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Abstract 16 

Gut-derived antigens trigger immunoglobulin A (IgA) immune responses that are 17 

initiated by cognate B cells in the Peyer’s patch (PP). These cells colonize the 18 

subepithelial domes (SEDs) of the PP, and subsequently infiltrate into pre-existing 19 

germinal centers (GCs). Here, we defined the pre-GC events and the microanatomical site 20 

at which affinity-based B cell selection occurred in PPs. Using whole-organ imaging, we 21 

showed that the affinity of the B cell antigen receptor (BCR) regulated infiltration of 22 

antigen-specific B cells into GCs, but not clonal competition in the SED. Follicular 23 

helper-like T cells resided in the SED and promoted its B cell colonization, independently 24 

of the magnitude of BCR affinity. Imaging and immunoglobulin sequencing indicated 25 

that selective clonal-expansion ensued during infiltration into GCs. Thus, in PPs, in 26 

contrast to draining lymph nodes and spleen, T cells predominantly promoted expansion 27 

of B cells without clonal selection during pre-GC events. These findings have major 28 

implications for the design of oral vaccines.  29 

  30 



The initiation of an effective antibody immune response and establishment of enduring 31 

protection from invading pathogens depends on formation of long-lived plasma and 32 

memory B cells1–3. Generation of these cells takes place primarily in germinal centers 33 

(GCs) where B cells undergo diversification by somatic hypermutation (SHM) and 34 

affinity-based clonal selection4–7. These events lead to an increase in immunoglobulin 35 

affinity over time, a process known as antibody affinity maturation2,4,8. In draining lymph 36 

nodes (LNs) and in the spleen, antigen-specific B cells compete for GC entry at the 37 

boundary between the T cell zone and the B cell rich follicles based on the affinity of the 38 

B cell antigen receptor (BCR)9–11. Selection of B cells for GC seeding or for 39 

differentiation into early plasmablasts is regulated by T follicular helper cells (TFH cells), 40 

which physically interact with B cells and discern high- versus low-affinity clones based 41 

on the capacity of their BCR to take up and present antigen on their surface9,12. However, 42 

it remained unknown whether these findings also apply to mucosal-associated lymphoid 43 

organs.   44 

The major immunoglobulin isotype produced in intestinal tissues, IgA, is secreted by 45 

plasma cells that originate primarily from Peyer’s patches (PPs), lymphoid organs that 46 

are located along the small intestine13–15. As opposed to LNs, which drain lymphatics and 47 

typically lack B cell activity in the absence of stimulation, PPs lack afferent lymphatic 48 

vessels and host chronically-induced and T cell-dependent GCs that are formed in 49 

response to commensal bacteria and food-derived immunogens14,16. Antigens are 50 

predominantly transported from the gut lumen through the follicle-associated epithelium 51 

that covers the PP by specialized epithelial cells, known as microfold (M) cells17. These 52 

cells transcytose luminal antigens into the subepithelial domes (SEDs) in PPs, where B 53 



cells and antigen presenting cells reside16,18. CCR6 is a G-protein coupled receptor that 54 

mediates chemotactic migration of immune cells towards its ligand, CCL2019,20. In PPs, 55 

CCR6 plays a critical role in B cell entry into the SED, where the necessary signals for 56 

class switch recombination to the IgA isotype are provided20,21. Subsequently, antigen-57 

specific B cells do not migrate towards the T cell zone11 but rather infiltrate preformed 58 

GCs that support immune responses to different antigens20,22. Whether affinity-based 59 

selection takes place during the pre-GC events in the SED and the role of T cells in this 60 

process was not examined.  61 

In the current study, we used whole-organ imaging by light sheet fluorescence 62 

microscopy (LSFM) for detection of transgenic B cells bearing high or low affinity BCRs 63 

in PPs. This technique allowed us to efficiently visualize multiple niches within intact 64 

PPs and examine the impact of BCR affinity and T cell help on B cell colonization of the 65 

SED and GC compartments. We found that effective B cell expansion in the SED 66 

predominantly depended on local delivery of TFH cell-derived signals to antigen-specific 67 

B cells, independently of clonal selection.  68 

 69 

Results 70 

Whole-organ imaging captures all the SEDs and GCs in intact PPs 71 

B cells interact with antigen, express activation-induced cytidine deaminase (AID) and 72 

class switch to IgA within the SED compartment20,23. To visualize all B cell 73 

compartments in intact PPs, we used LSFM in AID fate-reporter mice 74 

AicdaCre/+Rosa26Stop-tdTomato/+, in which B cells express tdTomato fluorescent protein 75 

during and following AID expression24. LSFM imaging of intact PPs revealed GC 76 



structures that were coupled to clusters of tdTomato+ B cells within the SED facing the 77 

lumen of the gut (Fig. 1a, Supplementary Video 1). Expression of CCR6 on multiple 78 

cell types, is essential for proper formation and organization of the SED immune 79 

niche20,21,23. Accordingly, PPs derived from Ccr6-/-AicdaCre/+Rosa26Stop-tdTomato/+ hosted 80 

significantly fewer and smaller GCs compared to wild-type mice and no tdTomato+ B 81 

cells were detected in proximity to the lumen (Fig. 1a-c), indicating that whole-organ 82 

imaging detected B cells in the SEDs.  83 

To study the immune response of antigen-specific B cells in PPs, splenic B cell were 84 

isolated from mice that express DsRed or GFP ubiquitously and carry the IghB1-8hi heavy 85 

chain allele that generate a BCR specific for 4-hydroxy-3-nitrophenylacetyl (NP) when 86 

coupled with Igλ light chain25. B1-8hi DsRed+ Igλ+ B cells derived from these mice were 87 

transferred into wild-type mice prior to oral immunization. To effectively deliver a 88 

cognate oral immunogen into PPs through M cells, we used NP coupled to cholera toxin 89 

(NP-CT) as an antigen22. This type of oral immunization did not induce damage to the 90 

mucosal surfaces (Supplementary Fig. 1). To visualize B cell immune responses in 91 

defined GC and SED niches, we imaged transferred B1-8hi DsRed+ B cells in mice that 92 

carry an Aicda-transgene fused to GFP (AID-GFP)24. One day following cell transfer, 93 

AID-GFP host mice were orally immunized with NP-CT. Nine days after antigen 94 

administration, we detected B1-8hi DsRed+ B cells among host AID-GFP+ B cells in the 95 

GCs and SEDs of the PP (Fig. 1d, Supplementary Video 2), while almost no B1-8hi 96 

DsRed+ B cells were detected in the PPs of mice that did not receive NP-CT (Fig. 1d). 97 

Imaging of B1-8hi Ccr6GFP/+ DsRed+ B cells in wild-type mice immunized with NP-CT 98 

confirmed that B cells expressed CCR6 in the SED, but not in the GC (Fig. 1e)20,21. As 99 



expected, transferred B1-8hi DsRed+ B cells were found next to CD11c+ cells (DCs and B 100 

cells) and CX3CR1+ macrophages in the SED (Fig. 1f,g, Supplementary Video 3 and 101 

4)16,26. These results indicate that LSFM can be used for large-scale analysis of B cell 102 

immune responses in multiple compartments within the PP.  103 

 104 

BCR affinity regulates B cell GC entry but not SED colonization  105 

To assess whether an affinity-based B cell selection takes place in the SED, we examined 106 

the capacity of B1-8hi GFP+ Igλ+ and B1-8lo DsRed+ Igλ+  B cells which express BCRs 107 

with a 40-fold difference in affinity for NP, to colonize different PP compartments25. To 108 

minimize competition of transferred cells with endogenous B cells, we used MD4 host 109 

mice, in which nearly all B cells (99%) are specific for hen egg lysozyme (HEL)9,27,28. 110 

MD4 mice had pre-existing GCs in their PPs that contained HEL-specific B cells without 111 

prior exposure to antigen (HEL) (Supplementary Fig. 2a)27. Transferred B1-8hi GFP+ B 112 

cells had entered and expanded in the SED 4 days after NP-CT administration, and were 113 

detected in the GCs by day 9 (Fig. 2a-c, Supplementary Fig. 2b and Video 5). B1-8lo 114 

DsRed+ B cells expanded in the SED four days after NP-CT delivery, but were not 115 

detected in the GCs at day 9 and instead accumulated in the SED (Fig. 2a-c, 116 

Supplementary Video 6). These observations indicate that the magnitude of the BCR 117 

affinity regulated the infiltration of B cells into pre-existing GCs; however, B cells with 118 

low affinity BCRs were able to colonize the SEDs.   119 

To determine whether affinity-based competition took place in the SED, we co-120 

transferred a mixture of B1-8hi GFP+ and B1-8lo DsRed+ B cells at a 1:1 ratio into MD4 121 

hosts, followed by NP-CT delivery. After nine days, LSFM imaging indicated that B1-8hi 122 



