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IL-9 receptor signaling in memory B cells regulates
humoral recall responses

Shogo Takatsuka'?, Hiroyuki Yamada'#, Kei Haniuda'#, Hiroshi Saruwatari', Marina Ichihashi’,
Jean-Christophe Renauld? and Daisuke Kitamura®™

Memory B cells (B,,.,, cells) are the basis of long-lasting humoral immunity. They respond to re-encountered antigens by rap-
idly producing specific antibodies and forming germinal centers (GCs), a recall response that has been known for decades
but remains poorly understood. We found that the receptor for the cytokine IL-9 (IL-9R) was induced selectively on B, cells
after primary immunization and that IL-9R-deficient mice exhibited a normal primary antibody response but impaired recall
antibody responses, with attenuated population expansion and plasma-cell differentiation of B, cells. In contrast, there
was augmented GC formation, possibly due to defective downregulation of the ligand for the co-stimulatory receptor ICOS on
B,.. cells. A fraction of B, cells produced IL-9. These findings indicate that IL-9R signaling in B, cells regulates humoral

recall responses.

antigen-specific B cells are activated and proliferate and can

switch the isotype of B cell antigen receptors from immuno-
globulin M (IgM) to IgG, IgA or IgE (class switching), with the aid
of helper T cells. Some of these B cells differentiate into short-lived
plasma cells (PCs) and rapidly produce antibodies, while others fur-
ther proliferate to form germinal centers (GCs) in the follicles of
the secondary lymphoid organs and undergo further class switching
and somatic hypermutation (SHM) of their genes encoding immu-
noglobulin variable (V) regions. GC B cells with elevated antigen-
binding affinity, as a result of SHM, are selected and differentiate
into either long-lived PCs (LLPCs) or memory B cells (B, cells),
both of which contribute to long-lasting humoral immunological
memory. LLPCs reside mainly in the bone marrow and continue to
produce high-affinity antibodies after a peak of primary antibody
response, whereas B, ,, cells remain quiescent and survive for a long
period in as-yet-undefined sites. After re-encountering the same
antigen that elicited the primary response, B,,., cells undergo a pro-
liferative burst and then differentiate into PCs that produce high-
affinity antibodies, a complex process called a ‘secondary’ or ‘recall’
response' . Thus, B, cells have a central role in acquired humoral
immunity, yet the mechanisms for the generation, maintenance and
recall responses of B, cells remain elusive.

In the TD immune responses, helper T cells are generally required
for the formation of GCs, PCs and B, cells and for the memory
recall response, working through interaction with B cells via CD40L,
the ligand for the co-stimulatory receptor CD40*. However, the
requirements for cytokines in these B cell reactions are not fully
understood. During the immune response to protein antigens,
IL-21, a signature cytokine of follicular helper T cells (T, cells), is
required for IgG1 production and LLPC formation and is impor-
tant but not essential for GC formation but is not necessary for B,
cell development’*. The requirement for IL-21 in memory recall
responses to protein antigens in mice remains controversial’™"°.
IL-4 produced by Ty cells has been shown to be important for IgG1

Q fter immunization with T cell-dependent (TD) antigens,

antibody responses and essential for IgE antibody responses but
unnecessary for GC formation'*'® and for the production of B,,.,,
cells”. Signaling via the IL-2 receptor or the IL-15 receptor is not
necessary for primary or secondary TD immune responses”. Thus,
the cytokines required for the generation, maintenance and recall
responses of B cells remain unclear.

IL-9 is produced by various immune cells, such as helper T cells
(exemplified by T,;9 cells), mast cells and eosinophils, as well as
type 2 innate lymphoid cells (ILC2 cells), and exerts various func-
tions depending on the target-cell types expressing its receptor
(IL-9R)**-**. IL-9R is composed of the IL-9R a-chain and common
y-chain and is expressed on mast cells, activated T cells, ILC2 cells
and basophils, among others®>*"***>?*, Numerous studies have dem-
onstrated various in vivo functions of IL-9, including the promotion
of allergic and autoimmune diseases, protection from parasite infec-
tion and inhibition of tumor growth?-”". As for B cells, it has been
reported that IL-9 potentiates the IL-4-induced production of IgE
and IgG in vitro’** and in vivo expansion of the peritoneal B-1 cell
subset™. However, the role of IL-9 signaling in the aforementioned
TD immune response remains unknown.

Here we found that IL-9R was selectively expressed on B, cells
and that the population expansion and antibody production of B,,.,,
cells after secondary immunization was markedly attenuated in
IL-9R-deficient mice due to a B cell-intrinsic defect. Notably, IL-9
was produced by a fraction of B, cells in the secondary response.
Thus, we propose a novel regulatory mechanism for the humoral
recall response via autocrine and/or paracrine IL-9-IL-9R signaling
by B, cells.

Results

Expression of IL-9R on B, cells. To understand how B
cells are regulated, we analyzed the gene-expression profiles of
induced memory-like B cells (iMB cells) as a surrogate for B,
cells’’, compared with those of naive follicular B cells. Among
genes encoding cell-surface molecules ‘preferentially’ expressed
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Fig. 1| Expression of IL-9R on B cells. a, gRT-PCR analysis of //9r mRNA in follicular B cells (FO B), marginal zone B cells (MZ B), GC B cells (GC B) and
B em cells (B, sorted from C57BL/6 mice; results were normalized to those of the control gene Gapdh. b, Flow-cytometry analysis of IL-9R expression
(right) on B,..., cells and GC B cells (left margin; gating, left) sorted from the spleen of /I9r+/* or 1/9r~/~ mice (key) immunized with NP-CGG in alum 1
week or 2, 3, 4 or 19 weeks earlier (above plots), assessed by staining with monoclonal antibody RZ-66 to mouse IL-9R. Numbers in outlined areas (left
plot) indicate percent CD38"GL-7- (B,,...) cells (top left) or CD38°GL-7+ (GC B) cells (bottom right) among B220*IgG1*NP+ cells. ¢, gRT-PCR analysis
of 1/9r mRNA in splenic naive B cells obtained from C57BL/6 mice and left unstimulated (US) or stimulated for 72 h with lipopolysaccharide (LPS), anti-
IgM (a-1gM), anti-CD40 (a-CD40), or a-CD40 plus IL-4 or IL-21 (horizontal axis); results presented as in a. d-f, Flow-cytometry analysis (left) of IL-9R
expression (via RZ-66) on [/9r*/+ or 1I9r~/~ splenic naive B cells (key) left unstimulated or stimulated as in ¢ (d), cultured on 40LB feeder cells for O d
(Naive) or for 3 or 6 d (above plots) with medium alone (Med) or with IL-4 or IL-21 (above plots) (e), or cultured on 40LB feeder cells for 3 d with IL-4
(iGB-4), then 3 d with IL-21 (iGB-21), and further 3 d with medium alone (iGB-m), with iGB-21 and iGB-m cells gated as IgG1* CD138~ (f); right, mean
fluorescent intensity (MFI) of IL-9R in cells as at left (horizontal axis), presented as the ratio of the results for /I19r+/* cells to those for I/9r~~ cells (fold
values). Each symbol (a,c-f) represents an individual replicate (a,c) or mouse (d-f); bar top, mean of group. Data are representative of two independent
experiments with similar results (a,c), with n=2 technical replicates of one biological sample per group (a) or per experiment (c); one experiment to three
independent experiments with similar results (b; Supplementary Fig. 1b); or three independent experiments with n=1mouse per genotype in each (d-f)

