFFR signaling
pathway. This was evident through the specific depletion of
these cells early in the response when either BAFFR expression
or BAFF availability was removed but also by the selective ex-
pansion of this MBC population when BAFFR signals were
augmented by either BAFFR overexpression or removal of
TRAF3 expression. Although TRAF3 has multiple functions that
could potentially influence B cell responses, the fact that TRAF3
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inactivation and BAFFR overexpression in responding B cells
had identical impacts on the GC-independent MBC response
strongly suggests that removal of negative regulation of BAFFR
signaling was the mechanism underlying the phenotype asso-
ciated with TRAF3 deficiency (Gardam et al., 2008).

In contrast to the specific requirement for BAFF/BAFFR
signaling in the formation of GC-independent but not GC-dependent
MBC responses, we obtained the somewhat unexpected result
that this signaling pathway plays a role in the long-term sur-
vival of both these MBC populations in our experimental sys-
tem. This result contrasted with results of earlier studies in
mice showing that depletion of BAFF did not have a significant
impact on MBC numbers (Benson et al., 2008; Scholz et al.,
2008). The role of BAFF/BAFFR signaling in the survival of
MBCs in our study was apparent not only from the depletion of
both MBC subsets together with naive B cells upon BAFF neu-
tralization but also by the fact that the numbers of high-affinity,
GC-dependent MBCs declined when they did not express BAFFR
and increased when they lacked TRAF3 expression. It appears,
therefore, that the survival of established MBCs is not always
independent of BAFF/BAFFR signaling. Because our experiments
focused on MBCs generated relatively early in a primary re-
sponse (up to 4 wk), it is possible that MBCs that persist in the
longer term are less dependent on the survival signals delivered
through the BAFF/BAFFR pathway. Indeed, the two previous
studies in mice examined MBCs at either 18-26 wk (Benson et al.,
2008) or 8-12 wk (Scholz et al., 2008) that had been established
from a primary immunization. Alternatively, in contrast to our
present study, both of these earlier investigations used protein
antigens in alum adjuvant, which could conceivably alter the
survival characteristics of long-term MBCs. Interestingly, treat-
ment of systemic lupus erythematosus patients with the BAFF-
neutralizing mAb belimumab has been reported to have a range
of impacts upon peripheral blood MBCs, including a temporary
increase followed by a decrease in the numbers of class-switched
MBCs (Stohl et al., 2012), no effect on the class-switched MBC
population (Jacobi et al., 2010), and a decrease in the numbers of
unswitched (Jacobi et al., 2010) or “double-negative” (Ramskéld
et al., 2019) MBCs. Recall responses to antigens present in the
seasonal influenza vaccine were also shown to be reduced in
patients treated with belimumab (Chatham et al., 2012), whereas
rare patients with a specific genetic deficiency in BAFFR ex-
pression displayed variable impacts on MBC numbers and re-
sponses to vaccination (Warnatz et al., 2009). In light of these
data and the results reported here, it appears that the role of
BAFF/BAFFR signaling in sustaining long-term MBC survival
may vary according to a set of parameters that are yet to be
defined.

It has been speculated that the formation of GC-independent
MBCs, in effect an expanded pool of unmutated primary spe-
cificities directed against a foreign pathogen, may provide the
basis for rapid responses against mutant or related pathogens
that may evade the more specific, affinity-matured, GC-dependent
MBCs (Takemori et al., 2014; Tarlinton and Good-Jacobson, 2013).
Our finding that the development of a GC-independent MBC
pool is uniquely dependent on BAFF/BAFFR signaling suggests
that there could be some advantage to immune protection in
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regulating the survival of these MBCs independently of the GC-
dependent MBC response. For example, the presence of excess
circulating BAFF that occurs in mice and humans with B lym-
phopenia (Kreuzaler et al., 2012) may help compensate for
the contracted primary repertoire by augmenting the GC-
independent MBC compartment, much like the results we ob-
served when B cells overexpressed BAFFR or lacked TRAF3.
This same phenomenon presumably explains the dramatic
expansion of GC-independent MBCs we observed when WT
SWiygr B cells were challenged with HEL*%-SRBCs in BAFFRA
recipient mice. It seems likely, therefore, that variations in
BAFF levels between different individuals or disease states may
significantly impact the formation of GC-independent MBC
responses.

