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Abstract

Germinal centers (GCs), structures normally associated with B cell immunoglobulin (Ig)
hypermutation and development of high-affinity antibodies upon infection or immunization, are
present in gut-associated lymphoid organs of humans and mice under steady state. Gut-associated
(ga)GCs can support antibody responses to enteric infections and immunizationl. However,
whether B cell selection and antibody affinity maturation can take place in face of the chronic and
diverse antigenic stimulation characteristic of steady-state gaGCs is less clear2-8. Combining
multicolor “Brainbow” fate-mapping and single-cell /g sequencing, we find that 5-10% of gaGCs
from specific pathogen-free (SPF) mice contained highly-dominant “winner” clones at steady
state, despite rapid turnover of GC B cells. Monoclonal antibodies (mAbs) derived from these
clones showed increased binding to commensal bacteria compared to their unmutated ancestors,
consistent with antigen-driven selection and affinity maturation. Frequency of highly-selected
gaGCs was markedly higher in germ-free (GF) than in SPF mice, and winner B cells in GF gaGCs
were enriched in public IgH clonotypes found across multiple individuals, indicating strong B cell
receptor (BCR)-driven selection in the absence of microbiota. Vertical colonization of GF mice
with a defined microbial consortium (Oligo-MM?2) did not eliminate GF-associated clonotypes,
yet induced a concomitant commensal-specific, affinity-matured B cell response. Thus, positive
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selection can take place in steady-state gaGCs, at a rate that is tunable over a wide range by the
presence and composition of the microbiota.

Our intestines are constantly exposed to large amounts of antigen derived from diet and
commensal microbes. Interaction of these antigens with the immune system takes place
primarily in gut-associated secondary lymphoid structures, including gut-draining
mesenteric lymph nodes (mLN) and Peyer’s patches (PPs), where gaGCs provide a site for
hypermutation of /g genes even under steady state®°. BCR-driven selection and affinity
maturation occur efficiently in gaGCs upon oral immunization®10. However, given previous
reports that steady-state gaGCs can form in a BCR-independent fashion?6, show little
evidence of BCR-driven selection at the sequence level3, and are associated with the
selection of polyreactive 1gs?, it has been postulated that gaGCs may act predominantly as
diversifiers of the Ig repertoire, rather than fostering affinity maturation towards commensal
microbes (reviewed in>8). We thus sought to determine the extent to which GC selection and
antibody affinity maturation occur in the midst of chronic antigenic stimulation and to define
the impact of the microbiota on these processes.

To estimate the rate of B cell selection in steady-state gaGCs, we first used /in situ
photoactivation1:12 (Fig. 1a and Extended Data Fig. 1a) to sequence B cells from 20
individual gaGCs from various mLNs of 5 photoactivatable (PA)-GFP-transgenic mice
housed under SPF conditions. Clonal diversity in SPF gaGCs spanned a wide range, with a
median of 33 clones per GC (using the Chaol estimator), D50 (fraction of clones accounting
for 50% of sequenced cells) of 0.20, and 30% of B cells belonging to the largest clone (Fig.
1b—c). One of 20 GCs sequenced contained a highly dominant clone that accounted for 64%
of cells in that GC (Fig. 1b—c). Analysis of somatic mutations within this clone (Fig. 1d)
showed the nested expansion of nodes with increasing numbers of mutations (indicated by
arrows) typical of sequential positive selection.

This was confirmed in a much larger number of GCs using Brainbow!3 multicolor fate-
mapping!! (see supplementary text). We fate-mapped steady-state gaGC B cells in
AicdaCreERT2I+ posapgConfetti/Confetti (A 1D-Confetti)_mice held under SPF conditions by
administering 2 doses of tamoxifen, 2 days apart (Fig. 1e). This labeled ~ 50% of B cells in
both mLNs and PPs, as estimated by the density of colored cells in the GC and by flow
cytometry experiments (Fig. 1f, g and Extended Data Fig. 1b). This fraction decreased
progressively after labeling, likely as a result of GC B cells being replaced by incoming
unlabeled clones as the response evolved (Fig. 1f, g). Because density estimations using
Brainbow are sensitive to dropout of low-fluorescence GCs, we measured GC turnover by
flow cytometry using the S2prZCTeERT2 BAC-transgenel# crossed to the Rosa265top-tdTomato
reporter. Pulse-labeling using this model allowed us to place the half-life of gaGC B cells at
~2 weeks under SPF conditions (Fig. 1h and Extended Data Fig. 1c).