in iMB cells, we focused on II9r. Quantitative RT-PCR analysis
revealed that II9r transcripts were more abundant in B, cells
than in naive follicular B cells, marginal-zone B cells or GC B
cells (Fig. 1a).

To detect IL-9R protein on the cell surface, we generated a
panel of monoclonal antibodies to IL-9R (Supplementary Fig. 1a).
Using one of those antibodies, we analyzed by flow cytometry ex
vivo spleen cells from wild-type C57BL/6 mice, and from II9r'-
mice* (as a negative control), immunized with a conjugate of the
hapten NP and chicken y-globulin (CGG) in aluminum hydrox-
ide (alum), or not immunized. IL-9R protein was expressed on
the surface of B, cells from 1 week after immunization onward,
whereas it was much less abundant on the surface of GC B cells
(Fig. 1b and Supplementary Fig. 1b). As has been reported”,
GC-derived memory precursor cells (GC-MPs; defined as
CD38*GL-7*Fas*) also expressed IL-9R, albeit less abundantly
than B, cells did (Supplementary Fig. 1c). IL-9R was also
detectable on mast cells and a small fraction of basophils and
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plasmacytoid dendritic cells, but it was barely expressed on other
lineages of hematopoietic cells from the spleen of immunized
mice (Supplementary Fig. 1d) and mice that were not immunized
(data not shown).

In vitro stimulation of naive B cells with an agonistic CD40-
specific antibody, to mimic interaction with CD40L, substantially
upregulated the expression of II9r mRNA and of IL-9R protein
on the cell surface, but such upregulation was not observed after
stimulation with lipopolysaccharide or antibody to IgM (anti-
IgM) (Fig. 1¢,d and Supplementary Fig. 1e). IL-9R expression was
also induced when naive B cells were cultured for 3 d on feeder
cells expressing CD40L and the pro-survival cytokine BAFF
(40LB cells) and was further upregulated during the next 3 d on
the same feeder cells in standard culture medium. In contrast,
inclusion of IL-4 or IL-21 in the culture medium suppressed the
IL-9R expression in the subsequent 3-day culture period (Fig. le).
When naive B cells were cultured on 40LB feeder cells, ini-
tially with IL-4 and subsequently with IL-21 (collectively called
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Fig. 2 | Function of IL-9R on B cells in vitro. a, Flow-cytometry analysis of phosphorylated (p-) STAT3 and STATS in I/9r*/* or 1/9r~/~ iGB-m cells at day 9
after culture for 10 min with (+) or without (-) IL-9 (right margin). b, Quantification of live 1/9r*/* or I19r~/~ iGB-m cells (key) cultured with or without IL-9
(horizontal axis) from day 6 to day 9, presented as the ratio of the number of cells on day 9 to that on day 6 (‘fold’ values). ¢, Flow-cytometry analysis of
the CFSE fluorescence of cells cultured as in b (right margin) and labeled on day 6, assessed on day 9. d, Flow cytometry (left) of //9r+/+ or [/9r~~ iGB-m
cells (left margin) cultured for 2 d as in b (above plots); right, quantification of CD138* PCs in those cultures. Numbers in outlined areas (left) indicate
percent CD138*IgG1* PCs. e, gqRT-PCR analysis of PrdmT mRNA in IgE-CD138~ iGB-m cells cultured as in d; results normalized to those of Gapdh. Each
symbol (b,d,e) represents an individual replicate; bar top, mean of group. Data are representative of three (a-d) or two (e) independent experiments with
similar results, with n=3 technical replicates per group of one biological sample per genotype (b,d,e)

iGB cell cultures’)’, cell-surface expression of IL-9R was not
detected. However, IL-9R expression was induced on the cells
after a tertiary culture without cytokines (iGB-m cells’) (Fig. 1f
and Supplementary Fig. 1f). Notably, the IL-4- or IL-21-mediated
suppression of IL-9R expression was not at the level of RNA, as
assessed by RT-PCR (Fig. 1c). These data indicated that IL-9R
expression on B cells was induced by stimulation with CD40 but
was suppressed by simultaneous stimulation with IL-4 or IL-21,
which might have accounted for the low IL-9R expression on GC
B cells in vivo.

IL-9 promotes B cell proliferation and differentiation. Using
iGB-m cells expressing IL-9R on their surface, we assessed the
function of IL-9R signaling in B cells. We cultured those iGB-m
cells, as well as iGB-m cells from II9r”'~ mice, as a negative con-
trol, on the 40LB feeder cells and treated the cultures with IL-9.
First, we demonstrated that the IL-9R on iGB-m cells was func-
tional, since treatment with IL-9 induced phosphorylation of the
transcription factors STAT3 and STATS5 only in IL-9R-sufficient
cells (Fig. 2a), similar to a published report on human tonsil-
lar B cells*. Treatment with IL-9 facilitated the proliferation of
IL-9R-sufficient iGB-m cells, as demonstrated by the increase in
cell number (Fig. 2b) and dilution of the cell-division-tracking
dye CFSE in B cells (Fig. 2c). IL-9 also augmented differentiation
of the iGB-m cells into PCs (Fig. 2d) and expression of Prdm1
mRNA (which encodes the transcriptional repressor Blimp-1)
(Fig. 2e) via IL-9R.