GFP+ and B1-8lo DsRed+ B cells colonized the SED compartment to a similar extent, 123 

while the GC was composed entirely of B1-8hi GFP+ B cells (Fig. 2b,d). Accordingly, 124 

flow cytometric analysis revealed that very few transferred B1-8lo DsRed+ B cells (less 125 

than 9 %) expressed GC markers (FAS+CD38-) in MD4 host mice in response to NP-CT 126 

at day 9 post-antigen delivery, whether or not B1-8hi GFP+ B cells were present (Fig. 2e 127 

and Supplementary Fig. 2c). Thus, B cell affinity-based competition did not take place 128 

during SED colonization; however, GC infiltration and/or early GC competition 129 

depended on BCR affinity.  130 

Next, we investigated whether BCR affinity controlled B cell proliferative capacity in the 131 

SED. Intravenous infusion of the nucleoside analog 5-ethynyl-2’-deoxyuridine (EdU) 132 

into wild-type mice followed by flow cytometry analysis revealed that CD38+CCR6+IgA+ 133 

B cells in the SED were highly proliferative compared to CD38-CCR6-FAS+IgA+ GC B 134 

cells (Fig. 2f and Supplementary Fig. 2d). We also measured EdU incorporation by 135 

transferred B1-8hi GFP+ and B1-8lo DsRed+ B cells in wild-type mice that received NP-136 

CT orally. Flow cytometric analysis did not reveal a significant difference in EdU uptake 137 

between the two cell types (Fig. 2g), indicating that BCR affinity did not dictate the 138 

magnitude of B cell proliferation in the SED.   139 

Next, we examined whether BCR affinity plays a role in plasma cell formation within 140 

PPs. Two-photon laser scanning microscopy (TPLSM) imaging of PPs explanted from 141 

reporter mice, which carry a YFP transgene under the control the of Prdm1 promoter 142 

(Blimp-1-YFP) indicated the presence of scattered YFP+ plasma cells within the SED and 143 

in the interfollicular regions of the PP (Fig. 2h and Supplementary Fig. 3a). To 144 

examine whether B cells have the capacity to differentiate into plasmablasts early during 145 



the response, B1-8hi Blimp-1-YFP DsRed+ B cells were transferred into wild-type mice, 146 

and PPs were examined five days after NP-CT administration. TPLSM analysis of intact 147 

PPs revealed individual B1-8hi DsRed+ B cells that expressed Blimp-1-YFP in the SED 148 

compartment, as well as in the interfollicular regions (Fig. 2h, and Supplementary Fig. 149 

3b-c and Video 7). Flow cytometric analysis showed that on average 4.25 % of the 150 

transferred B1-8hi Blimp-1-YFP DsRed+ B cells were Blimp-1-YFP+ five days after NP-151 

CT administration (Supplementary Fig. 3d). Flow cytometry quantification of the 152 

frequency of CD138+ plasma cells among transferred B1-8hi GFP+ or B1-8lo DsRed+ B 153 

cells showed no significant difference between the two types of transferred B cells at day 154 

5 after NP-CT delivery (Fig. 2i), indicating BCR affinity did not influence plasma cell 155 

differentiation. These results indicate that in the SED, B cells rapidly proliferated and had 156 

the capacity to differentiate into early antibody forming cells; however, this process was 157 

not affected by the magnitude of their BCR affinity.   158 

 159 

TFH cells promote effective colonization of the SED and GC entry 160 

In LNs, after engagement with antigen, B cells interact with cognate T cells and receive 161 

help signals that promote clonal selection9,11. To investigate the role of T cells in the 162 

SED, B1-8hi GFP+ B cells were transferred into wild-type mice and allowed to colonize 163 

this compartment, followed by an intravenous dose of depleting antibody against CD4 164 

five days after NP-CT delivery. LSFM analysis nine days after immunization revealed 165 

that B1-8hi GFP+ B cells did not infiltrate the GCs and the size of the SED compartment 166 

was reduced by 1.77-fold compared to untreated wild-type mice (Fig. 3a-c). To 167 

specifically examine the role of T cell help in this process, we used Sh2d1a-/- mice, which 168 



lack expression of the SLAM-associated protein (SAP) as hosts. In these mice CD4+ T 169 

cells are unable to interact with antigen-specific B cells and deliver them with help 170 

signals and as a result, the T cell-dependent antibody immune response is severely 171 

impaired29,30. LSFM imaging indicated that B1-8hi GFP+ B cells transferred into Sh2d1a-/- 172 

mice colonized the SED 2.85-fold less efficiently than in wild-type mice, and no GCs 173 

were formed (Fig. 3a-c). These results indicate that optimal SED colonization of B cells 174 

was dependent on T cell help, while GC infiltration was strictly T cell dependent.    175 

To examine whether B cells physically interacted with helper T cells in the SED, we 176 

performed whole-mount staining of CD4+ cells within intact PPs dissected from 177 

AicdaCre/+ Rosa26Stop-tdTomato/+ mice. Using TPLSM,  CD4+ T cells were detected in close 178 

contact with polyclonal tdTomato+ B cells, which typically respond to food and bacterial 179 

antigens20 (Fig. 3d). Similar results were obtained by visualization of transferred B1-8hi 180 

tdTomato+ B cells (derived from IghB1-8hi Rosa26tdTomato/+ mice) in wild-type hosts four 181 

days after NP-CT administration (Fig. 3d). These observations suggest that CD4+ T cells 182 

regulated B cell functions in the SED by forming physical contacts with B cells.  183 

To characterize the CD4+ T cells in the SED, we labeled immune cells in situ within the 184 

SED and examined their identity by flow cytometric analysis31,32. For this, we generated 185 

mixed bone marrow chimeric mice in which 10% of the hematopoietic cells were derived 186 

from AID-GFP mice (used as a landmark for the SED) and 90% of the hematopoietic 187 

cells were derived from mice that express photoactivatable GFP (PA-GFP) ubiquitously 188 

(Fig. 3e,f). In response to two-photon irradiation, PA-GFP shifts its excitation peak from 189 

415nm (inactive-PA-GFP), to 495nm (active-PA-GFP); however, irradiated cells also 190 

retain the inactive-PA-GFP form31. Flow cytometric analysis of inactive-PA-GFP+active-191 



PA-GFP+ cells derived from the SED revealed that on average, 23.6 % of the local 192 

resident cells were CD4+ T cells, and on average 97.1 % of the CD4+ T cells were 193 

CD44+CD62L- activated (CD44+CD62L-) T cells (Fig. 3g-j). Within the CD44+CD62L-194 

CD4+ T cell fraction, 27.5 % on average expressed the TFH cell markers CXCR5 and PD-195 

1, whereas naïve CD4+ T cells did not express these receptors (Fig. 3i,j). Similar analysis 196 

of GC T cells indicated that on average 93.5 % of the CD4+ T cells in the GCs were 197 

CD44+CD62L- activated T cells and on average 47.6 % of the photoactivated CD4+ T 198 

cells were PD-1+CXCR5+ TFH cells (Supplementary Fig. 4a-d). The CD38-FAS+ GC B 199 

cells/CD44+CD62L-PD-1+CXCR5+ TFH cells ratio among the photoactivated cells in the 200 

GC was similar to the ratio observed in the SED (Supplementary Fig. 4e), suggesting 201 

similar availability of TFH cells for a given number of B cells in the two niches. Together, 202 

these results indicate that TFH-like cells resided in the SED compartment and supported B 203 

cell functions.  204 

 205 

B cell competition for T cell help ensues during entry into GCs  206 

In draining LNs, high and low affinity clonal variants are subjected to selective forces 207 

imposed by the limiting number of TFH cells that ensue prior to GC seeding33,34. To 208 

examine where competition for T cell help occurs in PPs, we compared SED colonization 209 

and GC infiltration by B cells that express the same BCR, but elicit differential T cell 210 

help signals. Expression of ICAMs on B cells is not required for GC formation; however, 211 

they serve as amplifiers of T cell help signals and promote clonal selection for GC 212 

seeding12. Mice that express GFP ubiquitously and carry IghB1-8hi/+ were crossed to Icam1-213 

/- and Icam2-/- mice (herein, Icam1/2-/-). LSFM indicated that transferred B1-8hi Icam1/2-/- 214 



