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Nasal germinal centers and IgA class-switch 
recombination depend on CCR6 and B cell receptor 
affinity
Jingjing Liu1�, Liat Stoler-Barak1�, and Ziv Shulman1�

Antibody-mediated immune responses in mucosal tissues are critical for defending against pathogens while maintaining 
homeostasis with commensals. Nasal vaccination aims to induce local protection in the upper airway mucosa. Although B cell– 
driven immunity is well characterized in gut-associated lymphoid tissues such as Peyer’s patches and mesenteric LNs, much 
less is known about analogous processes in the upper airways. Here, we show that B cell receptor (BCR) affinity and CCR6 
regulate germinal center (GC) seeding and class-switch recombination (CSR) to IgA in nasal-associated lymphoid tissue (NALT) 
following nasal vaccination. B cells bearing low-affinity BCRs failed to upregulate CCR6 and did not support T follicular helper 
cell differentiation or seed GCs in the NALT. CCR6-deficient B cells were unable to migrate to the NALT subepithelial dome or 
undergo IgA CSR and seed GC effectively in response to nasal vaccination or commensal bacteria signals. Thus, effective 
targeting of B cell clones to induce CCR6 expression is essential for nasal vaccine design.

Introduction
Mucosal surfaces are constantly exposed to commensal bacteria 
and harmful pathogens (Pizzolla et al., 2017; Moseman et al., 
2020). To prevent bacterial invasion into the host tissues, im
mune cells reside beneath the lamina propria, which is located 
just under the gut epithelial barrier (Agace and McCoy, 2017). 
These populations comprise cells of the adaptive immune re
sponse, such as various types of T cells, including γδ T cells and 
Th17, as well as antibody-secreting cells, which help prevent 
microbes from invading host tissues (Pabst and Slack, 2020; 
Pabst and Nowosad, 2023; Bemark et al., 2024; Linehan et al., 
2015). The mucosal plasma cells originate in the mucosa-associated 
lymphoid tissues, where B cells encounter antigens and form 
germinal centers (GCs) (Liu and Shulman, 2022; Mora and von 
Andrian, 2008; Fritz et al., 2011). IgA is the major immuno
globulin isotype that protects mucosal tissues in mice, and these 
antibodies can be transported through the gut epithelial lining 
into the lumen (Siniscalco et al., 2024).

In mice, B cell class switching to IgA mainly occurs in Peyer’s 
patches (PPs), specialized lymphoid organs that lack defined 
afferent lymphatic vessels, and instead, actively collect antigens 
from the gut lumen (Lycke and Bemark, 2012). In these lymphoid 
organs, microfold cells (M cells) in the follicular-associated ep
ithelium (FAE) deliver antigens into the subepithelial dome (SED), 
a structure not found in typical draining LNs (Schulz and Pabst, 
2013; Komban et al., 2019; Kelsall and Strober, 1996; Neutra et al., 

1996; Ualiyeva et al., 2024; Cook et al., 2000). In the SED, B cells 
interact with gut-derived antigens and express CCR6, which at
tracts them to CCL20, expressed by epithelial cells that cover the 
PPs, enabling the B cells to respond to local signals (Reboldi and 
Cyster, 2016; Biram et al., 2019; Bergqvist et al., 2012; Cook et al., 
2000). Various cell types that reside in the SED, including den
dritic cells and innate-like lymphoid cells, promote class-switch 
recombination (CSR) to IgA via TGFβ signaling (Reboldi et al., 
2016). B cells subsequently modulate the expression of chemo
attractant and repellent receptors to support their movement to 
the mid-follicle area and seed GCs (Green and Cyster, 2012; 
Gallman et al., 2021; Pereira et al., 2009). Although CCR6 is es
sential for IgA CSR, CCR6 is not necessary for commensal bacteria- 
driven GC formation in PPs (Biram et al., 2019; Reboldi et al., 2016; 
Reimer et al., 2017). Within the PP SED, B cells are subjected to an 
affinity-based checkpoint, and while low-affinity clones can ex
pand in response to antigen, they cannot progress and seed GCs as 
their high-affinity counterparts (Biram et al., 2019). In addition to 
B cells, other cell types are found in the SED, including macro
phages and lysozyme-expressing dendritic cells (Bonnardel et al., 
2015; Da Silva et al., 2017; Mörbe et al., 2021; Jain et al., 2023), as 
well as T follicular helper (Tfh) cells that support local cell dif
ferentiation (Biram et al., 2019).

In mice, the nasal-associated lymphoid tissue (NALT) also 
contains the SED microanatomical site, and limited evidence 
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supports the existence of SED features such as M cells in the FAE 
of additional lymphoid organs, such as the bronchus-associated 
lymphoid tissue (Kiyono and Fukuyama, 2004; Nacer et al., 2014; 
Kimura et al., 2019). The NALT hosts chronic GCs that form in 
response to commensal bacteria under homeostatic conditions 
(Liu et al., 2024; Randall, 2015). In addition, immune cells within 
this organ respond to airborne pathogens and nasal vaccines (Liu 
et al., 2024; Mao et al., 2022). GC B cells in NALT produce 
antibody-secreting cells that migrate to the nasal tissues, in
cluding the turbinate area and the olfactory epithelium, where 
they secrete IgA antibodies (Wellford et al., 2022; Liu et al., 2024; 
Nakashima and Hamashima, 1980). This immune cell site is 
important for the response to airborne pathogens since anti
bodies are unable to reach the olfactory mucosa; instead, plasma 
cells enter both this site and the turbinate region and secrete 
antibodies to provide local protection (Wellford et al., 2022; 
Gailleton et al., 2025; Liu et al., 2024).