NATURE IMMUNOLOGY | VOL 19 | SEPTEMBER 2018 | 1025-1034 | www.nature.com/natureimmunology

IL-9R signaling facilitates the antibody recall response. To
address the role of IL-9R expressed on B cells in vivo, we analyzed
the TD immune responses of II9r”'~ and II9r** mice. Mice were
firstimmunized intraperitoneally (i.p.) with NP-CGG in alum and
were boosted with soluble NP-CGG intravenously (i.v.) 6 weeks
later, and the concentration of NP-specific antibodies in serum
was measured periodically after the primary immunization. The
IgGl1 response in 197/~ mice was similar to that in II9r** mice,
as measured from 1 week to 6 weeks after the primary immu-
nization, but the secondary IgG1 response, as measured until 3
weeks after the booster immunization, was markedly attenuated
in II9r"~ mice (Fig. 3a). The secondary responses of IgM and
other IgG subclasses were assessed in serum obtained 2 weeks
after the booster immunization. The titers of IgM, IgG2c and
IgG3 were too low to be reliably evaluated. The titer of IgG2b was
clearly measurable and was found to be attenuated in II9r'- mice
(Supplementary Fig. 2a). To test the generality of these findings,
we used another, more physiological immunization with a vac-
cine containing whole inactivated influenza virus. As a result of
this immunization, the secondary IgG response to the hemagglu-
tinin epitope was significantly suppressed in 1197~ mice (Fig. 3b),
while the primary IgG response to the same epitope assessed at 3
weeks after the primary immunization was unaffected (data not
shown). A similar attenuation of the NP-specific antibody recall
response was observed in mixed-bone marrow chimeras gener-
ated by the transfer of a mixture of bone marrow cells from II9r+*
or I19r~'~ mice and pMT mice (which lack mature B cells) into
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Fig. 3 | Attenuated recall antibody responses to TD antigen in I/9r/- mice. a, ELISA of anti-NP,, IgG1in serum from //9r++ or I19r/- mice (key; n=7 per
genotype) immunized i.p. with NP-CGG in alum and boosted i.v. with soluble NP-CGG (in PBS) 45 d later (below plot; upward arrowheads), assessed at
various times (horizontal axis) after the initial immunization. b, ELISA of IgG antibody to hemagglutinin (Anti-HA 1gG) in serum from /I9rt/+ mice (n=8)
or I19r~= mice (n=7) (key) at various times (horizontal axis) after secondary immunization i.v. with formalin-inactivated whole influenza A virus, subtype
H1N?1, strain A/Puerto Rico/8/34 (upward arrowhead), given at 14 weeks after primary immunization subcutaneously with the same antigen (inactivated
virus). ¢, ELISA of anti-NP,, IgGT in serum from mixed-bone marrow chimeras (n=10) reconstituted with //9r*+ or 1I9r~/~ B cells (key) and immunized as in
a. d, Quantification of anti-NP IgG1in mice as in ¢, presented as the ratio of anti-NP; to anti-NP,,. e, SHM of V,186.2-encoding genes in pooled NP*IgGT+

B em Cells from 119r+/+ or 119r/- mice (n=6 per genotype; top left of each plot) at 10 weeks after intraperitoneal immunization with NP-CGG in alum,
presented as the frequency (‘pie slices") of V;186.2-encoding sequences with various numbers of mutations (along perimeter; ‘11+' indicates 11 or more),
and the ratio and frequency (in parenthesis) of the sequence encoding the W33L substitution (center). f, ELISA of anti-NP,, IgG1in serum from wild-type
C57BL/6 mice given adoptive transfer of 119r+/+ or [19r~/~ B, cells (key) and spleen cells from CGG-primed //9r*/* mice 1 d before intravenous injection of
soluble NP-CGG (n=6 host mice) or PBS (n=4 host mice), assessed 7 d later. Each symbol represents an individual mouse; small horizontal lines indicate

the mean. NS, not significant (P> 0.05); *P< 0.05, **P< 0.01 and ***P < 0.001 (two-tailed unpaired Student's t-test). Data are representative of two
(a-d,f) or three (e) independent experiments with similar results (mean+s.d. in a-d)

irradiated wild-type C57BL/6 mice (Fig. 3c); this indicated that
IL-9R on B cells was required for a normal recall response.

During the entire TD immune response, the affinity matura-
tion of serum antibodies in II9~ was not significantly differ-
ent from that in II9*"* mice, as assessed by the titer of IgG1 that
bound to NP epitopes of low valency, relative to the total IgGl
titer (Fig. 3d). The frequency of overall mutations and the muta-
tion encoding the W33L substitution (indicative of an increase
in affinity for NP)* in gene sequences encoding the heavy-chain
variable region V;186.2 of NP-specific IgG1* B, cells in II9r'
mice was similar to that in I]9+*'* mice at 10 weeks (Figs. 3e) and 2
weeks (Supplementary Fig. 2b) after primary immunization. These
data indicated that the ‘gross affinity’ of B, cells for antigen increased
normally in 1197~ mice despite their defective antibody recall response.

To assess more directly the ability of IL-9R-deficient B, cells
to produce antibody in response to secondary immunization, we
transferred the same number of NP-specific IgG1* B, ., cells from
NP-primed 1197/~ or II9r** mice into recipient mice, together with
carrier-primed spleen cells, and immunized the recipient mice with
soluble NP-carrier conjugates. Measurement of serum titers dem-
onstrated that the mice given transfer of II9r/- B, cells produced
about threefold less anti-NP IgGl, on average, than did mice that
received II9r** B, cells (Fig. 3f).
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Collectively, these findings indicated that IL-9R on B, cells

were required for a normal recall antibody response in mice.