GFP+ B cells colonized the SED and GCs in wild-type mice to a similar extent as B1-8hi 215 

Icam1/2+/+ DsRed+ B cells at day 9 after NP-CT immunization (Fig. 4a,b). Furthermore, 216 

no significant difference in the SED colonization capacity was detected between B1-8hi 217 

Icam1/2-/- GFP+ B cells and B1-8hi Icam1/2+/+ DsRed+ B cells when co-transferred (1:1 218 

ratio) into wild-type mice and analyzed nine days after NP-CT delivery (Fig. 4c,d). In 219 

contrast, the GC compartment was mainly composed of B1-8hi Icam1/2+/+ DsRed+ B 220 

cells, 20.94-fold more than B1-8hi + Icam1/2-/- GFP B cells (Fig. 4c,d). LSFM imaging 221 

revealed that transferred B1-8hi Icam1/2-/- GFP+ B cells were found in close proximity to 222 

the GC structure, suggesting that these cells were outcompeted after departure from the 223 

SED, during or after entry into the GC. Thus, T cell help is a limiting factor for B cell 224 

infiltration into GCs, but not for initial colonization of the SED niche.  225 

 226 

T cell help is insufficient to promote clonal selection in SEDs  227 

Orally delivered antigens are subjected to dilution and proteolysis along the intestinal 228 

tract. To examine if variable amounts of antigen throughout the small intestine affect 229 

SED and GC colonization, we used flow cytometry to quantify the frequency of B1-8hi 230 

GFP+ GC B cells in single PPs in mice, nine days after NP-CT administration. B1-8hi 231 

GFP+ B cells efficiently infiltrated pre-existing GCs in the duodenum PP (36 % of total 232 

GC cells), whereas this process was progressively less efficient towards the ileum PP (6.4 233 

% of total GC cells) (Fig. 5a). However, the frequency of antigen-specific 234 

CD38+CCR6+IgA+ SED B cells in individual PPs dissected from different parts of the 235 

small intestine was roughly comparable (except the most distal PP) (Fig. 5a). The 236 

differences in GC and SED colonization were not a result of differential homing of naïve 237 



B cells to these PPs (Supplementary Fig. 5a,b). Similar results were obtained in wild-238 

type mice treated with antibiotics (Supplementary Fig. 5c,d), indicating that the 239 

presence of commensal bacteria did not affect the magnitude of the GC response. As 240 

such, the amount of antigen delivered into the PP imposes a major limitation on antigen-241 

specific B cell infiltration into the GCs, whereas colonization of the SED is less affected.  242 

Antigen availability greatly influences the ability of cognate B cells to take up 243 

antigen and promote effective interactions with T cells9. DEC205 (encoded by Ly75) is 244 

expressed on activated B cells and mediates antigen endocytosis followed by peptide 245 

loading on MHCII molecules31. To determine whether antigen presentation by B cells 246 

was a limiting factor in promoting competition in the SED, we artificially loaded antigen 247 

on MHCII by using a chimeric DEC205 antibody fused to a dominant peptide derived 248 

from CT β subunit (CTB)35.  A mixture of B1-8hi Ly75-/- CD45.1+ and B1-8hi Ly75+/+ 249 

tdTomato+ B cells (~30:70) was transferred into wild-type mice followed by NP-CT 250 

immunization. Five days later, we intravenously injected DEC-CTB antibody or control 251 

DEC-OVA antibody or PBS into host mice and analyzed the GC and SED compartments 252 

after additional 4 days (Supplementary Fig. 5e). Injection of DEC-CTB antibody 253 

increased the proportion of IgA+CCR6+ B cells in the SED compartment by 1.55-fold 254 

compared to control treatments (Fig. 5b,c) suggesting that T cell help promotes B cell 255 

expansion in the SED. Next, to investigate whether selective clonal expansion takes 256 

place, we normalized the frequency of the transferred B cells to their initial frequency in 257 

the transferred mixture. B1-8hi Ly75+/+ tdTomato+ B cells were enriched 1.65-fold in the 258 

SED compared to B1-8hi Ly75-/- CD45.1+ B cells in mice treated with DEC-CTB 259 

antibody (Fig. 5b,d). In the GCs of DEC-CTB treated mice, the frequency of B1-8hi 260 



Ly75+/+ tdTomato+ B cells was increased by 2.58-fold compared to B1-8hi Ly75-/- CD45.1+ 261 

B cells (Fig. 5e,f). These data demonstrate that high antigen presentation by B cells 262 

provided a selective advantage in the SED and promoted effective affinity-based 263 

infiltration and/or competition in the GC compartment.  264 

 265 

The BCR actively signals in the SED independent of its affinity   266 

During B cell immune responses, the BCR triggers a series of phosphorylation events 267 

essential for B cell activation36. Nurr77 expression (encoded by Nr4a1) is induced upon 268 

BCR triggering37. To understand whether BCR signaling in the SED played a role in 269 

BCR affinity-dependent GC infiltration, we examined PP-derived B cells from reporter 270 

mice that express GFP under Nr4a1 transgene promoter (herein, Nurr77-GFP) by flow 271 

cytometry.  CD38+CCR6+IgA+ B cells in the SED had a 5-fold higher expression of 272 

Nurr77-GFP compared to CD38-FAS+IgA+ GC B cells (Fig. 6a). Flow cytometry analysis 273 

of NP-specific B cells by staining PP cells of NP-CT immunized Nurr77-GFP mice with 274 

NP-PE indicated higher Nurr77-GFP expression in CD38+CCR6+IgA+ SED B cells 275 

compared to CD38-FAS+IgA+ GC B cells (Fig. 6b and Supplementary Fig. 5f and 276 

6a,b). Furthermore, intracellular staining indicated that the B cells in the SED had higher 277 

expression of pErk and pSyk compared to GC and naïve B cells (Fig. 6c,d), suggesting 278 

that the BCRs on SED B cells were actively engaged in signaling.  279 

Next, to investigate whether the magnitude of the BCR affinity regulated the 280 

phosphorylation events within SED B cells, we transferred either B1-8hi GFP+ or B1-8lo 281 

DsRed+ B cells into wild-type host mice prior to NP-CT immunization. Five days later, at 282 

the time of SED colonization, intracellular staining showed no significant difference in 283 



pErk or pSyk between B1-8hi GFP+ or B1-8lo DsRed+ B cells (Fig. 6e,f). Thus, BCR 284 

affinity did not play a role in the magnitude of downstream activation events in the SED.    285 

 286 

Selective clonal expansion occurs after initial SED colonization 287 

To investigate whether our observations apply to polyclonal B cells that respond to gut-288 

derived antigens, we examined B cell clonal variations and inter-clonal relationships in 289 

AicdaCre/+Rosa26Stop-tdTomato/+ mice. Individual tdTomato+CCR6+FAS+GL-7-IgA+ SED B 290 

cells and tdTomato+CCR6-FAS+GL-7+IgA+ GC B cells were sorted from a single PP and 291 

subjected to Igh mRNA sequencing and CDR3-based clustering (Supplementary Fig. 292 

6c). We found limited V segment usage in the GC B cells, and nearly all the cells were 293 

clonally expanded (90 % on average) (Fig. 7a,b). Conversely, V segment usage was 294 

highly diverse in SED B cells and fewer clones were detected more than once (38 % on 295 

average) (Fig. 7b,c). These results suggest that clonal selection for extensive expansion 296 

and GC seeding took place after initial SED colonization.    297 

Class-switched B cells were shown to depart the SED and infiltrate GCs20,24. 298 

Accordingly, we observed that an average of 7 % of IgA+ clones in the SED were also 299 

represented in the GC compartment; however, half of the highly-expanded clones (>5 300 

clonal members) were present in both compartments (Fig. 7b,c). Comparison of SHM 301 

indicated that GC B cells had more mutations in the Igh genes than SED B cells (Fig. 302 

7d). Clones detected in both compartments had a similar number of SHM in the Igh 303 

transcript, while non-shared clones derived from the SED compartment carried 2.4-fold 304 

fewer mutations compared to the shared clones (Fig. 7e). These results suggest that 305 

highly mutated clones in the SED originated from the GC.  306 



To gain additional insight into the clonal relationships in PPs, we constructed 307 

evolutionary phylogenetic trees of the B cell clones found in both compartments. We 308 

found several clonal families in which clonal members in the SED compartment had 309 

generated highly diversified descendants in the GCs (Fig. 7f and Supplementary Fig. 310 