Materials and methods

Mice and adoptive transfers

SWygr, mice (Phan et al., 2003) were maintained on a CD45.1
congenic (Ptprc*#) C57BL/6] background. BAFF-deficient mice
(Tnfsfi3b~/- = BAFFA; Schiemann et al., 2001), BAFFR-deficient
mice (Tnfrsfl3c/~ = BAFFRA; Sasaki et al., 2004), T cell-deficient
mice (Cd3e/~; Malissen et al., 1995), and mice lacking TRAF3
expression in B cells (Traf3"M.Cd19-cre = TRAF3AB; Gardam
et al., 2008) were either maintained on a C57BL/6 background
or crossed with SWyg;, mice on a CD45.1 congenic C57BL/6
background in adoptive transfer experiments. OT-II TCR
transgenic mice (Barnden et al., 1998) were maintained on a
C57BL/6 Thyl.l congenic (Thy1*/?) background. WT C57BL/6
mice were purchased from Australian BioResources. All mice
were bred and maintained in specific-pathogen-free conditions
at Australian BioResources and the Garvan Institute of Medical
Research Biological Testing Facility. Animal experiments were
performed under the approved guidelines of the Garvan Insti-
tute of Medical Research/St. Vincent's Hospital Animal Ethics
Committee. For adoptive transfer experiments, SWyg;, B cells
and spleen cells containing 3 x 10* HEL-binding B cells were
transferred i.v. into CD45.2 congenic recipient mice. All SWygy,
B cell recipients were challenged with 2 x 108 HEL®*-SRBCs
(prepared as previously described; Paus et al., 2006) and boosted
with HEL3X-SRBCs 4 d later. To deplete mature B cells from WT
and BAFFRA SWyg;, donor spleen cells before adoptive transfer,
spleen cell preparations were stained with anti-CD23 mAb
(B3B4; BioLegend) and anti-CD35 mAb (8C12; BD Biosciences),
and CD23*CD21/35* cells were depleted using the Miltenyi
magnetic-activated cell sorting (MACS) negative selection kit as
per the manufacturer’s instructions. For memory recall re-
sponses, recipients that had received SWyg;, B cells and SRBC-
HEL3X 28 d earlier received 2.5 x 10° OT-II CD4* T cells i.v.
followed by s.c. challenge 24 h later (day 29) with 40 pg of HEL-
OVA in Sigma Adjuvant System (Sigma) in the lower flank and
base of the tail. OT-II CD4* T cells were enriched via MACS
negative depletion as described above using biotinylated anti-
B220 (RA3-6B2), CD11b (M1/70), CDlic (HL3), and CD8 (53-6.7)
mAb (all from BD Biosciences), with OT-II CD4* T cells at
70-80% purity as determined by FACS analysis. HEL was con-
jugated to OVAsps_szo peptide (CGGISQAVHAAHAEINEAGR;
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mimotopes; GenScript) using succinimidyl-6-([p-mal-
eimidopropionamido]hexanoate; Thermo Fisher Scientific) to
generate HEL-OVA as described previously (Moran et al., 2018).

BM chimeras

Cd3e~/~ mice of 8-12 wk old were lethally irradiated (2 x 450 rad)
using a X-RAD 320 Biological Irradiator (Precision X-Ray). BM
cells from donor mice were aspirated into RPMI supplemented
with 10% FCS, 55 mM B-mercaptoethanol, 50 units/ml penicil-
lin, and 50 mg/ml streptomycin. Single-cell suspensions con-
sisting of a 20:80 mixture of BM cells from Cd3e~/~ and either
WT or TnfsfI3b~/~ donor mice were injected i.v. into recipient
mice 15 h after irradiation (~107 cells per recipient). The re-
sulting chimeras were utilized for adoptive transfer experi-
ments 8 wk after reconstitution.

Antibodies and reagents

The following mAbs against mouse IgGl (A85-1), IgG2b
(RMG2b1), IgG2ab (5.7), IgG3 (R40-82), IgMP (AF6-78), CD38
(90), CD45R/B220 (RA3-6B2), CD95/Fas (Jo2), CD35 (8C12),
CDI11b (M1/70), CDllc (HL3), and CD8 (53-6.7) were purchased
from BD Biosciences. Antimouse CD45.1 (A20), CD45.2 (104),
CD3e (eBio500A2) were obtained from eBioscience. The mAbs
against murine CD93/ClqR (AA4.1), CD21/35 (7E9), and CD23
(B3B4) were obtained from BioLegend, and anti-mouse BAFFR
(9B9) was purchased from AdipoGen Life Sciences. Streptavidin
(SA)-PE, -BV421, and -BUV395 were purchased from BD Bio-
sciences. Purified antimouse CD16/32 (2.4G2) and HyHEL9
mAbs were sourced from the University of California, San
Francisco Hybridoma Core, and the latter was conjugated to
Alexa Fluor 647 using the Alexa Fluor 647 Protein Labeling Kit
(Invitrogen) according to the manufacturer’s instructions. Pu-
rified anti-CD38 was conjugated to Pacific Orange Antibody
Labeling Kit (Invitrogen) according to the manufacturer’s in-
structions. Staining for BrdU incorporation was performed us-
ing the FITC BrdU Flow kit (BD Biosciences) according to the
manufacturer’s instructions.