The formation and maintenance of B, cells in II9r”- mice. To
elucidate the cause of the defective recall response in II9r"'- mice, we
analyzed spleen cells from II9r~ and II9r** mice by flow cytometry
after primary immunization of the mice with NP-CGG. The number
of IgG1* NP-binding (NP*) GC B cells was slightly but not signifi-
cantly lower, on average, in II9r'- mice than in II9r** mice at 2 weeks
after immunization (Fig. 4a and Supplementary Fig. 3a). Similarly,
no significant difference was observed in the number of IgG1* NP*
B cells in 1197~ mice and that in II9r*/* mice at 4 or 10 weeks after
immunization (Fig. 4b,c and Supplementary Fig. 3b) or in the num-
ber of such cells in mixed-bone marrow chimeras (generated as for
Fig. 3¢) given I19r"~ cells and those given II9r*'* cells, assessed at 12
weeks after immunization (Supplementary Fig. 3c). Very few non-
IgGl1 class-switched B, cells were present in the immunized mice,
but no significant differences between I19r”'~ mice and II9r** mice
were observed (Fig. 4b and Supplementary Fig. 3b). To determine
if IgM* B, cells were affected by the lack of IL-9R, we obtained
naive B cells from 19/~ and I19r** CD45.1* mice carrying a knock-
in allele encoding an NP-specific V}; region (B1-8ki), labeled the
cells with CFSE and transferred them into wild-type C56BL/6 host
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Fig. 4 | The formation and maintenance of B, cells in the primary TD response. a,b, Quantification of NP+ I1gG1+ GC B cells (a; gating, Supplementary
Fig. 3a) or NP+ 1gGT1* (b, left) or NP+ IgM-IgD-IgG1- (b, right) B,..... cells (b; gating, Supplementary Fig. 3b) in the spleen of //9r+/* or [19r~~ mice (horizonal
axis; n=10 (a) or n=9 (b) per genotype) immunized i.p. with NP-CGG in alum 2 weeks (a) or 4 weeks (b) previously. ¢, Quantification of NP+ I1gG1* B,.....
cells in the spleen (middle right) and frequency of CD80*PD-L2* cells among the B, cells (far right) in [/9r+/+ and 1/9r~/~ mice (horizonal axis; n=6

per genotype) immunized i.p. with NP-CGG in alum 10 weeks earlier; left, gating of cells assessed at right. Numbers in outlined areas or quadrants (left)
indicate percent cells in each. Each symbol represents an individual mouse; small horizontal lines indicate the mean. P values, two-tailed unpaired Student
t-test. Data are pooled from five independent experiments (a) or are representative of two independent experiments with similar results (b,c)

mice, which we then immunized with NP-CGG. 24 d later, B, cells
were detected as donor-derived CFSE® (fully divided) NP+ CD38*
B cells*, although the number of IgM* B, cells as well as IgG1*
Bi.em Cells in recipients of 1191/~ B cells did not significantly differ
from that in recipients of II9r** B cells (Supplementary Fig. 3d).
Also, no significant difference between 19+~ mice and II9r** mice
was observed in the proportion of the CD80* PD-L2* IgG1*B,,,
cell subpopulation that is proposed to be prone to differentiate into
PCs after the secondary immunization” (Fig. 4c) or in the number
of CD80* PD-L2* CD73* IgG1* B, cells that have also been iden-
tified as being prone to differentiate into PCs**** (Supplementary
Fig. 3e). These data indicated that the formation and maintenance
of long-lived B,,.,, cells and their subpopulations were largely nor-
mal in the absence of IL-9R during the primary response and thus
this could not be the main reason for the defective antibody recall
response in I/9r""mice.

Abnormal response of IL-9R-deficient B, cells. To analyze
the defect of the recall response in II9r/~ mice at a cellular level,
we compared the number of NP* IgG1*+ B, cells estimated by
flow cytometry at 3.5 d after secondary immunization with that
after mock immunization (with PBS) (Fig. 5a). The proliferative
expansion of B, cells in the immunized mice relative to that in
mock-immunized mice was significantly lower in II9r"~ mice than
in I19r** mice (Fig. 5a). A similar attenuation in the proliferation
of 119r"~ B, cells after secondary immunization was observed in
mixed-bone marrow chimeras reconstituted with a mixture of p
MT and 19’ bone marrow (Supplementary Fig. 4a). In addi-
tion, the generation of antigen-specific IgG1* PCs was markedly
attenuated in 1197/~ mice, as was evident at 5 d after secondary
immunization (Fig. 5b).
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We then assessed the effect of IL-9 on B, cells in vitro. We
sorted NP-binding IgG1* B, cells from II9r** and II9r”~ mice
immunized with NP-CGG in alum 10 weeks earlier and cultured
them on 40LB feeder cells with or without IL-9. The proliferation
of B, cells from II9r*"* mice was clearly augmented by IL-9, but
that of such cells from II9r’- mice was not (Fig. 5¢). In addition,
IL-9 induced II9r*"* B, cells to differentiate into PCs (Fig. 5d) and
produce antibodies (Fig. 5¢), whereas B, ., cells from II9'~ mice
failed to do so. IL-9 did not affect the survival of B, cells or that
of GC B cells and naive B cells during culture without feeder cells
(Supplementary Fig. 4b). These data indicated that the attenuated
antibody recall response in II9r/- mice was due to defects in the
early proliferation of B, cells and their differentiation into PCs.

Despite the attenuated proliferation of B, cells in the early
phase of the recall response, the generation of antigen-specific
IgG1* GC B cells was augmented in /97~ mice, as was evident at
7 d after secondary immunization (Fig. 6a). Since GC formation
after secondary challenge is dependent on the co-stimulatory recep-
tor ICOS and its ligand (ICOSL)***!, we assessed the expression of
ICOSL on B cells. ICOSL was expressed on the iGB-m cells, as on
naive B cells*>*, but its expression was downregulated by treatment
with IL-9 in an IL-9R-dependent manner, at the level of protein as
well as mRNA (Fig. 6b,c). The surface expression of other mole-
cules involved in GC formation, such as major histocompatibility
complex class II, CD80, CD40 and IL-21R, was unaffected by the
IL-9 signaling (Supplementary Fig. 5a). ICOSL expression was also
downregulated by IL-9 in ex vivo B, cells from II9r** mice, but not
in those from I19r"~ mice (Fig. 6d). Finally, administration of sub-
optimal dose of an ICOSL-blocking antibody just before and after
the secondary immunization with NP-CGG reduced the number of
responding IgG1* GC B cells in II19r"~ mice to a level similar to that
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Fig. 5 | Attenuated population expansion and differentiation of //9r7/- B, cells during a recall response. a,b, Flow cytometry (left) showing the gating
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NP-CGG (boost) or PBS 3.5 d previously (a) or with NP-CGG 5 d previously (b) (left margin); right, quantification of B, cells, presented as the ratio

of the calculated number of B, cells in each ‘boosted’ mouse to the average number of those cells in mice given injection of PBS (NP-CGG/PBS) (a),

or quantification of PCs producing NP-binding IgG1, per spleen (b), from such /[9r+/+ mice (n=3) or lI9r~7~ mice (n=4 (a) or n=3 (b)). i.c,, intracellular.
Numbers in outlined areas (left) indicate percent cells in each. Each symbol (right) represents an individual mouse; small horizontal lines indicate the
mean. ¢, Quantification of live NP+ 1gG1* B,....,, cells obtained from 1/9r*/* and 119r~~ mice (key) 10 weeks after intraperitoneal immunization with NP-