While the roles of B cell translocation to the SED and BCR 
affinity in PPs are well established, it remains unknown whether 
they serve a similar function in the NALT. Several recent im
portant studies examined the immune cell composition, in
cluding IgA+ B cells, in adenoids of the human upper airways, 
setting the stage for functional analyses (Coates et al., 2025; 
Ramirez et al., 2024). Here, we find that low-affinity B cell clones 
are unable to respond to antigen in the NALT, nor upregulate 
CCR6. Furthermore, we find that CCR6 is required for IgA for
mation in the NALT and for effective GC seeding in response to 
nasal vaccination, but not in response to commensal bacteria. 
Collectively, this study highlights both shared and unique 
functions of BCR affinity and CCR6 in B cells within different 
mucosal non-draining lymph nodes (LNs), which can be lever
aged for nasal vaccine design (Lund and Randall, 2021; Hartwell 
et al., 2022).

Results
B cells carrying low-affinity BCR are unable to seed GCs in the 
NALT
To study the B cell immune response in the NALT, we used an 
adoptive cell transfer model with antigen-specific T and B cells 
followed by nasal vaccination (Liu et al., 2024; Bergqvist et al., 
2012). Host mice were adoptively transferred with B1-8hi or 
B1-8lo B cells (enriched for antigen-specific λ+ cells) that respond 
to 4-hydroxy-3-nitrophenylacetyl (NP) and CD4+ OT-II T cells 
specific for an OVA peptide in the context of MHC-II I-Ab 
(Shulman et al., 2014). The mice were vaccinated i.n. with NP- 
OVA mixed with the synthetic TLR-4 ligand, monophosphoryl 
lipid A (MPLA), as an adjuvant (Liu et al., 2024). We did not use 
LPS as an adjuvant because a previous study showed that it has 
an adverse effect on GC responses (Biram et al., 2022). After 
5 days, the NALTs were dissected and analyzed by either whole- 
organ imaging using two-photon laser scanning microscopy 
(TPLSM) or flow cytometry (Fig. 1 A).

To examine the role of BCR affinity in GC formation within 
the NALT, we transferred either Rosa26tdTomato/+ B1-8hi or B1-8lo 

cells, which carry BCRs specific for NP with 40-fold lower af
finity, mixed with CD4+ OT-II T cells, into host mice. Since the 

NALT has an irregular shape, we initially used activation- 
induced cytidine deaminase (AID) reporter host mice to visual
ize the location of preexisting GCs, where the transferred cells 
are expected to form new GC reactions (Yang Shih et al., 2002; 
Rommel et al., 2013). TPLSM imaging on day 5 of the response 
showed B cell expansion and GC seeding by B1-8hi B cells, but not 
by B1-8lo B cells in the NALT, and similar results were observed 
in the mediastinal LNs (MedLNs) (Fig. 1 B). We then used flow 
cytometry to quantify antigen-specific B cell responses and GC 
formation. While B1-8hi B cells expanded and formed GCs, B1-8lo 

B cells did not, as they neither expanded nor expressed GC 
markers in the NALT and MedLNs (Fig. 1, C and D). In a previous 
study, we demonstrated that antigen-specific B cells can respond 
in the NALT only after priming of T cells through i.p. injection of 
antigen or CD4+ OT-II T cell transfer (Liu et al., 2024; Mao et al., 
2022). To examine if T cell priming can recruit B1-8lo into the GC 
response, we repeated this experiment using high- and low- 
affinity B cell clones. As expected, while B1-8hi responded to 
the boost after T cell priming, B1-8lo were unable to expand 
under these conditions (Fig. 1, E and F). Thus, in contrast to PPs, 
in which very low-affinity B clones can respond to antigen 
(Biram et al., 2019), in the NALT, only high-affinity variants can 
expand and seed GCs.

Low-affinity B cell clones are unable to seed GCs in the NALT in 
the absence of competition
To determine whether the inability of B1-8lo B cells to form GCs 
depends on competition with endogenous polyclonal B cells, we 
transferred B1-8hi or B1-8lo B cells into MD4 mice, in which 99% 
of endogenous B cells carry an irrelevant BCR, and imaged the 
NALT at day 7 after NP-OVA nasal immunization (Schwickert 
et al., 2011). Similar to the results in WT hosts, in the absence of 
competition, B1-8lo B cells in the NALT of MD4 mice were unable 
to form GCs. In contrast, B1-8lo B cells were able to form GCs in 
the MedLNs in the absence of competition (Fig. 2, A and B). A 
more detailed time course analysis confirmed that B1-8hi B cells 
but not the B1-8lo B cells expanded and formed GCs at day 3 of the 
response. At days 5 and 7 after vaccination, B1-8lo B cells were 
detected in the NALT of some of the mice, yet their frequency 
was significantly lower compared with B1-8hi B cells (Fig. 2 C). 
B1-8lo B cells were also detected on day 5 in the MedLNs, and 
there was no statistically significant difference on day 7 when 
compared with B1-8hi B cells. These data confirm previous 
findings demonstrating the ability of low-affinity clones to form 
GCs in draining LNs when competition with high-affinity 
counterparts is lacking (Fig. 2 D) (Schwickert et al., 2011). 
Therefore, in contrast to PPs and MedLNs, in which very low- 
affinity B clones can respond to antigen (Biram et al., 2019), in 
the NALT, primarily high-affinity variants can expand and seed 
GCs, independently of interclonal competition.

To examine whether the low-affinity clones can be detected 
in other organs at later time points, we repeated the experiment 
and analyzed the presence of transferred cells in the spleen and 
bone marrow (BM). A small but reproducible population of 
B1-8hi B cells was detected in the spleen of all of the MD4 mice 
14 days after nasal vaccination, while in two out of six mice, 
B1-8lo cells were detected as well; in both of these mice, the 
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B1-8lo had a GC phenotype (Fig. 2, E and F). These data suggest 
that initial low- and high-affinity clones have the potential to 
migrate to the spleen after i.n. vaccination and form GCs.