7). In addition, we found highly-diversified clones within the GC compartment that had 311 

generated clonal members in the SED compartment (Fig. 7f). These observations indicate 312 

that diversified IgA+ GC B cells re-entered the SED compartment as mutated GC-derived 313 

memory B cells.    314 

 315 

Discussion 316 

In the PPs, activated B cells occupy two major niches, the SED, located under the 317 

follicle-associated epithelium, and the GC structures, positioned distal to the gut lumen 318 

within the B cell follicles16. Here, we identified the site at which affinity-based B cell 319 

selection was initiated in PPs and define the role of BCR affinity in regulating B cell 320 

responses. We found that several processes that regulate pre-GC events in the SED 321 

differed from those that occur in the draining LN and spleen: in the PP, antigen-specific 322 

B cells were not subjected to affinity-based competition in the SED prior to GC entry; T 323 

cells predominantly promoted B cell expansion without clonal selection at the pre-GC 324 

stage; B cell affinity-based competition ensued during or immediately after GC 325 

infiltration; and GC-derived memory cells and plasmablasts were found in the SED. 326 

The nature of the intestinal environment, as well as the requirement for active transport of 327 

luminal antigens into the PPs, greatly affect the amount of antigen available for triggering 328 

a cognate B cell immune response15. In germ free mice the IgA response is triggered only 329 



when a large dose of commensal bacteria is administered38, indicating that a large amount 330 

of antigen is required for delivery of antigens into the PPs and/or initiation of the GC 331 

response.  In support of these observations, we demonstrated that both BCR affinity and 332 

antigen availability promoted effective infiltration into the GC structures. In sharp 333 

contrast, the magnitude of B cell activation dictated by these two factors had only a small 334 

impact on initial BCR signaling, as well as proliferation in the SED, once a minimal 335 

threshold was reached. This suggests that in PPs the threshold for GC entry is higher than 336 

the threshold that triggers BCR signaling and B cell proliferation in the SED. The GCs 337 

contain follicular dendritic cells (FDC) that reside in the light zone and capture antigens 338 

on their surface and present it to B cells39. These cells have the capacity to augment 339 

effective BCR triggering by increasing antigen density on their surface using receptors 340 

that capture antibody-antigen complexes39. Generation of plasmablats early during the 341 

response in the SED and interfollicular regions of the PPs, could potentially provide 342 

antibodies that complex with cognate antigens on FDCs and support effective clonal 343 

competition in the GCs over an extended period of time, even when antigen levels are 344 

extremely low.  345 

TFH cells play an important role in regulating the B cell response in the SED without 346 

promoting affinity-based clonal selection, most likely through CD40 ligation on B cells20. 347 

The inability of T cells to promote clonal selection in the PP SED indicates that TCR 348 

binding of peptide-loaded MHCII (pMHCII) on B cells are not sufficient to support this 349 

process. Artificial increase of antigen presentation on B cells endowed them with a 350 

selective advantage, suggesting that in response to vaccination, the density of pMHCII 351 

was too low to promote clonal selection. We suggest that there are two different T cell 352 



help thresholds in PPs: one for maintaining B cells in the SED, and one for promoting 353 

clonal selection, which depends on higher surface presentation of pMHCII. Clonal 354 

selection in the SED might take place when cognate antigen levels in the gut are 355 

extremely high, such as during breach of the gut epithelium and invasion of commensal 356 

or pathogenic bacteria into the host tissues.   357 

Consistent with TFH cell functions, we found that SAP-dependent T cell help promoted B 358 

cell SED colonization. Nonetheless, although T cells and CD40 signaling play an 359 

important role in entry into the SED20, antigen-specific B cells could access this 360 

compartment, independently of effective T cell help. BCR engagement is sufficient for 361 

CCR6 expression20,40,41, suggesting that B cells that encounter antigen can gain access to 362 

the SED niche independently of T cell functions. Indeed, we found that B cells in the 363 

SED were constantly engaged in signaling, independently of the BCR affinity. This 364 

indicates that signals derived from TFH-like cells synergize with BCR signals to promote 365 

entry and/or non-selective expansion of antigen-specific B cells in the SED. 366 

The major purpose of the GC is to produce long-lived memory and plasma cells that 367 

produce protective high-affinity antibodies14. We identified highly-mutated CCR6+IgA+ 368 

B cells that typically reside in the SED and provided evidence for the presence of GC-369 

derived memory B cells at this site; whether these cells directly migrate from the GC to 370 

the SED or first enter the circulation is yet to be determined42,43.  371 

Collectively, we found that the SED niche was important for the initial expansion of B 372 

cells bearing high- and low-affinity BCRs, followed by competitive GC infiltration into 373 

preformed GC structures. These findings have far ranging implications in oral vaccine 374 



design for the generation of memory GC-derived IgA+ B cells with high-affinity BCRs 375 

specific for intestinal pathogens. 376 

Accession code: PRJEB30525. 377 

Acknowledgments: Z.S. is supported by the European Research Council (ERC) grant 378 

No. 677713, Human Frontiers of Science Program (CDA-00023/2016), Israel Science 379 

Foundation (ISF) grant no. 1090/18, Azrieli Foundation, Rising Tide Foundation, and the 380 

Morris Kahn Institute for Human Immunology. Z.S. is a member in the European 381 

Molecular Biology Organization (EMBO) Young Investigator Program and is supported 382 

by grants from The Benoziyo Endowment Fund for the Advancement of Science, The Sir 383 

Charles Clore Research Prize, Comisaroff Family Trust, Irma & Jacques Ber-Lehmsdorf 384 

Foundation, Gerald O. Mann Charitable Foundation and David M. Polen Charitable 385 

Trust. Imaging was made possible thanks to the “The de Picciotto-Lesser Cell 386 

Observatory in memory of Wolf and Ruth Lesser”. 387 

 388 

Author contributions: A.B. designed and conducted the experiments, performed data 389 

analysis and wrote the manuscript; A.S. prepared the in-house antigen used in this study; 390 

E.W. analyzed single-cell immunoglobulin sequencing data; L.S.B. and Y.A. assisted 391 

with light sheet imaging; R.S. and R.D. produced antibodies used in this study. G.Y. 392 

supervised immunoglobulin-sequencing analysis; M.B. advised and helped in the design 393 

of some of the experiments; and Z.S. designed experiments, supervised the study and 394 

wrote the manuscript. 395 

Competing interests: The authors declare no competing interests. 396 

  397 



References 398 

1. De Silva, N. S. & Klein, U. Dynamics of B cells in germinal centres. Nat. Rev. 399 

Immunol. 15, 137–148 (2015). 400 

2. Victora, G. D. & Nussenzweig, M. C. Germinal Centers. Annu. Rev. Immunol. 30, 401 

429–457 (2012). 402 

3. Allen, C. D. C., Okada, T. & Cyster, J. G. Germinal-Center Organization and 403 

Cellular Dynamics. Immunity 27, 190–202 (2007). 404 

4. Eisen, H. N. & Siskind, G. W. Variations in Affinities of Antibodies during the 405 

Immune Response. Biochemistry 3, 996–1008 (1964). 406 

5. Berek, C., Berger, A. & Apel, M. Maturation of the immune response in germinal 407 

centers. Cell 67, 1121–1129 (1991). 408 

6. Jacob, J., Kelsoe, G., Klaus, R. & Weiss, U. Interclonal generation of antibody 409 

mutants in germinal centres. Lett. to Nat. 353, 389–392 (1991). 410 

7. Rajewsky, K. Clonal selection and learning in the antibody system. Nature 381, 411 

751–758 (1996). 412 

8. Goidl, E. A., Paul, W. E., Siskind, G. W., Benacerraf, B. & Kelsoe, G. The effect 413 

of antigen dose and time after immunization on the amount and affinity of anti-414 

hapten antibody. J. Immunol. 100, 371–5 (1968). 415 

9. Schwickert, T. A. et al. A dynamic T cell–limited checkpoint regulates affinity-416 

dependent B cell entry into the germinal center. J. Exp. Med. 208, 1243–1252 417 

(2011). 418 

10. Abbott, R. K. et al. Precursor Frequency and Affinity Determine B Cell 419 

Competitive Fitness in Germinal Centers, Tested with Germline-Targeting HIV 420 



Vaccine Immunogens. Immunity 48, 133–146.e6 (2018). 421 

11. Okada, T. et al. Antigen-engaged B cells undergo chemotaxis toward the T zone 422 

and form motile conjugates with helper T cells. PLoS Biol. 3, 1047–1061 (2005). 423 