CGG in alum and then cultured for 6 d on a 40LB feeder layer (1x103 cells per well) with or without IL-9 (horizontal axis); results presented as the ratio
of the number of cells on day 6 to that on day O (‘fold’ values). d, Flow cytometry (left) of B, cells after culture as in ¢, showing gating strategy; right,
quantification of CD138* PCs among those cells. Numbers in outlined areas (left) indicate percent cells in each. e, ELISA of anti-NP IgG1in supernatants
of B,...., cells cultured for 86 h or 134 h (horizontal axis) as in ¢ (key). *P < 0.05 and **P < 0.01 (two-tailed unpaired Student's t-test, a,b). Each symbol (c,d)

represents an individual replicate; bar tops indicate the mean of n=5 (//9r+/*,

-1L-9), n=4 (I9r~/~, - IL-9), n=4 (I19r*/*,+IL-9) or n=3 (II9r~/~, +IL-9)

technical replicates per group of samples pooled from n=20 mice per genotype. Data are representative of two independent experiments with similar

results (mean+s.d. in e of replicates as in ¢,d)

in II9r** mice (Fig. 6e and Supplementary Fig. 5b). Thus, the aug-
mented generation of GCs in II9r”~ mice during the recall response
was probably due to a defect in the IL-9R-mediated downregula-
tion of ICOSL on B, cells. Collectively, these results indicated that
IL-9 facilitated B,,.,, cells to proliferate and then differentiate to PCs
while hampering their GC formation and thus augmented the recall
antibody production in mice.

B,.em cells produce IL-9. It has been reported that IL-9 is produced
by T},9 cells or other cells such as mast cells and ILC2 cells**-**. It has
also been reported that a small fraction of Ty cells produce IL-9 at 1
week after primary immunization®, a result we also observed, albeit
in an even smaller fraction (Supplementary Fig. 6a,b). In order to
clarify whether memory helper T cells were the source of IL-9 during
the recall response, we transferred naive ovalbumin (OVA)-specific
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CD4" T cells from OT-II mice (which have transgenic expression of
an OVA-specific T cell antigen receptor) into C57BL/6 mice, which
we then immunized with NP-conjugated OVA (NP-OVA) in alum
(procedure, Supplementary Fig. 6¢). Then, 23 weeks later, we re-
challenged the same mice with soluble NP-OVA and analyzed spleen
cells ex vivo 3 d later. These spleen cells produced IL-9 after in vitro
culture without any particular stimulation (Fig. 7a). We then ana-
lyzed these spleen cells by flow cytometry. The donor-derived OT-II
T cells exhibited memory Ty cell phenotype (CD62L*CXCR5%)°
and had undergone population expansion after the re-challenge
(Supplementary Fig. 6d,e), but these cells were negative for IL-9
expression (Fig. 7b,d). Instead, IL-9-expressing cells were found
among NP* IgG1* B, cells in the same mice (Fig. 7c,d). That find-
ing was confirmed by the immunization (with NP-CGG) of mice
without cell transfer: similar to the results noted above, a significant
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fraction of NP*IgG1*B, ., cells were IL-9* at 3.5 d after the secondary
immunization (Fig. 7e). Kinetic analysis after the secondary immu-
nization demonstrated that the frequency of the IL-9-expressing
B,.em cells in these mice increased from day 2 and peaked around
day 3, reaching about 15-20% of NP+ IgG1* B, cells (Fig. 7f).
A small proportion of B, cells expressed IL-9 even before the sec-
ondary immunization in these mice, and these cells emerged by 2
weeks after the primary immunization (Supplementary Fig. 7a,b).
Accordingly, we were able to detect IL-9 secreted from ex vivo B,
cells after they were cultured on 40LB feeder cells (Supplementary
Fig. 7c). Notably, neither CD38" GC B cells (Supplementary Fig. 7a,b)
nor IgM* B_.., cells (Supplementary Fig. 7d) in the primary response
produced appreciable amounts of IL-9. These data showed that a
fraction of B,,,, cells produced IL-9, with an increasing proportion
doing so during the recall response.

Discussion
The memory response is a core feature of acquired immunity;
however, the mechanisms that regulate the recall response of B,
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cells have remained obscure. As demonstrated here, we found that
IL-9R was selectively expressed on B, cells during a TD immune
response and that signaling through IL-9R on B, cells positively
regulated their early population expansion and antibody produc-
tion. Additionally, IL-9R negatively regulated GC formation dur-
ing the recall response, possibly by signaling downregulation of
ICOSL expression. We also found that a sizable fraction of B, ., cells
produced IL-9 that probably stimulated even more B, cells in an
autocrine or paracrine manner during the recall response. Thus,
we have identified IL-9-IL-9R signaling as a direct regulator of the
B cell recall response.

We observed that surface expression of IL-9R was induced on B
cells in vitro by stimulation through CD40, while it was suppressed,
in a reversible manner, by concomitant stimulation with IL-4 or
IL-21. Although we do not yet know the mechanism or the meaning
of this cytokine-mediated suppression of IL-9R expression, it might
account for our observation that GC B cells in vivo had very low
expression of IL-9R. Thus, IL-4 and IL-21 produced by Ty cells in
the GC probably suppress IL-9R expression by neighboring GC B
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cells and thus only a small fraction of distantly located GC B cells
may begin to express the IL-9R. Such IL-9R* GC B cells might then
undergo differentiation into B, cells.