The inability of the low-affinity B cell clones to form GCs can 
be either a result of a lack of T cell help or ineffective BCR 
triggering. To examine whether low-affinity clones can respond 
to nonprotein antigens that are independent of T cell help, we 
transferred into WT mice either B1-8hi or B1-8lo B cells followed 
by nasal immunization with NP-Ficoll and MPLA. While B1-8hi 

B cells responded to the vaccination by cell expansion, very few 
B1-8lo B cells were detected in the NALT and MedLNs (Fig. 2 G). 

In addition, B1-8hi B cells were able to differentiate into plasma 
blasts in MedLNs and in the NALT of some of the mice, while the 
few detected B1-8lo B cells were negative for CD138 (Fig. 2 H). 
Thus, GC seeding and T cell–independent responses in the NALT 
require a minimum BCR affinity threshold.

Formation of Tfh cells in the NALT depends on BCR affinity
Proper differentiation of CD4+ T cells to Tfh cells requires in
teraction with B cells that present cognate antigen on their 
surface (Crotty, 2019; Baumjohann et al., 2013). We examined 
whether the affinity of the cognate B cell receptor regulates the 

Figure 1. B cells carrying low-affinity BCR are unable to seed GC in the NALT. (A) Schematic representation of the experimental setup shown in B–D. (B) 
AID-GFP mice were injected with Rosa26tdTomato/+ B1-8hi or B1-8lo B cells mixed with nonfluorescent CD4+ OT-II T cells followed by i.n. immunization with NP- 
OVA + MPLA. TPLSM images of NALT and MedLN 5 days following immunization are shown. n = 3 for each time point; two independent experiments. (C and D) 
WT mice were adaptively transferred with GFP+ B1-8hi or Rosa26tdTomato/+ B1-8lo B cells mixed with nonfluorescent CD4+ OT-II T cells. LNs were analyzed by 
flow cytometry 5 days after i.n. NP-OVA + MPLA immunization. n = 6; two independent experiments. Unpaired two-tailed Student’s t test; data represent mean 
± SEM; *, P < 0.05; **, P < 0.01; ***, P < 0.001. (E) Experimental design for F. (F) Flow cytometry plots and frequency of B1-8hi or B1-8lo B cells 7 days after i.n. 
NP-OVA + MPLA boost. n = 6; two independent experiments. Unpaired two-tailed Student’s t test; data represent mean ± SEM; ***, P < 0.001.
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Figure 2. Low-affinity B cell clones are unable to seed GCs in the NALT independent of competition. (A) MD4 mice were adoptively transferred with 
GFP+ B1-8hi or Rosa26tdTomato/+ B1-8lo B cells. NALT and MedLN were removed and imaged by TPLSM on day 7 following i.n. NP-OVA + MPLA immunization. 
Scale bars, 200 µm. n = 4 for each time point; two independent experiments. (B–D) MD4 mice were injected with GFP+ B1-8hi or Rosa26tdTomato/+ B1-8lo B cells. 
NALT and MedLN were collected and analyzed by flow cytometry on day 3, 5, and 7 following i.n. NP-OVA + MPLA immunization. Representative plots for GC 
B cells on day 5 are shown (B). Flow cytometry quantification for GC B cell percentage of B1-8hi or B1-8lo B cells. Day 3, n = 5–6; day 5, n = 4–6; day 7, n = 5–7; six 
independent experiments. Unpaired two-tailed Student’s t test; data represent mean ± SEM; *, P < 0.05; **, P < 0.01; ***, P < 0.0001; ns, not significant (C and 
D). (E and F) MD4 mice were injected with Rosa26tdTomato/+ B1-8hi or B1-8lo B cells mixed with CD45.1+ OT-II T cells. LNs, BM, and spleen were collected and 
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T cell response within the NALT in WT host mice. On day 5 after 
immunization, the frequency of activated OT-II T cells in the 
NALT was 1.5-fold lower when they were transferred with B1-8lo 

compared with B1-8hi B cells; yet a significant number of OT-II 
T cells were detected in this structure (Fig. 3 A). In contrast, in 
the MedLN, more OT-II T cells were detected following B1-8lo 

B cell transfer. Although the differences were statistically sig
nificant, they were small, and in both organs, the recovered 
T cells expressed activation markers (CD44+ and CD62L−) (Fig. 3, 
B–D). In the NALT, the differentiation of OT-II T cells into Tfh 
cells was markedly less efficient in the presence of B1-8lo B cells 
than in the presence of B1-8hi B cells. These results suggest that 
OT-II T cells differentiate into distinct T cell subsets rather than 
Tfh cells when antigen-specific B cells do not respond to the 
cognate antigen effectively. No such difference was observed in 
the MedLNs (Fig. 3, E and F), which supported a polyclonal re
sponse regardless of the transferred B cells (Fig. S1, A and B). 
These results suggest that the two organs may differ in factors 
that promote Tfh cell formation, such as the presence of preex
isting polyclonal response in the NALT, and the ability of the 
MedLN to support vaccine-induced endogenous B cell response. 
A time course experiment in WT hosts demonstrated that nei
ther pre-GC nor GC Tfh cells were formed in the presence of 
B1-8lo during the immune response (Fig. 3, G and H). B1-8lo may 
lose to polyclonal B cells in pre-GC competition and therefore 
may be unable to support Tfh cell formation. To address this 
possibility, we repeated the experiments in MD4 mice, in which 
there is no competition by endogenous B cells, and found that 
B1-8lo cells were unable to promote Tfh cell formation in this 
setting, as well (Fig. 3 I). Collectively, while the NALT can sup
port T cell activation, high-affinity B cell clones are required to 
support Tfh cell formation.