12. Zaretsky, I. et al. ICAMs support B cell interactions with T follicular helper cells 424 

and promote clonal selection. J. Exp. Med. 214, jem.20171129 (2017). 425 

13. Craig, S. W. & Cebra, J. J. Peyer’s patches: an enriched source of precursors for 426 

IgA-producing immunocytes in the rabbit. J. Exp. Med. 134, 188–200 (1971). 427 

14. Pabst, O. New concepts in the generation and functions of IgA. Nat. Rev. Immunol. 428 

12, 821–832 (2012). 429 

15. Macpherson, A. J., Geuking, M. B., Slack, E., Hapfelmeier, S. & McCoy, K. D. 430 

The habitat, double life, citizenship, and forgetfulness of IgA. Immunol. Rev. 245, 431 

132–46 (2012). 432 

16. Reboldi, A. & Cyster, J. G. Peyer’s patches: Organizing B-cell responses at the 433 

intestinal frontier. Immunol. Rev. 271, 230–245 (2016). 434 

17. Neutra, M. R., Mantis, N. J. & Kraehenbuhl, J. P. Collaboration of epithelial cells 435 

with organized mucosal lymphoid tissues. Nat. Immunol. 2, 1004–1009 (2001). 436 

18. Lycke, N. Y. & Bemark, M. The regulation of gut mucosal IgA B-cell responses: 437 

Recent developments. Mucosal Immunol. 10, 1361–1374 (2017). 438 

19. Elgueta, R. et al. CCR6-Dependent Positioning of Memory B Cells Is Essential for 439 

Their Ability To Mount a Recall Response to Antigen. J. Immunol. 194, 505–513 440 

(2015). 441 

20. Reboldi, A. et al. IgA production requires B cell interaction with subepithelial 442 

dendritic cells in Peyer’s patches. Science. 352, aaf4822 (2016). 443 



21. Lin, Y. L., Ip, P. P. & Liao, F. CCR6 deficiency impairs IgA production and 444 

dysregulates antimicrobial peptide production, altering the intestinal flora. Front. 445 

Immunol. 8, 1–20 (2017). 446 

22. Bergqvist, P. et al. Re-utilization of germinal centers in multiple Peyer’s patches 447 

results in highly synchronized, oligoclonal, and affinity-matured gut IgA 448 

responses. Mucosal Immunol. 6, 122–135 (2013). 449 

23. Cook, D. N. et al. CCR6 mediates dendritic cell localization, lymphocyte 450 

homeostasis, and immune responses in mucosal tissue. Immunity 12, 495–503 451 

(2000). 452 

24. Rommel, P. C. et al. Fate mapping for activation-induced cytidine deaminase 453 

(AID) marks non-lymphoid cells during mouse development. PLoS One 8, e69208 454 

(2013). 455 

25. Shih, T. A. Y., Meffre, E., Roederer, M. & Nussenzweig, M. C. Role of BCR 456 

affinity in T cell-dependent antibody responses in vivo. Nat. Immunol. 3, 570–575 457 

(2002). 458 

26. Wagner, C. et al. Some news from the unknown soldier, the Peyer’s patch 459 

macrophage. Cell. Immunol. (2018). doi:10.1016/j.cellimm.2018.01.012 460 

27. Casola, S. et al. B cell receptor signal strength determines B cell fate. Nat. 461 

Immunol. 5, 317–327 (2004). 462 

28. Goodnow, C. C. Balancing immunity and tolerance: deleting and tuning 463 

lymphocyte repertoires. Proc. Natl. Acad. Sci. 93, 2264–2271 (1996). 464 

29. Qi, H., Cannons, J. L., Klauschen, F., Schwartzberg, P. L. & Germain, R. N. SAP-465 

controlled T?B cell interactions underlie germinal centre formation. Nature 455, 466 



764–769 (2008). 467 

30. Crotty, S., Kersh, E. N., Cannons, J., Schwartzberg, P. L. & Ahmed, R. SAP is 468 

required for generating long-term humoral immunity. Nature 421, 282–7 (2003). 469 

31. Victora, G. D. et al. Germinal center dynamics revealed by multiphoton 470 

microscopy with a photoactivatable fluorescent reporter. Cell 143, 592–605 471 

(2010). 472 

32. Medaglia, C. et al. Spatial reconstruction of immune niches by combining 473 

photoactivatable reporters and scRNA-seq. Science (80-. ). 358, 1622–1626 474 

(2017). 475 

33. Kuraoka, M. et al. Complex Antigens Drive Permissive Clonal Selection in 476 

Germinal Centers. Immunity 44, 542–552 (2016). 477 

34. Tas, J. et al. Visualizing antibody affinity maturation in germinal centers. Science. 478 

351, 1048–1054 (2016). 479 

35. Cong, Y., Bowdon, H. R. & Elson, C. O. Identification of an immunodominant T 480 

cell epitope on cholera toxin. Eur. J. Immunol. 26, 2587–2594 (1996). 481 

36. Kurosaki, T. Regulation of BCR signaling. Mol. Immunol. 48, 1287–1291 (2011). 482 

37. Mueller, J., Matloubian, M. & Zikherman, J. Cutting Edge: An In Vivo Reporter 483 

Reveals Active B Cell Receptor Signaling in the Germinal Center. J. Immunol. 484 

194, 2993–2997 (2015). 485 

38. Hapfelmeier, S. et al. Reversible microbial colonization of germ-free mice reveals 486 

the dynamics of IgA immune responses. Science 328, 1705–9 (2010). 487 

39. Heesters, B. A., Myers, R. C. & Carroll, M. C. Follicular dendritic cells: Dynamic 488 

antigen libraries. Nat. Rev. Immunol. 14, 495–504 (2014). 489 



40. Wiede, F. et al. CCR6 is transiently upregulated on B cells after activation and 490 

modulates the germinal center reaction in the mouse. Immunol. Cell Biol. 91, 335–491 

339 (2013). 492 

41. Reimer, D. et al. Early CCR6 expression on B cells modulates germinal centre 493 

kinetics and efficient antibody responses. Immunol. Cell Biol. 95, 33–41 (2017). 494 

42. Lindner, C. et al. Diversification of memory B cells drives the continuous 495 

adaptation of secretory antibodies to gut microbiota. Nat. Immunol. 16, 880–888 496 

(2015). 497 

43. Bemark, M. et al. Limited clonal relatedness between gut IgA plasma cells and 498 

memory B cells after oral immunization. Nat. Commun. 7, 1–15 (2016). 499 

  500 



Figure Legends 501 
 502 
Figure 1. Visualization of SED niches and GC compartments in intact Peyer’s 503 

patches using light sheet fluorescence microscopy. a, Schematic representations of PP 504 

positions (upper panels). Middle and lower panels, show GCs and SEDs in a PP of 505 

AicdaCre/+Rosa26Stop-tdTomato/+ Ccr6+/+ or Ccr6-/- mice. Arrows indicate SED structures. 506 

Scale bars, 300 µm and 200 µm respectively. b,c, Quantification of the number (b), and 507 

volume (c) of GCs and SEDs of Ccr6+/+ and Ccr6-/- mice. Each dot represents an 508 

individual PP in (b) or individual GC or SED in (c). Imaging analyses were performed in 509 

two independent experiments with a total of four mice per group (n=4), including 11 510 

Ccr6+/+ and 17 Ccr6-/- PPs, line represents mean. *** P<0.0001, two tailed Student's t 511 

test. d, B1-8hi DsRed+ B cells (red) in a PP of an AID-GFP (green) mouse without antigen 512 

administration, or nine days after NP-CT administration. Scale bar, 300 µm. e, B1-8hi 513 

Ccr6GFP/+ DsRed+ B cells transferred into a WT host, nine days after oral antigen 514 

administration. Scale bar, 300µm. f,g, B1-8hi DsRed+ B cells (red) in a PP of CD11c-YFP 515 

or Cx3cr1GFP/+ reporter mice, nine days after antigen administration. The SED area is 516 

marked with a dashed line. Scale bar, 300 µm. In d-g, representative images of two 517 

independent experiments with three mice in each experiment (n=6) are shown. 518 

Figure 2. BCR affinity controls GC infiltration but not proliferation nor early 519 

plasmablast formation in the SED. a,b, Images showing transferred B1-8hi GFP+, B1-520 

8lo DsRed+ B cells or a mixture in MD4 hosts, 4 (a), or 9 days (b) after NP-CT 521 

immunization. Scale bar, 300 µm. c, Quantification of SED and GC volumes. Each dot 522 

represents one compartment. Analyses were performed in two independent experiments 523 

with a total of four mice per group (n=4), including 17 B1-8hi GFP+ and 26 B1-8lo 524 