IL-9R was clearly expressed on most of IgG1* B, ., cells from 1
week onward. Indeed, ex vivo B, cells responded to supplemen-
tation with IL-9, proliferated and then differentiated into PCs and
produced antibodies in vitro. However, a considerable propor-
tion of IgG1* B,,,, cells did not seem to express IL-9R at any time
point after immunization. The remnant recall response observed in
IL-9R-deficient mice might have been caused by such IL-9R" B,
cells, if they were regulated by (an)other stimulatory receptor(s).
Nevertheless, the marked attenuation of the recall response in these
mice would suggest that IL-9R* B, .. cells have a major role in recall
antibody production, for which IL-9R signaling is essential.

We demonstrated that IL-9 facilitated the CD40-dependent in
vitro proliferation and PC differentiation of ex vivo B, cells, as
well as that of IL-9R* iGB-m cells, in addition to the in vivo defects
in the population expansion and antibody production of IL-9R-
deficient B, cells in the recall response. Thus, it seems reason-
able to propose that IL-9 signals the proliferation and subsequent
PC differentiation of B, cells after their cognate interaction with
memory T cells (T, cells). In addition, we found that among the
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B cell surface proteins involved in T cell-B cell interactions and the
formation of GCs, ICOSL expression was selectively downregulated
by IL-9 in vitro. ICOSL expression on B, cells is thought to stimu-
late ICOS on T,,,, cells, and both ICOSL and ICOS are necessary for
GC formation after secondary challenge***!. Thus, IL-9-mediated
downregulation of ICOSL expression on B, cells prevents the T,
cell-mediated development of GC B cells and might further facili-
tate the PC development of B, cells during a recall response.
While we were completing this manuscript, another study
reported the identification and functional characterization of
GC-derived memory precursor cells (GC-MP cells)*”. In that
study, the authors found that IL-9R was expressed on all GC and
non-GC B cells and was expressed more abundantly on quiescent
(CD38*GL-7*Fas*) GC-MP cells. We confirmed that the GC-MP
cells expressed less IL-9R than B, cells did, but we demon-
strated that the bulk of GC (CD38-GL-7*) B cells and follicular B
cells expressed little surface IL-9R, if any. The apparent quantita-
tive difference in IL-9R staining might stem from different meth-
ods used for staining. The other study used an indirect staining
method, with IL-9 plus an IL-9-specific antibody, and with nega-
tive controls stained without IL-9%°, whereas we used our origi-
nal IL-9R-specific monoclonal antibody directly conjugated with
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fluorescein to stain B cells from I19r** mice and used II9r~'~ mice
as negative controls.

In addition, the other study demonstrated that abolish-
ing IL-9-IL-9R signaling with a blocking antibody to IL-9 after
immunization of mice resulted in a reduction of B, cells by
30-50%, as assessed at 1-3 weeks after immunization®. Similar
results were obtained for mice given adoptive transfer of B cells in
which IL-9R was knocked down and for bone-marrow chimeras
with T cell-restricted IL-9 deficiency®. Thus, those authors con-
cluded that IL-9-IL-9R is necessary for the normal development
of B, cells’’. In our study here, we showed that the number of
IgG1* B, cells was slightly but not significantly lower in II9r~'~
mice than II9r*"* mice and did not decrease more in I/9r~'~ mice
than in II9r** mice from 4 weeks to 10 weeks after immuniza-
tion. Thus, IL-9R signaling did not seem to be required for the
gross formation and maintenance of B, cells. We also showed
that II9r"- B, cells carried immunoglobulin-encoding genes
with somatic hypermutation at a normal mutation frequency
and that these genes encoded immunoglobulins with features of
increased affinity. The affinity maturation of serum IgG1 during
a TD immune response also seemed to be normal in /977~ mice.
Because the serum titers of antigen-specific IgG1 antibody at a
later phase of the primary response in II9r** mice were equiva-
lent to those in II19r”~ mice, the production of LLPCs and their
maintenance also seemed to be normal in the latter. Therefore,
it seems that IL-9-IL-9R signaling is dispensable for B cell dif-
ferentiation in the later phase of the primary GC response
during which SHMs intensively accumulate and most LLPCs
are generated*’.

IL-9 was barely detectable in T, cells responding to antigen
but was readily detectable in B, cells during the recall response.
A small proportion of IgG1* B,,,, cells remained IL-9* for months
after the primary immunization, and the proportion of the IL-9*
IgG1* B, cells rapidly increased to ~20% after the secondary
immunization. Indeed, IL-9 was detectable in culture supernatants
of B, .., cells directly ex vivo, although its concentration was appar-
ently not enough for in vitro auto-activation. If B, cells proliferate
as aggregates in situ after encountering antigen and cognate T,
cells, the local concentration of the B, cell-derived IL-9 might
be sufficient for auto-activation, which could exponentially accel-
erate the recall response. Autocrine and/or paracrine stimulation
through IL-9 and IL-9R probably directs the proliferation of IL-9R*
B,em cells and commits them to development into PCs while sup-
pressing GC formation through IL-9R-mediated downregulation
of ICOSL expression in the recall response. If so, modulation of
IL-9-1L-9R signaling during repeated immunization with vaccines
should make it possible to control the outcome of the immuniza-
tion; for example, by inhibition of IL-9-IL-9R signaling to suppress
antibody production while facilitating the further affinity matura-
tion and maintenance of B, cells or by hyper-stimulation to aug-
ment antibody production.

‘mem

Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/541590-018-0177-0.
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Methods

Mice and immunization. C57BL/6NCrSlc (B6; CD45.2*) mice were purchased
from Sankyo Lab Service. II9r"- mice*, B1-8ki mice* and pMT mice* were
backcrossed to the B6 strain. OT-II mice*” on the B6 background and congenic

B6 CD45.1* strains were intercrossed to generate OT-II CD45.1*CD45.2* F,

mice. Mice were immunized i.p. with 100 pg NP, ,,—~CGG (30-40 molecules of
NP (4-hydroxy-3-nitrophenyl)acetyl) conjugated to CGG) precipitated in alum
and were boosted i.v. with 25 pg soluble NP, ,,—~CGG unless otherwise noted. In
ICOSL-blocking studies, immunized mice were given intravenous injection of
ICOSL-specific monoclonal antibody (mAb) (HK5.3, BE0028, BioXCell; 200 pg per
mouse) or isotype-matched control mAb (2A3, BE0089, BioXCell; 200 pg/mouse)
1 d before and 3 d after secondary immunization with soluble antigen. Mice were
inoculated subcutaneously with formalin-inactivated whole influenza A virus,
A/Puerto Rico/8/34, HIN1 (PR8)" and were rechallenged i.v. (1 pg total protein
per mouse). All animals were maintained in a mouse facility in Research Institute
for Biomedical Sciences, Tokyo University of Science under specific pathogen-free
conditions and were treated under protocols approved by the Animal Care and Use
Committee of the Tokyo University of Science.