CCR6 promotes GC formation in the NALT by high-affinity 
clones
In PPs, B cells upregulate CCR6, which is required for CSR to IgA, 
but not for GC formation, which is driven by bacterial antigens 
(Biram et al., 2019; Cook et al., 2000; Reboldi et al., 2016). To 
examine if CCR6 plays a similar role in the NALT, B1-8hi B cells 
were transferred into WT mice, followed by nasal vaccination 
with NP-OVA + MPLA and flow cytometry analysis after 1–7 days. 
CCR6 upregulation was detected on day 3 of the response, and 
expression of this receptor was detected on most responding 
B cells 7 days after vaccination (Fig. 4 A). FAS+ CD38+ B1-8hi B cells 
expressed CCR6, which was downregulated in GC B cells (FAS+, 
CD38−) (Fig. 4 B). B1-8lo B cells were unable to expand in response 
to nasal immunization and did not express CCR6 early during the 
response. Yet, on day 7, CCR6 was detected on a few B1-8lo B cells, 
suggesting that a delayed response might have occurred (Fig. 4 B). 
Thus, B cells with high-affinity BCRs effectively upregulate CCR6 
and participate in the immune response in the NALT.

To examine the role of CCR6, we crossed B1-8hi-transgenic 
mice with CCR6-deficient mice. Using adoptive cell transfer 
and TPLSM, we detected CCR6-deficient B1-8hi cells in the 
NALT in response to nasal vaccination on days 3–7 of the re
sponse, though in a smaller number compared with CCR6+/+ 

B1-8hi B cells (Fig. 4 C). To accurately quantify GC responses, we 
repeated the experiment and examined the transferred cells by 
using flow cytometry. This analysis revealed that CCR6-deficient 
B1-8hi cells expand and differentiate to GC B cells in response to 
nasal vaccination, less effectively than CCR6+/+ B1-8hi B cells 
(Fig. 4, D and E; and Fig. S1, C–F). In addition, OT-II T cells were 
unable to expand and form Tfh cells in the presence of CCR6- 
deficient B1-8hi B cells (Fig. 4, F and G). Collectively, these ex
periments show that B cell CCR6 is required for effective GC 
seeding and Tfh formation in the NALT in response to nasal 
vaccination.

Efficient CSR to IgA in the NALT requires B cell SED localization 
mediated by CCR6
In PPs, CSR to IgA depends on CCR6 expression, which guides 
B cells to the SED (Reboldi et al., 2016; Biram et al., 2019; Cook 
et al., 2000). To determine if CCR6 plays a similar role in the 
NALT, we first examined the location of WT and CCR6-deficient 
B1-8hi B cells in this organ. We previously demonstrated that 
antigen-specific B cells initially proliferate and form large cell 
clusters in the SED of the NALT and PPs (Liu et al., 2024; Biram 
et al., 2019). Using CX3CR1-GFP reporter mice and based on 
morphological analysis, we demonstrated that macrophages re
side in the SED in both the NALT and are distributed among the 
expanded CCR6+/+ antigen-specific B cells (Fig. 5 A) (Biram et al., 
2019). Together with our previous findings (Liu et al., 2024), 
these data confirm that the transferred antigen-specific B cells 
translocate to the SED in the NALT.

To determine if CCR6 directs B cells to the SED in the NALT, 
we first examined the location of WT and CCR6-deficient B1-8hi 

B cells in the NALT using AID reporter mice, in which B cells 
expressing, or that previously expressed AID are tdTomato+. On 
day 5 of the response, large clusters of transferred CCR6+/+ B1-8hi 

B cells were detected next to the nasal lumen, distant from the 
endogenous tdTomato+ GC B cells. These clusters represent the 
SED microanatomical site within the NALT (Liu et al., 2024). In 
contrast, CCR6-deficient B1-8hi B cells were unable to form these 
clusters and were scattered throughout the organ (Fig. 5 B). To 
link CCR6 and cell location to IgA CSR, we stained transferred 
B1-8hi B cells for surface IgA at days 5 and 7 after i.n. vaccination. 
CCR6 deficiency had an insignificant effect on B cell expansion 
on day 5 of the response, yet the frequency of IgA+ GC B cells was 
significantly reduced (Fig. 5, C and D). Analysis of all transferred 
B1-8hi B cells on day 7 after vaccination, including all B cell 
subtypes, and GC B cells in particular, demonstrated a defect in 
CSR to IgA in CCR6-deficient B cells (Fig. 5, E and F). Thus, CCR6 