Flow cytometry

For analysis of adoptive transferred responses, lymphocytes
from spleens or LNs were isolated and prepared for cell surface
staining for HELWT or HEL®** binding and other cell surface
markers as described elsewhere (Chan et al., 2012). For pheno-
typic analysis of splenic B cell subsets, spleen cells were stained
for surface markers CD21/35, CD23, and CD93/CIgR (Gardam
et al., 2008). For flow cytometric analysis of Ig class-switched
SWygr B cells, surface staining was performed with 200 ng/ml
of HELWT or 50 ng/ml of HEL3X followed by anti-IgGl or a
combination of antibodies against IgG1, IgG2b, IgG2aP (=IgG2c),
and IgG3. Samples were then blocked with 10% normal mouse
serum (Jackson ImmunoResearch), and bound HELWT or HEL3X
was revealed with Alexa Fluor 647 conjugated HyHEL9 and
other surface marker stained with specific mAbs. For staining of
intracellular Ig, cells were fixed with 10% formalin (Sig-
ma-Aldrich) after surface staining for B cell markers. Cell per-
meabilization and subsequent staining steps were performed in
0.5% saponin/0.1% BSA/PBS (Sigma-Aldrich). Intracellular
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staining was performed with 50 ng/ml of HEL®*¥ followed by
combination of anti-IgG antibodies. Cells were blocked with
10% normal mouse serum, and bound HEL®X was revealed with
Alexa Fluor 647-conjugated HyHEL9 in 5% normal mouse se-
rum and fluorochrome-conjugated streptavidin. Data were ac-
quired on either the LSR II special order research product (BD
Biosciences) or the LSR Fortessa (BD Biosciences) and analyzed
with Flow]Jo software (TreeStar). Light scatter gating was per-
formed on all samples to include lymphocytes but exclude
doublets, dead cells, and debris.

Single-cell SHM analysis

To sort single SWygy, B cells for SHM analysis of the HyHEL10
heavy chain variable region gene, cell suspensions from recipi-
ent spleens were prepared and surface stained as detailed in the
section describing flow cytometric analysis. Single-cell sorting
was performed on the FACSAria and FACSAria II devices (BD
Biosciences). The variable region of the HyHEL1O heavy chain
gene was amplified by PCR and sequenced as previously de-
scribed (Paus et al., 2006). DNA sequences of single SWyg; B cell
clones were aligned and verified against the HyHELIO heavy
chain variable region coding sequence to identify somatic mu-
tation events. Mutations resulting in amino acid residue changes
were identified after translation and alignment against the Hy-
HELIO heavy chain variable region sequence.

HEL proteins

Purified HELWT was purchased from Sigma-Aldrich. Recombi-
nant HEL?X and HEL®X proteins were grown as secreted proteins
in yeast (Pichia pastoris) and purified from culture supernatants
as described previously (Paus et al., 2006).

HEL3*-binding ELISA

ELISA detection of HEL3X-specific serum antibodies was per-
formed as described previously (Phan et al., 2003) using HEL3X
protein-coated, 384-well plates (Corning). To quantify serum
antibody concentrations, endpoint titers were calculated on the
basis of 97.5% confidence levels or greater (Frey et al., 1998).

BrdU labeling and BAFF neutralization

To label pre-GC early B cell blasts, recipient mice were placed on
BrdU-containing drinking water (0.8 mg/ml; Sigma-Aldrich) 2 d
before adoptive transfer and immunization and maintained
on BrdU water for 4 d after antigen challenge. To deplete en-
dogenous BAFF, BAFF-neutralizing anti-BAFF mAb (Sandy-2;
AdipoGen Life Sciences) or mouse IgGlk isotype control (MOPC-
31; BD Biosciences) was administered i.v. at 2 mg/kg per recip-
ient either 2 d or 21 d after antigen challenge.