DsRed+ GCs and coupled SEDs at day 4 and 19 and 36 at day 9, respectively. Line 525 

represents mean.  d, Quantification of SED and GC volumes in MD4 mice that received a 526 

1:1 mixture of B1-8hi GFP+ and B1-8lo DsRed+ B cells. Data are pooled from two 527 

independent experiments using a total of 12 compartments from three mice (n=3). Line 528 

represents mean. e, Flow cytometry analysis of transferred cells as in b-d. Gating is 529 

depicted in Supplementary Fig. 2d. Data are pooled from two independent experiments 530 

with a total of five or six mice per group with (n=5) and without competition (n=6), 531 

respectively, line represents mean. f,g, Proliferation analysis of endogenous naïve, GC 532 

and SED B cells, 2.5 hours following EdU administration (f) or in transferred B1-8hi 533 

GFP+ and B1-8lo DsRed+ B cells, nine days after NP-CT immunization (g). Gating 534 

strategy and additional details are described in Supplementary Fig. 2e. Data are pooled 535 

from two independent experiments with six mice per group (n=12) (f) or with three mice 536 

per group (n=6) (g), line represents mean. h, Blimp-1-YFP cells in the SED (left) or 537 

transferred B1-8hi Blimp-1-YFP DsRed+ cells in the SED, five days after immunization 538 

(right). Arrowheads indicate Blimp-1-expressing cells. Scale bar, 100 µm. Images 539 

represent two independent experiments with two mice in each experiment.  i, Analysis of 540 

CD138+ cells gated on B1-8hi tdTomato+ or B1-8lo DsRed+ B cells, five days after 541 

immunization. Line represents mean. ** P<0.01, *** P<0.0001, one-way ANOVA with 542 

Bonferroni posttest in (c) and (f), and two-tailed Student's t test in (d,e,g,i). ns, not 543 

significant. 544 

Figure 3. Effective SED colonization by antigen-specific B cells depends on TFH-like 545 

cells. a, Images of transferred B1-8hi GFP+ B cells in WT, Sh2d1a-/-, and αCD4-treated 546 

mice (days 5 and 7), nine days after NP-CT immunization. Scale bar, 300 µm. 547 



Representative images from three experiments showed similar results. b,c, Volume 548 

quantification of SEDs (b), and GCs (c). Data are pooled from two independent 549 

experiments with three mice in each experiment (n=6) with 35 (WT), 28 (αCD4) and 19 550 

(Sh2d1a-/-) GCs and coupled SEDs, line represents mean. *** P<0.0001, one-way 551 

ANOVA with Bonferroni posttest. d, Upper panels: SED of AicdaCre/+Rosa26Stop-tdTomato/+ 552 

mouse stained for CD4. Lower panels: B1-8hi tdTomato+ B cells in the SED, four days 553 

after NP-CT immunization. Scale bar, 100 µm and 30 µm in zoom in images. Two 554 

independent experiments with two mice in each experiment (n=4) showed similar results. 555 

e, SED of AID-GFP:PA-GFP (10:90) chimeric mouse prior to and after photoactivation. 556 

Scale bar, 100 µm. f, Flow cytometry analyses of inactive- and active-PA-GFP cells. g, 557 

CD4+ cell frequency among the active-PA-GFP cells. h, Merged plot of 558 

CD4+CD44+CD62L- cells among total CD4+ cells (black) and active-PA-GFP+CD4+ cells 559 

(green). i, Plots showing PD-1hiCXCR5hi cells in the active-PA-560 

GFP+CD4+CD44+CD62L- compartment. Lack of markers on naïve cells is shown as 561 

control. j, T cell frequencies are summarized in the graph as mean; each dot represents a 562 

mouse, bar represents mean. In f-j, data are pooled from three independent experiments 563 

using a total of four mice (n=4).  564 

Figure 4. Competition for T cell help takes place during infiltration into pre-existing 565 

GC sites. a, Representative images of B1-8hi Icam1/2+/+ DsRed+ or B1-8hi Icam1/2-/- 566 

GFP+  B cells transferred separately into WT hosts, nine days following oral antigen 567 

administration. b, Volumetric quantification of B cells in the SEDs and GCs of WT mice 568 

PPs under noncompetitive conditions. Data are pooled from two independent experiments 569 

with three mice in each experiment (n=6) and two PPs from each mouse, corresponding 570 



to 36 GC and coupled SED structures. Line represents mean. Scale bar 300 µm. c, 571 

Representative images of B1-8hi Icam1/2+/+ DsRed+ or B1-8hi Icam1/2-/- GFP+ B cells co-572 

transferred at a 1:1 ratio into WT hosts, nine days following oral NP-CT immunization. A 573 

single PP (upper panels) and a single GC (lower panels) are shown. d, Volumetric 574 

quantification of B cells in SEDs and GCs of WT PPs transferred with cells as in (c). 575 

Data are pooled from two independent experiments with a total of seven mice (n=7), two 576 

PPs from each mouse and 56 GC and coupled SED structures, line represents mean. Scale 577 

bar, 300  µm. *** P<0.0001, two-tailed Student's t test. ns, not significant. 578 

Figure 5. Antigen presentation by B cells in the SED is insufficient for promoting 579 

competition for T cell help. a, Frequency of B1-8hi GFP+ B cells in GCs (FAS+CD38-) 580 

or SEDs (IgA+CD38+CCR6+) of individual PPs. Data are pooled from two independent 581 

experiments with single PPs taken from two mice in each experiment (n=4). Each dot 582 

represents mean of cell frequency; error bars indicate s.e.m. b, Flow cytometry plots of 583 

transferred B1-8hi Ly75+/+ tdTomato+ and B1-8hi Ly75-/- CD45.1+ B cells in the SED of 584 

immunized mice following intravenous injection of 50µg DEC205-CTB or DEC205-585 

OVA antibodies or PBS as control, as described in Supplementary Fig. 5a. c, Frequencies 586 

of SED B cells following treatment with DEC205-CTB Ab or control, line represents 587 

mean. Each dot represents a single mouse. d, Flow cytometric analysis of transferred B1-588 

8hi Ly75+/+ tdTomato+ and B1-8hi Ly75-/- CD45.1+ B cells as in b, normalized to the initial 589 

percentage of the transferred cells. Line represents mean. e,f,  Flow cytometry plots (e) 590 

and quantification of transferred cells within the GC (f) following immunization and Ab 591 

treatment, as in (b). Each B cell subset in the GC was normalized to the percentage of the 592 

transferred cells. Data shown in c-f are pooled from two independent experiments with 593 



three mice per experiment (n=6). Each dot represents an individual mouse, line represents 594 

mean. * P<0.05, *** P<0.0001, two-tailed Student's t test in (c) and one-way ANOVA 595 

with Bonferroni posttest in (d) and (f). ns, not significant. 596 

 597 

Figure 6. Active BCR signaling in the SED is independent of its affinity. a, 598 

Representative histogram showing Nurr77 expression in SED (IgA+CD38+CCR6+) and 599 

GC (FAS+CD38-) B cells of Nurr77-GFP reporter mice. Geometric mean fluorescence 600 

intensity (gMFI) is summarized in the graph. Data are pooled from two independent 601 

experiments with three mice in each experiment (n=6), each dot represents a mouse; line 602 

represents mean. b, Nurr77 expression as in (a) within NP specific B cells detected using 603 

NP-PE (Supplementary Fig. 5f), 9 days after NP-CT administration. Data are pooled 604 

from two independent experiments with three mice in each experiment (n=6), each dot 605 

represents a mouse; line represents mean. *** P<0.0001, two-tailed Student's t test. c,d, 606 

Representative histograms showing pErk (c) or pSyk (d) in naïve, SED and GC B cells in 607 

WT mice. gMFI values are summarized in the graph. Data are pooled from two 608 

independent experiments with four mice in each experiment (n=8), each dot represents a 609 

mouse; line represents mean. ** P<0.01, *** P<0.0001, one-way ANOVA with 610 

Bonferroni posttest. ns, not significant. e,f, Representative histograms showing pErk (e) 611 

or pSyk (f) expression in B1-8hi GFP+ or B1-8lo DsRed+ B cells, 5 days after NP-CT 612 

administration. Naïve cell population expression is shown as negative control. gMFI 613 

values are summarized in the graph. Data are pooled from two independent experiments 614 

with three mice in each experiment (n=6), line represents mean. ns, not significant; two-615 

tailed Student's t test. 616 



 617 

Figure 7. Selective clonal expansion and diversification takes place in the GCs, but 618 

not in the SED compartment.   a, The number of V regions detected in IgA sequences 619 

of GC or SED-derived B cells recovered from a single PP explanted from 620 

AicdaCre/+Rosa26Stop-tdTomato/+ mice. Data are pooled from two independent experiments 621 

with one mouse per experiment (n=2), bar represents mean. b, Clonal distribution based 622 

on CDR3 sequences as in (a). Colored fractions represent expanded CDR3 sequences 623 