analyzed by flow cytometry on day 14 following i.n. NP-OVA + MPLA immunization. n = 5–6; two independent experiments. Unpaired two-tailed Student’s 
t test; data represent mean ± SEM; ns, not significant. Flow cytometry quantifications for total transferred cells (E) and GC B1-8hi or B1-8low B cells (F) are 
shown. (G and H) WT mice were injected with Rosa26tdTomato/+ B1-8hi or B1-8lo B cells. LNs were analyzed by flow cytometry 5 days after i.n. NP-Ficoll + MPLA 
immunization. n = 6; two independent experiments. Unpaired two-tailed Student’s t test; data represent mean ± SEM; **, P < 0.01; ns, not significant.
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Figure 3. Formation of Tfh cells in the NALT depends on BCR affinity. (A–F) WT mice were injected with GFP+ B1-8hi or Rosa26tdTomato/+ B1-8lo B cells 
mixed with CD45.1+ OT-II T cells. Flow cytometry analysis of OT-II T cells was performed at day 5 following i.n. NP-OVA + MPLA immunization. n = 6; two 
independent experiments. Unpaired two-tailed Student’s t test; data represent mean ± SEM. *, P < 0.05; **, P < 0.01; ns, not significant. Flow cytometry plots 
and quantification of total OT-II T cells (A and B), activated CD44+ CD62L− OT-II T cells (C and D), CXCR5+ PD-1+ Tfh cells out of activated OT-II T cells (E and F) 
are shown. (G and H) Time course analysis of Tfh OT-II T cells formation in WT mice as in A. Day 1 n = 3; day 3, n = 3; day 5 n = 3; day 7 n = 2–3; one experiment. 
Unpaired two-tailed Student’s t test; data represent mean ± SEM. (I) Same experiment as in G using MD4 hosts. Day 3, n = 5–6; day 5, n = 8–9; day 7, n = 2–4; 
three independent experiments. Unpaired two-tailed Student’s t test; data represent mean ± SEM.
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Figure 4. GC formation by high-affinity B cell clones depends on CCR6 expression. (A) WT mice were adoptively transferred with GFP+ B1-8hi B cells and 
CD45.1+ OT-II T cells. CCR6 expression on B1-8hi B cells was assessed by flow cytometry at the indicated time points after i.n. NP-OVA + MPLA immunization. 
Day 1, n = 3; day 3, n = 9; day 5, n = 9; day 7, n = 9; three independent experiments. Data represent mean ± SEM. (B) WT mice were adoptively transferred with 
GFP+ B1-8hi or Rosa26tdTomato/+ B1-8lo B cells, together with CD45.1+ OT-II T cells. The frequency of CCR6 expressing B1-8hi and B1-8lo B cells was analyzed by 
flow cytometry at the indicated time points. Day 3, n = 3–9; day 5, n = 3–9; day 7, n = 2–9; three independent experiments. Data represent mean ± SEM. (C) WT 
mice were adoptively transferred with GFP+ CCR6+/+ or CCR6−/− B1-8hi B cells, and Rosa26tdTomato/+ OT-II T cells. NALTs were imaged on days 3, 5, and 7 after 
i.n. NP-OVA + MPLA immunization, using TPLSM. Scale bars, 200 µm. For each time point, n = 2–4 mice; two independent experiments. (D–G) WT mice were 
adoptively transferred with GFP+ CCR6+/+ or CCR6−/− B1-8hi B cells and Rosa26tdTomato/+ OT-II T cells. Transferred cells (D), GC B cells (E), OT-II T cells (F), and 
OT-II Tfh T cells (G) subsets were quantified by flow cytometry on day 7 following i.n. NP-OVA + MPLA immunization. n = 5–11; three independent experiments. 
Unpaired two-tailed Student’s t test; data represent mean ± SEM; *, P < 0.05; **, P < 0.01; ****, P < 0.0001.
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is necessary for B cell positioning in the SED and effective CSR to 
IgA in the NALT.

CCR6 is required for the formation of IgA GC B cells in the NALT 
in response to commensal bacteria
Our findings using transgenic immune cells indicate that CCR6 
plays a significant role in B cell immune responses in the NALT. 
Affinity-based clonal selection was previously demonstrated in 
response to orally delivered antigens and in response to com
mensal bacteria in a polyclonal immune response in PPs 
(Nowosad et al., 2020; Chen et al., 2020; Biram et al., 2019). To 
investigate the role of CCR6 in a polyclonal immune response to 
commensal bacteria within the NALT, we examined its function 
in B cells responding to these bacteria. We previously demon
strated that in the NALT of germ-free (GF) mice, GCs were 

smaller compared with those in specific pathogen–free (SPF) mice 
(Liu et al., 2024). In PPs, the most abundant BCR isotypes are IgA 
and IgG1 (Riedel et al., 2020; Lycke and Bemark, 2012); however, 
in the NALT, IgG2b was more abundant than IgA, and no IgG1+ GC 
B cells were detected (Fig. 6 A). In addition, in GF mice, most of the 
B cells in the PPs expressed IgG1 (Nowosad et al., 2020; Chen et al., 
2020; Biram et al., 2019), whereas the NALT B cells lacked IgG1 
and mainly expressed IgG2b (Fig. 6 A). While IgA is expected to be 
specific to commensals, less data are available about the ability of 
IgG2b to bind bacteria. It was shown that, following antibiotic 
treatment, IgG2b+ B cells are reduced in PPs, and commensal- 
reactive bacteria in the sera are diminished as well (Okada 
et al., 2025) and IgG2b+ B cell found in cecal patches show 
bacteria-binding activity (Tsuda et al., 2022). It is most likely 
that the IgG2b in the NALT functions in a similar manner.

Figure 5. IgA class switching in the NALT depends on CCR6-mediated B cell positioning in the SED. (A) CX3CR1-GFP mice were adoptively transferred 
with Rosa26tdTomato/+ B1-8hi B cells and CD45.1+ OT-II T cells. NALTs were imaged on day 5 after i.n. NP-OVA + MPLA immunization using TPLSM. Scale bars, 
50–100 µm. n = 2; one experiment. (B) AicdaCre/+ Rosa26Stop-tdTomato/+ mice were adoptively transferred with GFP+ CCR6+/+ or CCR6−/− B1-8hi B cells and 
CD45.1+ OT-II T cells. NALTs were imaged on day 5 after i.n. NP-OVA + MPLA immunization using TPLSM. Scale bars, 100 µm. n = 3; one experiment. (C–F) WT 
mice were adoptively transferred with GFP+ CCR6+/+ or CCR6−/− B1-8hi B cells and OT-II T cells followed by NP-OVA + MPLA i.n. immunization. Transferred B1- 
8hi B cells (C) and IgA+ GC subsets (D) were quantified by flow cytometry on day 5; the frequency of IgA+ B cells was quantified out of the total transferred cells 
(E) or GC B cells (F) on day 7. Day 5, n = 6–7; day 7, n = 11; four independent experiments. Unpaired two-tailed Student’s t test; Data represent mean ± SEM; ***, 
P < 0.001; ****, P < 0.0001; ns, not significant.