Retroviral transduction

cDNA encoding membrane-bound BAFFR protein was subcloned
between the NotI and Xhol sites of the plasmid murine stem cell
virus (IRES)-internal ribosome entry site-GFP vector (Gatto
et al., 2009), and retroviral particles from empty and BAFFR-
expressing vectors were generated using the Phoenix-E pack-
aging cell line together with the pCL-Eco packaging vector as
described previously (Swift et al., 2001). For retroviral transduction
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of SWygp B cells, spleen cells were harvested and stimulated
in vitro with recombinant mouse IL-4 (10 ng/ml; R&D Systems)
and anti-CD40 (FGK4.5, 1 ug/ml; BioXcell) in RPMI supple-
mented with 10% FCS, 55 mM mercaptoethanol, 1 mM sodium
pyruvate, 0.1 M nonessential amino acids, 10 mM Hepes, 50
U/ml penicillin, 50 mg/ml streptomycin) for 20 h. Spin trans-
duction of stimulated B cells was then performed with retro-
viral supernatants in the presence 4 pg/ml polybrene (Sigma-
Aldrich) for 4 h and restimulated with medium containing IL-4
and anti-CD40 for a further 20 h. Cells were washed with
medium, and the efficiency and effectiveness of transduction
were analyzed by flow cytometric analysis of GFP expression
and cell surface BAFFR expression.

Statistical analysis

The statistical significance of data was calculated using Prism
8.0 software (GraphPad Software). For comparison between two
normally distributed groups, a two-tailed unpaired t test with
Welch'’s correction was used. For comparison of more than two
parametric datasets, unmatched one-way ANOVA was employed
with post hoc multiple comparison using Bonferroni’s correc-
tion. For comparison of categorical data based on nominal var-
iable significance, the y2 contingency test was performed.
Confidence levels were set at 99% confidence intervals (CIs),
where significance was denoted by P values: *, P < 0.05; **, P <
0.01; ***, P < 0.001; and ****, P < 0.0001.