Generation of IL-9R-specific mAbs. Female Lew/SSN rats (Sankyo Lab Service)
were used for immunization with DNA. Intramuscular injection of plasmid
followed by in vivo electroporation were performed as previously described for
mice” with the following modifications. In brief, 30 pl (10 mg/ml) of pPCADEST1
carrying a gene encoding IL-9R-GroEL fusion protein was injected into the
quadriceps muscles that had been given injection of 100 pl (1 U/ pl) of bovine
hyaluronidase 10 min earlier, by using a syringe fitted with a two-stage needle
(26 gauge). The same DNA immunization protocol was repeated 1, 3, 4, 7

and 9 weeks after the primary immunization. At 27 weeks after the primary
immunization, the rat showing the highest titer of IL-9R-specific antibody after
the final immunization was given intraperitoneal transfer of 1x 10° irradiated
(30 Gy) B300-19 mouse pre-B cells stably expressing IL-9R (B300-19-IL-9R).
Then, 3 d later, hybridomas were generated by a conventional method using
SP2/0 myeloma as the fusion partner. B300-19-IL-9R cells were generated by
transduction of B300-19 cells with a retroviral vector containing I/9r cDNA
(pMXs-IL9R-IRES-hNGFR), as described previously™.

Generation of bone marrow chimeras. Bone marrow cells from at least three
I19r*"* or I19r~'~mice and pMT mice, mixed at 1:4, were injected i.v. (4x 10°

cells per mouse) into lethally irradiated C57BL/6 mice (5.5 Gy, twice at 3-hour
intervals). The resultant chimeras were used for immunization at least 7-8 weeks
after the transfer.

Adoptive transfer. To analyze recall response of B, cells, B cells including the
same number of B, cells of pooled spleens of II9r*'+ or Il9r~'~mice (six per group)
immunized with NP-CGG in alum 7 weeks earlier, and pooled spleen cells from
five C57BL/6 mice primed with CGG in alum 2 weeks earlier, were co-transferred
i.v. into C57BL/6 mice. To detect IgM* B,,,, cells, B cells purified from CD45.1*
B1-8ki [19r*'* or 119r~'~ mice were labeled with CFSE (carboxyfluorescein diacetate
succinimidyl ester) as previously described™ and were transferred i.v. into B6

mice. To induce anti-OVA T,,,, cells, naive CD4* T cells purified from OT-II

mem

CD45.1*CD45.2" F| mice were transferred i.v. into B6 mice.

Quantitative real-time PCR. RNA preparation, cDNA synthesis and quantitative
real-time PCR (qRT-PCR) were performed, and data are presented as described
previously’’. Gene expression was normalized to that of the control gene Gapdh.
The following primer sets were used:

Gapdh sense: 5'-GGAGAAACCTGCCAAGTATGA-3';

Gapdh antisense: 5'-CCCTGTTGCTGTAGCCGTATT-3';

1197 sense: 5'- GGACAGTTGGCAGTAAGTCACC-3;

I19r antisense: 5 -CCACTCTCTCCAAGGTCCAA-3;

Prdm]1 sense: 5'-ACGTGTGGGTACGACCTTG-3';

Prdm1 antisense: 5'-CCATGTCCATTTTCATGATCC-3';

Icosl sense: 5'- CGCACATGCAGCTAAAGT-3;

Icosl antisense: 5'-AAACATGGAGCTTCTTCCAAAC-3';

Cell purification and culture. B cells were cultured, in a humidified atmosphere at
37°C with 5% CO,, in the following ‘B cell medium’ (BCM): RPMI-1640 medium
(Wako) supplemented with 10% heat-inactivated FBS (FBS), 1 mM sodium
pyruvate, 50 pM 2-mercaptoethanol, 10mM HEPES pH7.5, 100 U/ml penicillin
and 100 pg/ml streptomycin (GIBCO). Naive B cell purification was performed as
described®'. For analysis of the expression of I/9r mRNA or IL-9R, follicular B cells
(AA4.1- B220* IgM* CD23"), marginal-zone B cell (AA4.1~ B220* IgM* CD23"),
GC B cells (B220* IgG1* NP* CD38") and B, cells (B220* IgG1* NP+ CD38")
were sorted from pooled spleen cells of at least five unimmunized C57BL/6 mice
(follicular B cells and marginal-zone B cells) or those immunized with NP-CGG

in alum 8 d earlier (GC B cells) or 28 d earlier (B, cells), using a FACSAria II
(BD Biosciences). In other experiments, B,,,, cells were purified from mice
immunized i.p. with NP-CGG and alum at least 6 weeks earlier: pooled splenocytes
from 20 mice were stained with biotin anti-CD4, anti-CDS8, anti-DX5, anti-Gr-1,
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anti-TER-119 and anti-CD43(S7), with avidin-particle-DM (BD Biosciences), and
then positive cells were depleted using the MACS system (Miltenyi Biotec). From
the remaining cells, B, cells (B220* NP* IgG1*CD38") were sorted using

a FACSAria II. These procedures yielded 95% purity B, ., cells. Naive CD4* T cells
(CD4*CD3e*CD62L") were purified, with the MACS system and a FACSAria II,
from splenocytes stained with biotinylated mAbs to CD4, CD3¢ and CD62L as
shown in Supplementary Fig. 6¢ . For in vitro stimulation, purified B cells were
cultured with lipopolysaccharide (10 pg/ml), anti-IgM (10 pg/ml), anti-CD40

(10 pg/ml), IL-4 (10 ng/ml), IL-21 (10 ng/ml), or IL-9 (1 ng/ml), alone or in the
indicated combination, in BCM at 37°C in a 5% CO, incubator. Ty;9 cells were
generated as previously reported”’ with a minor modification: splenocytes were
cultured with anti-CD28 (37.51: 5 pg/ml), TGF-B1 (10 ng/ml), IL-4 (10 ng/ml),
IL-2 (20 ng/ml), anti-IFN-y (10 pg/ml), and plate-coated anti-CD3e (145-2C11)
for 3 d in BCM. Reagents are identified (including clone or catalog number and
vendor for antibodies) in Supplementary Table 1.

iGB cell culture. iGB cell culture’ and retroviral transduction® were performed as
previously described with the following modifications unless otherwise noted: naive
B and B, cells were cultured on 40LB feeder cells for 3 d for the primary and the
secondary culture and for 2 d for the tertiary culture, with or without the indicated
cytokines. IL-4 (10ng/ml), IL-21 (10 ng/ml), or IL-9 (1 ng/ml) was added in the
culture medium where indicated. The 40LB cell line used in this study is a subline of
original 40LB cells”, selected to express CD40L more abundantly than the original
40LB cells by repeated transduction with a CD40L-expressing retrovirus.