Liu et al. Journal of Experimental Medicine 8 of 13 
CCR6 and BCR affinity regulate nasal IgA responses https://doi.org/10.1084/jem.20251901 

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
r
u
p
r
e
s
s
.
o
r
g
/
j
e
m
/
a
r
t
i
c
l
e
-
p
d
f
/
2
2
3
/
4
/
e
2
0
2
5
1
9
0
1
/
2
0
2
6
7
9
4
/
j
e
m
_
2
0
2
5
1
9
0
1
.
p
d
f
 
b
y
 
g
u
e
s
t
 
o
n
 
1
7
 
M
a
y
 
2
0
2
6



To examine the contribution of CCR6 to CSR in a polyclonal 
immune response against commensal bacteria, we compared 
GCs in WT and CCR6-deficient SPF mice and found that the latter 
lacks GC B cells in their NALTs (Fig. 6 B), similar to the PPs in 
mice that globally lacks CCR6 (Cook et al., 2000; Reboldi et al., 
2014; Biram et al., 2019). Thus, in contrast to an approach based 
on transgenic B cells, we were unable to examine IgA expression 
in bacteria-driven GC B cells within these CCR6-deficient mice. 
CCR6 is expressed on several cell types, including B cells, which 
may affect the outcome of this experiment. To overcome this 
problem, we reconstituted irradiated WT mice with mixed BM 
cells derived from CCR6-WT and CCR6-deficient mice (∼50% of 
each BM) (Fig. 6 C). Indeed, under these conditions, GCs were 
formed by both WT and CCR6-deficient B1-8hi B cells, demon
strating that the defect in CCR6-deficient cells was B cell extrinsic 
(Fig. 6, D and E). However, the frequency of CCR6-deficient B cells 
in the GC was slightly lower compared with WT (Fig. 6 E). The 
frequency of total IgA+ B cells in the NALT was lower in the CCR6- 
deficient B cell population, yet a clear cell population was detected 
(Fig. 6 F). Nonetheless, nearly no IgA+ GC B cells were detected 

among the CCR6-deficient cell population (Fig. 6 G). In contrast, 
there was no reduction in the frequency of IgG2b+ GC B cells, and, 
in fact, their percentage was increased due to a decrease in IgA+ 

GC B cells (Fig. 6 G). Thus, CCR6 is required for the formation of 
IgA but not IgG2b+ GC B cells in response to commensal bacteria in 
the NALT.

Discussion
Antibody-secreting cells are crucial for protecting mucosal 
surfaces from harmful pathogens and for maintaining balance 
with commensal bacteria (Oh et al., 2021). Although the main 
principles of B cell immune responses are similar between mu
cosal tissues and typical draining LNs, some important differ
ences exist (Biram et al., 2019; Biram et al., 2020; Reboldi and 
Cyster, 2016). Here, we show that B cells with low-affinity BCRs 
cannot respond to antigen nor upregulate CCR6 in the NALT and 
form IgA+ GC B cells. Our findings suggest that effective antigen 
receptor triggering in the NALT is linked to proper B cell posi
tioning in the NALT SED, where CSR to IgA occurs.

Figure 6. CCR6 is required for bacteria-driven IgA GC B cell formation in the NALT. (A) Quantification by flow cytometry of B cell isotypes in NALTs from 
SPF or GF mice under homeostasis. IgA+, IgG2b+, and IgG1+ populations were gated from Fas+CD38−B220+ GC B cells. n = 8–10; two independent experiments. 
Unpaired two-tailed Student’s t test; data represent mean ± SEM; **, P < 0.01. (B) Flow cytometry analysis of GC B cells in NALT from CCR6+/+ or CCR6−/− SPF 
mice. n = 6–10; three independent experiments. Unpaired two-tailed Student’s t test; data represent mean ± SEM; *, P < 0.05. (C) Experimental design of mixed 
BM chimeras generated with CCR6+/+ and CCR6−/− donors. (D–G) Flow cytometry analysis of B cell subsets in NALTs from BM chimeras. CCR6+/+ and CCR6−/− 

B cells were gated from B220+ B cells (D); GC (Fas+CD38−) B cell populations were gated from CCR6+/+ or CCR6−/− B220+ cells in D (E); IgA+ and IgG2b+ 

populations were gated from CCR6+/+ or CCR6−/− B220+ cells (F), or from CCR6+/+ or CCR6−/− GC B cells (G). n = 9; two independent experiments. Paired two- 
tailed Student’s t test; data represent mean ± SEM; *, P < 0.05.
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Although the B1-8lo B cells had the potential to respond to the 
NP antigen, as shown in previous studies in draining LNs and 
PPs (Schwickert et al., 2009; Biram et al., 2019) and demonstrated 
here in MedLN of MD4 mice, they did not respond to the nasal 
vaccination in the NALT. These findings indicate that a minimal 
affinity is required for response to an antigen in this organ and 
suggest that high levels of antigen or continuous antigen avail
ability are needed when using nasal vaccine for the activation of 
low-affinity clones (Cirelli et al., 2020). A limitation of using B1-8lo 

B cells is that they express extremely low-affinity BCRs, and it is 
most likely that cells bearing intermediate-affinity receptors are 
able to respond to the antigen in the upper airways.

Our study revealed several factors shared between the NALT 
and the PPs. Both organs support IgA CSR in a manner dependent 
on CCR6, a GPCR that attracts cells to the SED niche (Cook et al., 
2000). It is most likely that the SED of the NALT contains all cell 
types and molecules supporting CSR to IgA, including TGFβ, cells 
expressing αVβ8, and Rorγt+ innate lymphoid cells (Reboldi and 
Cyster, 2016). In addition, the finding reveals some differences 
between the two organs: in PPs, low-affinity B cells can expand in 
the SED but cannot seed GCs, while in NALT, they do not expand 
at all, even in the absence of competing B cells (Biram et al., 2019). 
Using adoptive cell transfer and vaccination, we show that, sim
ilar to PPs, most GC B cells express IgA in response to vaccination 
with cognate antigen in the NALT. However, in contrast to PPs, in 
a polyclonal response, most NALT GC B cells, driven by com
mensal bacteria, express IgG2b rather than IgG1. These ob
servations suggest that a different “natural” adjuvant drives the 
commensal-driven response in NALT compared with the PPs.