(>2), white fraction represents single clones. Each graph represents one mouse (n=2). The 624 

number of sequenced cells is indicated in the center circle. c, The number of clonal 625 

members detected in the GC and SED, each bar represents a clone. d, Number of 626 

mutations per B cell in the GC and SED. Each dot represents a cell and 183 SED and 174 627 

GC cells are shown; line represents mean. *** P<0.0001, two-tailed Student's t test. e, 628 

The mutation ratio of SED and GC clones that were either unique or shared between the 629 

niches, each dot represents a mouse (n=2), bar represents mean. f, Lineage-tree analysis 630 

of clonally related sequences. The number of mutations between neighboring nodes is 631 

indicated and includes synonymous, non-synonymous, and reverse mutations to the 632 

germline sequence. GL, germline. UCA, unique common ancestor, inferred from the 633 

sequence analysis. Additional linage-trees are available in Supplementary Fig. 7. Data are 634 

pooled from two independent experiments with one mouse per experiment. 635 

 636 

 637 
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Methods 639 

Mice 640 

Transgenic knock-in mice carrying the IghB1-8hi or IghB1-8lo alleles25 or Ly75-/- mice were a 641 

gift of M. Nussenzweig (The Rockefeller University). AID-GFP mice were generated by 642 

R. Casellas (NIAMS, NIH) and provided by M. Nussenzweig. GFP-, DsRed-, PA-GFP-643 

expressing mice and MD4, AicdaCre, Rosa26Stop-tdTomato, Sh2d1a-/- 30, Blimp-1-YFP, Nurr-644 

77-GFP and Ccr6GFP/+ mice were purchased from the Jackson Laboratories. GFP- and 645 

DsRed-expressing mice were bred to mice that carry either the IghB1-8hi or IghB1-8lo 646 

alleles25. tdTomato+ mice were generated by crossing Rosa26Stop-tdTomato mice to a Cre 647 

expressing strain. Icam1/2-/- mice were provided by B. Engelhardt (University of Bern) 648 

and bred with IghB1-8hi GFP-expressing mice. Ly75-/- mice were crossed with mice 649 

carrying the IghB1-8hi and the congenic marker CD45.1 to produce IghB1-8hi Ly75-/- 650 

CD45.1-expressing mice. CD11c-YFP and Cx3cr1GFP/+ mice were provided by S. Jung 651 

(Weizmann Institute). Wild-type mice (C57BL/6) were purchased from Harlan. All 652 

experiments with mice were approved by the Weizmann Institute Animal Care and Use 653 

Committee (IACUC). 654 

Adoptive cell transfer 655 

B cells were purified by forcing spleen tissue through mesh into PBS containing 2% fetal 656 

calf serum and 1 mM EDTA. Resting B cells were purified using negative selection anti-657 

CD43 magnetic beads (Miltenyi Biotec). For Igλ B cell purification, cells were incubated 658 

with anti- Igκ-PE antibody for 30 min at 4oC. Cells were washed, and Igκ B cells were 659 

depleted using anti-PE magnetic beads (Miltenyi Biotec.). Igλ enrichment was verified by 660 

flow cytometry prior to cell transfer. Isolated cells (100K, Igλ) were injected 661 



intravenously into host mice one day before oral antigen administration. In competition 662 

experiments, the ratio of adoptively transferred cells (B1-8hi GFP+ and B1-8lo DsRed+ B 663 

cells or B1-8hi Icam1/2+/+ DsRed+ and B1-8hi Icam1/2-/- GFP+ B cells) was 1:1 (1x105 of 664 

each cell type). In experiments involving transfer of B1-8hi Ly75-/- CD45.1+ and B1-8hi 665 

Ly75+/+ tdTomato+ B cells, the ratio was either 3:7 or 1:1 and confirmed by flow 666 

cytometer analysis of the cell mixture prior to injection of the cells into the mice. Cell 667 

frequencies (% of cells in the GC and SED compartments) were normalized to the initial 668 

cell transfer ratio.  669 

Chimeric mice 670 

For generation of chimeric mice, hosts were irradiated with 950 rad followed by injection 671 

of fresh BM cells. For generating chimeric mice for photoactivation experiments 672 

CD45.2+ hosts were reconstituted with a mixture of BM cells containing 90% BM cells 673 

derived from PA-GFP-expressing mice, and 10% BM cells derived from AID-GFP 674 

reporter mice. Chimeric mice experiments were performed 8 weeks following bone 675 

marrow transplantation. 676 

Oral antigen administration and treatments 677 

NP was conjugated to CT as previously described22. Mice received a single 678 

administration of 500µl PBS containing 3% NaHCO3 and 10µg NP-CT by gavage. For 679 

CD4+ T cell depletion experiments, 200 µg of rat anti-mouse CD4 mAb (clone GK1.5, 680 

rIgG2b, BioXcell) was injected intravenously on days 5 and 7 following oral delivery of 681 

NP-CT. For antibiotic treatment, mice were given a combination of ampicillin (1g/l), 682 

vancomycin (0.5 g/l), neomycin sulfate (1 g/l), imipenem (250mg/l), and metronidazole 683 



(1 g/l) (Sigma Aldrich) in their drinking water for two weeks44. Mice were 5 weeks of 684 

age at the beginning of antibiotic administration. 685 

Anti-DEC205 treatment 686 

For DEC-CTB cloning, the sequence of CTB peptide 81-100 was inserted into the 687 

DEC205 vector35. DEC-CTB and DEC-OVA antibodies were produced as chimeric 688 

antibodies in 293T cell as previously described45. Mice received 50µg of antibodies 689 

intravenously 5 days after oral antigen administration.   690 

In vivo EdU proliferation assay 691 

For proliferation measurements, mice were injected intravenously with 2mg of the 692 

nucleoside analog 5-ethynyl-2’-deoxyuridine (EdU) (Molecular Probes) in PBS. After 2.5 693 

hours, mice were dissected and PP cells were then stained for surface antigens as 694 

described, followed by EdU detection using Click-iT EdU Alexa Fluor 647 Flow 695 

Cytometry Assay Kit (Molecular Probes) according to manufacturer’s protocol.  696 

Flow cytometry 697 

Small intestines were excised and washed with ice cold PBS to remove fecal content. 698 

Peyer’s patches were harvested and forced through a mesh into PBS containing 2% fetal 699 

calf serum and 1 mM EDTA. For blockade of Fc receptors, single cell suspensions were 700 

incubated with 2 µg/ml anti-16/32 (clone 93) for 5 min. Cells were washed and incubated 701 

with fluorescently labeled antibodies (Table S1) for 30 min. GC cells were gated as 702 

live/single, B220+CD38-FAS+ or B220+GL-7+FAS+. SED B cells were gated as 703 

B220+CD38hiGL-7-FAS+CCR6+. Transferred cells within GCs were detected by staining 704 

cell suspensions with GC markers, as indicated, along with the endogenous fluorescent 705 

markers used for B1-8hi and B1-8lo B cell detection (GFP+, tdTomato and DsRed+, 706 



respectively).  In photoactivation experiments, TFH cells were gated as 707 

CD4+CD44+CD62L- PD-1+CXCR5+ out of the photoactivated cells or out of total 708 

inactive PA-GFP cells. PA-GFP fluorescence was measured using the V500 (inactive 709 

PA-GFP) and FITC (active PA-GFP) channels. In BCR signaling experiments, B1-8 710 

DsRed+ B cells were transferred into CD45.1 hosts and gated as B220+DsRed+CD45.2+. 711 

Intracellular staining for pErk and pSyk was performed using Foxp3 / Transcription 712 

Factor Staining Buffer Set (eBioscience) according to the manufacturer’s instructions. 713 

Stained cell suspensions were analyzed using a CytoFlex flow cytometer (Beckman 714 

Coulter).  715 

Tissue processing and image acquisition by LSFM 716 

Peyer’s patches were excised and fixed in 4% PFA for 2 hours, followed by immersion in 717 