Online supplemental material

Fig. S1 shows the flow cytometry gating strategy for SWygy,
donor B cells and the phenotype and numbers of high- and low-
affinity GC and MBCs in chimeric mice containing T cells that
either do or do not express BAFF. Fig. S2 shows BAFFR ex-
pression and B cell numbers in WT versus BAFF-deficient and
BAFFR-deficient mice. Fig. S3 shows CD21/CD23 expression
profiles in WT and BAFFR-deficient SWiygy, B cells before and
after depletion of mature B cells, the phenotype and numbers of
high- and low-affinity GC B cells, and overall SHM patterns in
the GC responses of WT and BAFFR-deficient SWygy, B cells as
well as their serum antibody responses. Fig. S4 shows the impact
of acute BAFF depletion on naive B cell numbers as well as the
early B cell blast, GC, and MBC responses of transferred SWygy,
B cells. Fig. S5 shows BAFFR expression and the GC and MBC
responses generated from SWyg; B cells transduced with
BAFFR-encoding and empty retroviral vectors and the long-
term memory and recall responses of WT and TRAF3-deficient
SWygr B cells.
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Figure S1. T cell-derived BAFF does not significantly impact the GC response. (A) Flow cytometric analysis of total splenic B cells (B220*) in WT T cell and
BAFFA T cell chimeric recipients, with gate showing donor-derived SWyg. B cells (CD45.1*, CD45.2*) on day 14 (top) and day 21 (bottom). (B) Flow cytometric
analysis of SWyg GC B cells (220", CD38!°) in WT T cell and BAFFA T cell chimeric recipients, with gates showing 1gG1* HEL**-binding high- and low-affinity
GC compartments on day 14 (top) and day 21 (bottom). (C) Flow cytometric analysis of SWyg CD38" B cells (B220", CD38") in WT T cell and BAFFA T cell
chimeric recipients, with gates showing IgG1* HEL**-binding high- and low-affinity MBC compartments on day 14 (top) and day 21 (bottom). Flow data in A-C
are representative of five mice from one experiment and are representative of two independent experiments. (D) Enumeration of HEL3*-binding high- and low-
affinity SWyg 1gG1* GC B cells and (E) SWyg, IgG1* MBCs on days 14 and 21in WT T cell and BAFFA T cell chimeric recipients. Enumerated data in D and E were
analyzed using an unpaired Student’s t test with Welch’s post hoc correction; no statistical significance was found. Data represent five mice from one ex-
periment and are representative of two independent experiments.
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Figure S2. BAFF is required to support a GC-independent MBC response. (A) Flow cytometric analysis of splenic B cells (8220*) in SRBC-immunized WT
mice, with gates showing IgG1* GC (IgG1*, CD38%) and IgG1* MBCs (IgG1*, CD38") on day 9 after immunization. (B) Histogram overlay showing surface BAFFR
expression of splenic B cell subsets from day 9 SRBC-immunized WT mice identified in A: non-B cells (B220; gray), follicular B cells (Fo B; B220*, CD38", IgD*;
black), IgG1* GC B cells (B220", IgG1*, CD38'°), and IgG1* MBCs (B220", IgG1*, CD38"). (C) Histogram overlay showing surface BAFFR expression on splenic
B cells (B220*) and non-B cells (B220~) in unimmunized WT (gray), BAFFA (blue), and BAFFRA (red) mice. Flow data in A-C represent five mice from one
experiment and are representative of two independent experiments. (D) Quantification of total leukocytes per spleen (left) and percentage of B cells (B220;
right) in spleens of unimmunized WT (black dots), BAFFA (blue squares), and BAFFRA (red triangles) mice. Enumerated data were analyzed with unmatched
one-way ANOVA, with multiple comparison using Bonferroni post hoc correction; **, P < 0.0; ****, P < 0.0001.
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Figure S3. GC responses progress normally but GC-independent MBC responses are impaired in the absence of BAFFR expression. (A) Histogram
overlay showing surface BAFFR expression of B cells before and after MACS depletion using anti-CD23 and anti-CD35 antibodies: SWyg.WT B cells before
depletion (black) or after depletion (gray) and SWye .BAFFRA B cells before depletion (blue) or after depletion (red). (B) Phenotypic analysis of HEL-binding
B cells from SWyg .\WT or SWye, .BAFFRA mice, with gates showing immature B cells (CD23'°, CD21/35°), mature follicular B cells (CD23", CD21/35"), and
marginal zone B cells (CD23'°, CD21/35") before (left) and after (right) anti-CD23 and anti-CD35 MACS depletion. (C) Flow cytometric analysis of donor-derived
(CD45.1%, CD45.27) WT or BAFFRA SWyg GC B cells (B220", CD38Y), with gates showing 1gG1* HEL**-binding high- and low-affinity compartments in WT
recipients on days 12 and 21. Flow data represent five concatenated mice from one experiment and are representative of two independent experiments.
(D) Enumeration of HEL3*-binding high-affinity (left) and low-affinity (right) SWyg_ lgG1* GC B cells from WT (black dots) and BAFFRA (red triangles) donors in
WT recipient mice. Enumerated data were analyzed using an unpaired Student’s t test with Welch’s post hoc correction. (E) SHM analysis of day 12 single-
cell-sorted WT (top) or BAFFRA (bottom) SWyg, 1gG1* GC B cells in WT recipients. Skyscraper plot shows the percentage of mutation at each amino acid
residue of SWyg, B cell (HyHEL10) heavy chain variable region V310. CDR1, CDR2, and CDR3 are highlighted in yellow. High-affinity mutations to HEL?*: Y53D in
red; additional affinity-increasing mutations: Y58F in blue and S31R in green. n = number of clones analyzed; SHM = average number of mutations per clone.