We and others showed that while GC formation in response to 
commensal bacteria is not CCR6-dependent, vaccine-induced 
GCs require this GPCR in both the NALT and PPs (Reboldi 
et al., 2016; Biram et al., 2019). The NALT is a very small struc
ture compared with PPs, and exposure to antigen delivered by 
vaccination is expected to be very inefficient compared with 
chronic stimulation by commensal bacteria or replicating virus 
(Davis, 2001). Therefore, CCR6 expression and localization 
within the SED may enable B cell exposure to antigen for longer 
periods within the NALT tissue. Ectopic GCs were detected in the 
nasal cavity and in the lungs; however, since they are not part of 
a defined lymphoid organ, they lack SED in their proximity 
(Gailleton et al., 2025; Denton et al., 2019). Nonetheless, these 
GCs may recruit IgA+ memory B cells that were formed in SED- 
containing lymphoid organs or support rare events of sequential 
CSR (Siniscalco et al., 2025). CSR to IgA in the PPs can take place 
without T cell help, but no GCs are formed or when T cell help is 
sub-optimal (Biram et al., 2020; Bergqvist et al., 2006; Bergqvist 
et al., 2010). IgA-expressing non-GC B cells were found in the 
NALT despite lacking CCR6, suggesting that IgA CSR may occur 
through other pathways, potentially involving sequential CSR 
(Siniscalco et al., 2025). Furthermore, IgA+ B cells can be formed 
by a specific cell subset known as type 1 Tfh cells, which can be 
primed by B cells (Haniuda et al., 2025). It is most likely that the 
formation of these Tfh cells depends on BCR affinity, high level 
of antigen presentation, and CCR6, as well.

Overall, our findings might have implications for the devel
opment of mucosal immunizations and suggest that a large 

antigen dose or a nasal vaccine with sustained release of antigen 
in the upper airways might be more effective in promoting the 
activation of B cells that carry lower affinity BCRs in the SED 
(Cirelli et al., 2020). Thus, developing nasal immunization that 
targets high-affinity B cell clones or with a prolonged antigen 
exposure period may facilitate the recruitment of antigen- 
specific B cells to the SED and provide more effective vaccine- 
induced protection (Topol and Iwasaki, 2022).

Materials and methods
Mice
Transgenic Igλ B1-8hi and Igλ B1-8lo knock-in mice were pro
vided by M.C. Nussenzweig (The Rockefeller University, New 
York, NY, USA). AID-GFP mice were generated by R. Casellas 
(National Institute of Arthritis and Musculoskeletal and Skin 
Diseases, National Institutes of Health, Bethesda, MD, USA) and 
obtained from M.C. Nussenzweig. CD45.1 congenic mice were 
provided by R. Alon (Weizmann Institute of Science, Rehovot, 
Israel). GF mice were provided by E. Elinav (Weizmann Institute 
of Science, Rehovot, Israel). CX3CR1-GFP mice were provided 
by S. Jung (Weizmann Institute of Science, Rehovot, Israel). 
CCR6−/−, GFP+, Rosa26tdTomato/+, OT-II, and MD4 transgenic mice 
were purchased from The Jackson Laboratory. GFP+ and Ro
sa26tdTomato-expressing mice (with a germline deletion of the 
stop codon) were crossed to Igλ B1-8hi and B1-8lo or OT-II mice. 
C57BL/6 wild-type mice were purchased from Harlan Labora
tories. For the generation of CD45.2 CCR6−/− and CD45.1 CCR6+/+ 

mixed chimeric mice, WT hosts were irradiated with 950 rad 
and then reconstituted with mixed BM cells at a 1/1 ratio. Mice 
were used 8 wk after BM reconstitution. All mice were main
tained under SPF conditions in the Weizmann Institute animal 
facility at 18–23°C, 40–60% humidity, and a 12-h light/dark cycle. 
Host mice were all male (8–12 wk old), while donor mice were 
male (OT-II, B1-8hi, and B1-8lo) or female (B1-8hi and B1-8lo). All 
procedures were performed in accordance with protocols ap
proved by the Weizmann Institutional Animal Care and Use 
Committee.

Adoptive cell transfer
Single-cell suspensions were prepared by gently pressing 
spleens through a 70-µm cell strainer (BD Biosciences) into PBS 
containing 2% FBS (Gibco) and 1 mM EDTA. CD4+ T cells were 
isolated using the CD4+ T Cell Isolation Kit (130-104-454; Mil
tenyi). B cells were purified by negative selection with anti-CD43 
microbeads (130-049-801; Miltenyi). For Igλ+ B cell enrichment, 
cells were incubated with anti-Igκ-PE antibody (BioLegend) for 
30 min at 4°C, washed, and Igκ+ cells were depleted using anti- 
PE microbeads (130-048-801; Miltenyi). Enrichment of Igλ+ cells 
was confirmed by flow cytometry. Purified cells (1 × 106 total; 
0.5 × 106 of each population, or 0.5 × 106 of a single population) 
were resuspended in 100 μl PBS and transferred intraorbitally 
into anesthetized recipient mice.

i.n. immunizations
NP-OVA (Cat# N-5051-100; NP15-OVA, Biosearch Technologies) 
and NP-Ficoll (Cat# F-1420-10; NP46-AECM-FICOLL, Biosearch 

Liu et al. Journal of Experimental Medicine 10 of 13 
CCR6 and BCR affinity regulate nasal IgA responses https://doi.org/10.1084/jem.20251901 

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
r
u
p
r
e
s
s
.
o
r
g
/
j
e
m
/
a
r
t
i
c
l
e
-
p
d
f
/
2
2
3
/
4
/
e
2
0
2
5
1
9
0
1
/
2
0
2
6
7
9
4
/
j
e
m
_
2
0
2
5
1
9
0
1
.
p
d
f
 
b
y
 
g
u
e
s
t
 
o
n
 
1
7
 
M
a
y
 
2
0
2
6



Technologies) were used as antigens, and MPLA (Cat# 699800P; 
Avanti Polar Lipids) served as a mucosal adjuvant. Mice were 
anesthetized, placed in a supine position, and immunized i.n. 
with 30 μl PBS containing 10 µg NP-OVA or NP-Ficoll and 20 µg 
MPLA (15 μl per nostril). Immunizations were performed 8–24 h 
after adoptive cell transfer.