FocusClear (CelExplorer Labs) for 1-4 days. Samples were imaged using a light sheet Z1 718 

microscope (Zeiss Ltd.) equipped with two sCMOS PCO- Edge cameras, 10X 719 

illumination objectives (LSFM clearing 10X/0.2), Clr Plan- Neofluar 20X/1,0 720 

Corr  nd=1.45, and detection objective designed for cleared samples in water-based 721 

solution with a final refractive index (RI) of 1.45. Samples were loaded into a glass 722 

capillary in a 1.5% low melting agarose solution (ROTH). Imaging was performed using 723 

dual side illumination, with zoom 0.36 and multi view mode for tiling of multiple fields 724 

of view, with overlap of 10%. GFP Excitation 488, Emission / detection - BP 505-545; 725 

YFP Excitation 514, Emission / detection - BP 525-565; RFP Excitation 561, Emission / 726 

detection - BP 575-615. 727 

Gut permeability assay 728 



Gut permeability assay was performed by evaluation of FITC dextran (Sigma Aldrich) in 729 

the blood as previously described46. WT mice received NP-CT by gavage or 3% NaHCO3 730 

as control. Gut permeability was assessed 24 hours after oral NP-CT administration. In 731 

addition, sera of mice that did not receive NP-CT and treated with FITC dextran were 732 

used as a negative control. For histological H&E analysis, mice received NP-CT orally 733 

and tissue dissection was performed 1, 5 or 9 days after NP-CT administration.  734 

Whole mount staining 735 

PPs of AicdaCre/+Rosa26Stop-tdTomato or WT cells transferred with B1-8hi tdTomato+ B cells 736 

were harvested as described, and stained with CD4 antibody conjugated to Alexa fluor 737 

488 (1:100) (GK1.5, Biolegend) as previously described47. Images were acquired by 738 

TPLSM. 739 

Photoactivation and image acquisition by TPLSM 740 

Zeiss LSM 880 upright microscope fitted with Coherent Chameleon Vision laser was 741 

used for photoactivation and CD4 visualization imaging experiments. Images were 742 

acquired with a femtosecond-pulsed two-photon laser tuned to 940 nm. The microscope 743 

was fitted with a filter cube containing 565 LPXR to split the emission to a PMT detector 744 

(with a 579-631 nm filter for tdTomato fluorescence) and to an additional 505 LPXR 745 

mirror to further split the emission to 2 GaAsp detectors (with a 500-550nm filter for 746 

GFP fluorescence). PPs of chimeric mice were dissected, and photoactivation of the 747 

region of interest was provided at 830 nm as previously described31,48. Tile images were 748 

acquired as a 100 µm Z-stacks with 5 µm steps between each Z-plane. The zoom was set 749 

to 0.7, and pictures were acquired at 512 x 512 x-y resolution.  750 



Image analysis 751 

LSFM image dual side fusion was performed using ZEN software. The independent tiles 752 

were stitched into a single image stack visualized in a volumetric mode using Arivis 753 

Vision4D software. Quantification of B cells in GCs and SEDs size was performed using 754 

Imaris software (Bitplane). Each compartment was segmented using the Imaris 3D 755 

surface object. Samples with clear separation between SED and GCs were segmented 756 

together. Under some conditions, in which many individual cells were located between 757 

the two compartments, segmentation was done separately. TPLSM images were 758 

processed by Imaris software (Bitplane). 759 

Single cell Igh sequencing 760 

Single PP was harvested from AicdaCre/+Rosa26Stop-tdTomato and processed for flow 761 

cytometry analysis. Cell suspensions were stained for dump (CD4, CD8, GR-1, F4/80) 762 

and gated as dump-tdTomato+B220+GL-7+FAS+CCR6-IgA+ or tdTomato+B220+GL-7-763 

FAS+CCR6+IgA+ representing GC or SED cells, respectively. Cell sorting was performed 764 

using a FACS Aria cell sorter (BD Bioscience). For total VDJ sequencing of Igα heavy 765 

chains, GC and SED derived B cells were sorted into 96 well plates containing lysis 766 

buffer (PBS containing 3 U/µl RNAsin, 10 mM dithiothreitol –DTT). cDNA was purified 767 

using random primers (NEB) as previously described 49. Igα heavy chain sequence was 768 

amplified twice using primers for the Igα constant region (5′-769 

ATCAGGCAGCCGATTATCAC-3′ for the first reaction and 5’-770 

GAGGTGCAGCTGCAGGAGTCTGG-3′ for the second reaction)42 together with a mix 771 

of primers for the variable region (Table S2)50. The PCR products were sequenced and 772 

analyzed for CDR3 using web-based IgBlast and IMGT tools. Sequence alignment was 773 



performed using SnapGene software (GSL Biotech). For schematic representation of the 774 

results, sequences derived from single cells were clustered according to their CDR3 775 

region and presented as percent of the total sequenced cells. Primer-derived mutations 776 

were excluded from the analysis.  777 

Igh lineage analysis 778 

Ig Fasta sequences were aligned against the IMGT mouse heavy chain gene database 779 

(Sep. 2017) using NCBI IgBlast (version 1.7.0)51. Post processing of IgBlast output, and 780 

clonal clustering were performed using Change-O v0.3.7 781 

(http://changeo.readthedocs.io/)52, Alakazam v0.2.8 (http://alakazam.readthedocs.io), 782 

SHazaM v0.1.8 (http://shazam.readthedocs.io), and custom scripts within the R statistical 783 

computing environment, as follows. V(D)J sequences were assigned to clonal groups by 784 

partitioning sequences based on sequence similarity of IGHV gene annotations, IGHJ 785 

gene annotations, and junction region lengths. Within these groups, sequences differing 786 

from one another by a hamming distance of 0.2 within the junction region were defined 787 

as clones by single-linkage clustering. Distances were measured and normalized by the 788 

length of the junction region. The clonal distance threshold was determined by manual 789 

inspection to identify the local minima between the two modes of the within-sample 790 

bimodal distance-to nearest histogram. Full-length germline sequences were 791 

reconstructed for each clonal cluster with D segment and N/P regions masked (replaced 792 

with Ns), with any ambiguous gene assignments within clonal groups resolved by the 793 

majority rule. Lineage trees were constructed for each clone having at least two unique 794 

sequences using PHYLIP (v3.695)53 and Alakazam. 795 

Statistics and Reproducibility  796 



Statistical significance was determined with Graphpad Prism Version 5.0 using the tests 797 

indicated in each figure. All null hypothesis testing was performed with a 95% 798 

confidence interval; df, degrees of freedom. In Fig. 1 two-tailed Student's t test was 799 

performed with t = 5.3, df = 26 in Fig. 1b, t = 5.6, df = 63 (SED) and t = 4.0, df = 63 800 

(GC) in Fig. 1c. For Fig. 2 differences in SED and GC volumes were calculated using 801 

one-way ANOVA with Bonferroni posttest, df = 3, F = 8.5 in (c). For Fig 2d, two-tailed 802 

Student t test, t = 1.9, df = 20 (SED) and t = 6.7, df = 20 (GC). For Fig. 2e t = 7.4, df = 10 803 

(no competition) and t = 5.7, df = 8 (competition), two-tailed Student's t test. For Fig. 2f, 804 

df = 2, F=294.3. For Fig. 2g, t = 0.8, df = 10, two-tailed Student's t test. For Fig. 2h. t = 805 

0.9, df = 10, two-tailed Student's t test. For Fig. 3b,c, df = 2, F = 16.3 (SED) and df = 2, F 806 

= 54.0, one-way ANOVA with Bonferroni posttest. For Fig. 4, t = 1.7, df = 68 in a (SED, 807 

no competition), t = 0.3, df = 67 (GC, no competition), t = 1.6, df = 110 (SED, 808 

competition), t = 11.54, df = 110 (GC, competition), two-tailed Student's t test. For Fig. 5, 809 

t = 2.3, df = 10 in (c), two-tailed Student's t test; df = 3, F = 10.9 in (d) and df = 3, F = 810 

42.3 in (f), one-way ANOVA with Bonferroni posttest. For Fig.6, t = 24.5, df = 10 in (a), 811 

t = 11.6, df = 10 in (b), two-tailed Student's t test; df = 2, F = 24.6 in (c), df = 2, F = 14.4 812 

in (d), one-way ANOVA with Bonferroni posttest; t = 0.5, df = 10 in (e) and (f), two-813 

tailed Student's t test. In Fig. 7d, t = 9.0, df = 342, two-tailed Student's t test.  814 

Data availability: All BCR sequencing data generated in this manuscript have been 815 

deposited in the European nucleotide archive (ENA) under accession number 816 

PRJEB30525. Custom scripts used for data analysis are available upon request. All other 817 

data are available in the main text or the supplementary materials. 818 
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ethical regulations.  821 
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