SHM data represent five pooled recipient mice from one experiment and are representative of two independent experiments. (F and G) Endpoint titration of
HEL**-binding serum IgGl antibodies on day 12 (F) and on day 21 (G) from WT or BAFFRA SWyg_ responses detected in WT recipient mice. Serum from
unimmunized WT mice (crossed circle) was used as a negative control. ELISA data show geometric mean from five individual mouse in one experiment and are
representative of two independent experiments.
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Figure S4. BAFF dependence of MBC generation and long-term survival. (A) Enumeration of total splenic non-B cells (B220; left) and total B cells
(CD45.1%, CD45.2%, B220*; center, right) on days 4 and 14 in mice treated with isotype control (black dots) or anti-BAFF (red triangles) antibody. (B) Flow
cytometric analysis of HEL-binding donor SWyg, B cells (CD45.1*, CD45.2-, B220*, HEL-binding*) on days 4 and 14 in mice treated with isotype control or anti-
BAFF antibody. Quadrant gates show the following (from top left): unlabeled naive or activated B cell (BrdU-, CD38"), BrdU-labeled activated B cell and MBC
(Brdur, CD38M), BrdU-labeled GC B cell (BrdU*, CD38'), and unlabeled GC B cell (BrdU~, CD38"°) compartments. (C) Enumeration of HEL-binding SWyg GC
B cells (B220", CD38'°) and CD38" B cells (B220", CD38") in mice treated with isotype control (black dots) or anti-BAFF (red triangles) antibody. Data in A and
C represent four mice on day 4 and eight mice on day 14 from one experiment and are representative of three independent experiments. Enumerated data
were analyzed using an unpaired Student’s t test with Welch’s post hoc correction; *, P < 0.05; **, P < 0.01; ****, P < 0.0001. (D) Flow cytometric analysis of
SWhe GC B cells (B220", CD38'°), with gates showing IgG1* HEL3*-binding high- and low-affinity GC compartments on day 14 in recipient mice treated with
isotype control or anti-BAFF antibody. Flow data in B and D represent four concatenated mice from one experiment and are representative of three inde-
pendent experiments. (E) Enumeration of primary B cell responses in LNs of mice treated with isotype control (black dots) or anti-BAFF (red triangles) an-
tibody. From left to right: Total LN B cells (B220*) on day 35 and SWyg_ B cells (CD45.1*, CD45.2-, B220*) before challenge (day 29) and 5 d after HEL-OVA
challenge (day 35). (F) Enumeration of recall MBC responses on day 35 in LNs of mice treated with isotype control (black dots) or anti-BAFF (red triangles)
antibody. From left to right: SWyg, 1gG* GC (B220M, IgG*, CD38), SWye IgM* GC B cells (B220M, IgM*, CD38%), SWig, IgG* PCs (B220%, IgG*, CD38™), and
SWhg, IgM* PCs (B220'°, IgM*, CD38'™). Data in E and F represent five replicate mice from one experiment and are representative of two independent ex-
periments. Data were analyzed using an unpaired Student’s t test with Welch’s post hoc correction; *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure S5. Increased BAFFR signaling specifically expands GC-independent MBC responses. (A) Flow cytometric analysis identifying surface BAFFR
expression of donor-derived SWyg B cells (CD45.1*, CD45.2-, B220*) transduced with Empty RV or BAFFR RV (GFP*) and their untransduced counterpart
(GFP~) in WT recipient mice on day 12 (top) and day 21 (bottom). (B) Flow cytometric analysis of Empty or BAFFR-transduced SWg, B cells (GFP*, B220*), with
gates showing IgG1* GC B cells (IgG1*, CD38%) and IgG1* MBCs (IgG1*, CD38") in WT recipient mice on day 12 (top) and day 21 (bottom). Flow data in A and B
represent five concatenated mice from one experiment and are representative of three independent experiments. (C) WT or TRAF3AB SW,g, splenocytes
(CD45.1%) were adoptively transferred into WT (CD45.2*) recipients and challenged with HEL2X-SRBC. Recipient mice of WT or TRAF3AB donor cells were
harvested on day 40 or antigen boosted with HEL?X-HRBC for analysis of the day 5 recall response (day 45). Flow cytometric analysis of WT (top left) or
TRAF3AB (bottom left) SWyg, donor cells (CD45.1%, CD45.27), with gates showing GC B cells (B220", CD38'°) and CD38" B cells (B220M, CD38") in WT
recipient mice on day 40. SWye CD38M B cells (right panels) were analyzed for IgG1 switching and HEL3X binding, with gates showing HEL**-binding high- and
low-affinity 1gG1* MBC compartments. Flow data represent five mice from one experiment and are representative of three independent experiments.
(D) Enumeration of WT (black dots) or TRAF3AB (red triangles) SWy g, (left) 1gG1* GC B cells (IgG1*, CD38') and (right) HEL3*-binding high-affinity (HEL3*") and
low-affinity (HEL3X®) 1gG1* MBCs (IgG1*, CD38") on day 40 in recipients. Enumerated data were analyzed using an unpaired Student’s t test with Welch’s post
hoc correction; *, P < 0.05; ***, P < 0.001. (E) SHM analysis of single-cell-sorted WT or TRAF3AB SWyg, IgG1* MBCs from primed-only recipients on day 40
(top) and antigen-boosted recipients on day 45 (bottom). Frequency of 1gG1* MBC clones with no mutations in SWyg B cell (HyHEL10) heavy chain variable
region V},10 (white; SHM/clone = 0) in primed WT donor (5%; top left), primed TRAF3AB donor (57%; top right), primed boosted WT donor (24%; bottom left),
and primed boosted TRAF3AB donor (70%; bottom right). Data represent five recipient mice pooled from one experiment and are representative of three
independent experiments. n = number of clones analyzed; SHM/clone = average number of mutations per clone.
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