Lymphoid organ dissection
NALTs were dissected as described previously (Liu et al., 2024). 
Mice were euthanized by cervical dislocation, and the lower jaw 
and tongue were removed. Heads were rinsed in ice-cold PBS 
and pinned to a wax dissection surface to expose the upper 
palate. Palates were excised with a no. 15 scalpel blade and gently 
separated from surrounding tissues by gripping behind the in
cisors with fine forceps and freeing tissue between the palate, 
jawbones, and nasal septum. For MedLN isolation, the dia
phragm was incised, and the lower ribs were opened to the level 
of the thymus. Ribs were retracted and pinned to expose the 
thoracic cavity, the lung was gently displaced to the right, and 
the MedLN, located beneath the heart and adjacent to the ventral 
trachea, was excised with fine forceps.

Flow cytometry
LNs were dissected as described above and passed through a 70-µm 
cell strainer (BD Biosciences) into ice-cold FACS buffer (2% FBS and 
1 mM EDTA in PBS). Single-cell suspensions were incubated with 
2 µg/ml anti-CD16/32 (clone 93) for 5 min to block Fc receptors, 
washed, and stained for 30 min at 4°C with the following 
fluorochrome-conjugated antibodies (all from BioLegend). B cell 
panel: B220 PB, Fas PE/Cy7, CD38 AF 700, GL-7 PerCP5.5, 
CD138 BV605, IgA biotin + streptavidin–AF780, and CCR6 APC; 
T cell panel: CD45.1 APC, CD4 PB, CD44 V500, CD62L AF 700, 
CXCR5 biotin + streptavidin– AF780, and PD-1 PE/Cy7. GC B cells 
were defined as live/single B220+CD38loFashi, plasma cells as 
B220medCD138+, and Tfh cells as CXCR5+PD-1+CD62L−CD4+. 
tdTomato+ cells were detected in the PE channel. Samples 
were acquired on a CytoFLEX flow cytometer (Beckman Coulter) 
and analyzed by FlowJo (version 10.7.2) using standard gating 
strategies.

TPLSM imaging
Imaging was performed using a TPLSM Zeiss LSM 880 upright 
microscope equipped with a Coherent Chameleon Vision II 
femtosecond-pulsed laser tuned to 940 nm. Emission was split 
with a 565 LPXR dichroic beamsplitter to a PMT detector (579– 
631-nm bandpass filter for tdTomato) and with an additional 505 
LPXR mirror to two GaAsP detectors (500–550 nm for GFP/FITC, 
460–480 nm for CFP). Dissected NALT and MedLN were placed 
in PBS on a coverslip and imaged with a 20×/1.05 NA Plan Apo 
objective (Zeiss). Images were acquired as 80–150-µm z-stacks 
with 10–15-µm steps, using a zoom of 1.5 and 512 × 512 resolution 
in the xy plane.

Statistical analysis
All the graphs were prepared, and statistical analyses were 
performed using GraphPad Prism (Version 10.0). The data in the 
figures are reported as mean ± SEM, and the P value, number of 

experiments, and mice used are provided in the figure legends. 
The statistical analysis was performed using Student’s t test.

Online supplemental material
Fig. S1 includes data on polyclonal B cell responses (A and B) and 
flow cytometry analyses comparing immunized and unimmu
nized mice that received CCR6-deficient B1-8hi B cells (C–F). Data 
in Fig. S1, A and B are related to Fig. 1, C and D; and Fig. 3, A–F.

Data availability
All data supporting the findings of this study are available within 
the main text and supplemental material. Additional raw flow 
cytometer and imaging data are also available upon reasonable 
request from the corresponding authors.
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Supplemental material

Figure S1. Polyclonal immune responses and the activation and expansion of CCR6-deficient B1-8hi B cells in the NALT. (A and B) Flow cytometry plots 
and GC percentage of polyclonal B cells in the NALT and MedLN of mice that received B1-8hi or B1-8lo B cells and OT-II T cells, followed by nasal vaccination with 
NP-OVA + MPLA. The data are from the experiments of Fig. 1, C and D; and Fig. 3, A–F. GL7+ FAS+ populations were gated from non–B1-8 B220+ B cells. n = 6; 
two independent experiments. Unpaired two-tailed Student’s t test; data represent mean ± SEM; ns, not significant. (C–F) Flow cytometry analysis of CCR6−/− 

B1-8hi B cells in the NALT of unimmunized mice and after nasal vaccination. WT mice were adoptively transferred with GFP+ CCR6−/− B1-8hi B cells and CD45.1+ 

OT-II T cells, followed by i.n. NP-OVA + MPLA, or were left unimmunized. NALTs were collected and analyzed by flow cytometry on day 5 after i.n. NP-OVA + 
MPLA immunization. CCR6−/− GFP+ B1-8hi B cells gated from B220+ population (C); activated (FAS+, GL-7+) (D), GC (FAS+, CD38−) (E), and CD69+ B cell (F) 
subsets are gated from CCR6−/− GFP+ B1-8hi B220+ cells. n = 6; two independent experiments. Unpaired two-tailed Student’s t test; Data represent mean ± SEM; 
**, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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