Flow cytometry. Single-cell suspensions from spleens were depleted of RBCs

by ammonium chloride lysis, incubated with mAb to FcyRII/III (2.4G2; BD
Pharmingen) to block FcyRs and were stained for 30 min on ice in PBS containing
0.5% BSA, 2mM EDTA, 0.05% sodium azide with various combinations of
antibodies and reagents (Supplementary Table 1). IL-9R was detected with a
fusion protein of mouse IL-9 and human IgG1 Fc (IL-9-Fc) and Alexa Fluor
647-conjugated goat anti-human IgG (Supplementary Table 1) or with Alexa
Fluor 647-conjugated rat mAbs to mouse IL-9R (RZ-66, RZ-87, RZ-98 and RZ-
103) generated in-house as described above. To stain intracellular IL-9, cells were
incubated with 2 pM of monensin for 5h at 37°C and then were treated with
Cytofix/Cytoperm solution and Perm/Wash buffer (BD Biosciences) according to
the manufacturer’s protocol before being staines with mAb to IL-9 (50-8091-80;
eBiosciences) or isotype-matched control mAb (50-4301-80; eBioscience). All
samples were analyzed using a FACSCalibur or FACSCanto II (BD Biosciences).
The data were analyzed using FlowJo (Tree Star).

ELISA. NP-specific IgG1, IgG2b, IgG2c, IgG3, IgM and hemagglutinin-specific
IgG were detected by ELISA as described previously™™. IL-9 was detected in the
supernatants of spleen cells (5x 107 cells per well of 6-well plate) or B, ,, cells
(Supplementary Fig. 7¢), cultured for 3 or 6 d, respectively, using an ELISA kit
(eBioscience, cat#88-8092-22).

B,.... cell sorting and Vy; sequence analysis. B, cells were magnetically enriched
from pooled spleens using biotinylated anti-CD43, anti-Ter119, anti-CD4, anti-
CD8, anti-CD49b, anti-IgD and streptavidin particle DM (antibody identification,
Supplementary Table 1) in combination with iMag (BD) and MACS system
(Miltenyi). Enriched cells were stained with fluorochrome conjugated anti-B220,
anti-immunoglobulin k-chain, anti-IgG1, anti-CD38 and Alexa 647 conjugated
NP-BSA (antibody identification, Supplementary Table 1), and then NP-specific
IgG1* B, cells were sorted, using a FACSAria II (BD Biosciences), directly into
KOD Fx Neo buffer (Toyobo) containing 0.1 mg/ml proteinase K (Merck). Samples
were incubated at 55°C for 1h followed by 95 °C for 10 min, and then mixture

of KOD Fx Neo buffer, ANTPs (Toyobo), primers and KOD DNA polymerase
(Toyobo) were added. To amplify V,;186.2 sequences, nested PCR was performed
as described previously”. Amplified fragments were cloned into pBluescript II
vector (Invitrogen) and sequenced (Eurofins Genomics).

In vitro cell-survival analysis. NP-binding IgG1* GC B cells (CD19* CD38" GL-7*)
and B,,,, cells (CD19* CD38" GL-7-) were purified from pooled splenocytes of

B6 mice that had been immunized with NP-CGG, and naive B cells (CD19* IgD*
CD38") were purified from an unimmunized B6 mouse, through iMag (BD), MACS
(Miltenyi) and a FACSAria II (BD). Sorted cells were cultured with or without IL-9
(1ng/ml) in BCM for 12 or 24h in 96-well plates (1 10° cells per well) in vitro.
These cells were then stained with propidium iodide and analyzed by flow cytometry.

Statistical analysis. Statistical analysis was performed using the two-tailed
unpaired Student f-test, non-parametric Mann-Whitney test, or one- or two-way
analysis of variance (ANOVA) with Tukey’s multiple comparison tests (one- or
two-way ANOVA) by using Prizm software where indicated.

Reporting Summary. Further information on experimental design is available in
the Nature Research Reporting Summary linked to this article.

Data availability statement. The data that support the findings of this study are
available from the corresponding author upon request.
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10. Eukaryotic cell lines
a. State the source of each eukaryotic cell line used.

b. Describe the method of cell line authentication used.

c. Report whether the cell lines were tested for
mycoplasma contamination.

d. If any of the cell lines used are listed in the database
of commonly misidentified cell lines maintained by
ICLAC, provide a scientific rationale for their use.

Balb/c 3T3 cell line was provided by RIKEN BioResource Center.

We obtained Balb/c 3T3 cell line directly from RIKEN BioResource Center and
therefore have not further authenticated.

All cell lines were tested and were negative for mycoplasma contamination.

No commonly misidentified cell lines were used.
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11. Description of research animals

Provide details on animals and/or animal-derived
materials used in the study.

C57BL/6NCrSlc (B6; CD45.2) mice were purchased from Sankyo Lab Service. [19r—/—
mice, B1-8ki mice and uUMT mice were backcrossed to the B6 strain. OT-II
transgenic mice (OT-II) of B6 background and congenic B6-CD45.1 strains were
intercrossed to generate OT-1I CD45.1/CD45.2 F1 mice. Male and female mice were
used at 6-10 weeks of age. Female Lew/SSN rats were purchased from Sankyo Lab
Service. Rats were used at 4 weeks of age.

Policy information about studies involving human research participants

12. Description of human research participants

Describe the covariate-relevant population
characteristics of the human research participants.

This study did not involve human research participants.
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