Despite this rapid turnover, the normalized dominance score (NDS, an estimate of the
frequency of B cells in a GC that carry the dominant color1:15 see supplementary text) in
gaGCs increased progressively through day 23 post-tamoxifen, when 11% of GCs (6/57)
scored 0.75 or higher (Fig. 1f, g). The strongest clonal expansions that occur in mLN GCs
are therefore large and rapid enough to generate dominant lineages, despite replacement of
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labeled clones with incoming unlabeled B cells. In PP GCs, clonal selection progressed at a
slower rate (Extended Data Fig. 1d, €), as expected from their much larger size and similar
rate of turnover (Extended Data Fig. 1f, g). However, GCs with NDS > 0.5 could
occasionally be detected as early as day 14 post-tamoxifen, peaking at day 23 post-
tamoxifen, when 19% of PPs (3/21) had reached NDS > 50% (Extended Data Fig. 1e). We
conclude that clonal selection is detectable in gaGCs, despite chronic exposure to a high
burden and diversity of foreign antigens and the rapid turnover of B cell clones.

To understand the relationship between clonal selection and affinity maturation in gaGCs,
used vibratome slicing of agarose-embedded AlD-Confetti LNs! (Extended Data Fig. 2a) to
isolate GCs containing “winner” clones, where antigen-driven selection is most likely to
have occured!l. /gh sequencing of B cells sorted from such GCs showed evidence of “clonal
bursts,” jackpot-type positive selection events in which multiple B cells descending from a
single somatic hypermutation (SHM) variant account for a large fraction of cells in a GC11
(Fig. 2a, Extended Data Fig. 2a—c). Because clonal bursts are regularly associated with
acquisition of affinity-enhancing mutations!!, we produced recombinant monoclonal
antibodies (mAbs)6 using burst-point sequences to probe for binding to commensal bacteria
(Table S1). Despite the variation inherent to bacterial flow cytometry, 2 of 7 antibodies
produced from burst-associated /g sequences reproducibly bound fecal bacteria (Fig. 2b and
Extended Data Fig. 2d, e). Binding followed different patterns: whereas mAb S078 bound
strongly to a small population of bacteria, mAb S120 bound with moderate intensity to a
much larger cohort (Fig. 2b). These two antibodies, as well as two other clones (S210 and
S212) reacted with bacteria-rich centrifugation fractions, as assayed by ELISA (Fig. 2c).
Only S210 and S212 showed a mild degree of polyreactivity using standard measures*17
(Extended Data Fig. 2f). Reversion of somatic mutations in S078 and S120 resulted in
decreased binding to bacteria by both flow cytometry and ELISA (Fig. 2b and d). Thus,
commensal binding with the characteristic features of affinity maturation is detectable in
steady-state gaGCs when analysis is focused on strongly selected GC winner clones.

To investigate the influence of commensal diversity on gaGC selection dynamics, we
rederived AID-Confetti mice into GF conditions, in which GCs still form18, as well as into
stable vertical colonization with a consortium of 12 bacterial strains representing major
phyla present in the mouse gut'® (Oligo-MM?2; Extended Data Fig. 3). When compared to
SPF mice, GF mice had higher frequencies of GC B cells in jejunal and ileal mLNZ2° and
lower frequencies in duodenal and cecal-colonic mLN and PPs (Extended Data Fig. 4a—b).
GF GCs were strongly skewed away from IgGop, and IgA towards 1gG; (Extended Data Fig.
4c). Colonization with Oligo-MM?12 microbiota partly restored the phenotype of SPF mice,
increasing GC B cell frequency in distal PP and 1gG»y in proximal PP (Extended Data Fig.
4d).

Multicolor fate-mapping showed that strongly-selected GCs accumulated at a markedly
faster rate in GF mice than under SPF conditions (Fig. 3a—c). By day 23 post-tamoxifen,
roughly 56% of mLN GCs had reached an NDS of 0.75 or higher, compared to ~11% in SPF
mice (Fig. 3c¢). This was confirmed at the /g/ sequence level: 11 of 14 mLN GCs picked at
random from vibratome slices had dominant clones that accounted for >50% of all B cells in
the GC, compared to 1 of 20 GCs in SPF conditions (Extended Data Fig. 5a—-d and Fig. la—
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c). Faster selection of Brainbow colors was also observed in GF PP, where 6 of 9 GCs
exceeded an NDS of 0.5 by day 20-23 post-tamoxifen, compared to 3 of 21 under SPF
conditions (Fig. 3a—-c). GC selection in Oligo-MM2-colonized mice fell between SPF and
GF rates (Extended Data Fig. 5e—g). Therefore, selection in gaGCs is not dependent on a
fully diverse microbiota, and in fact becomes accelerated in the absence of commensal
bacteria.

Clonal phylogenies of single-colored GCs from GF and Oligo-MM2-colonized mice
revealed strong clonal bursting, as evidenced by presence of large expansions of B cells with
identical V sequences and multiple inferred descendants (arrows in Fig. 3d, e and Extended
Data Fig. 6a, b). We produced mAbs from 16 /g sequences strongly selected under each
condition (including those indicated by named arrows in Fig. 3d, e and Extended Data Fig.
6a, b; Table S1). Of 7 mAbs cloned from Oligo-MM?2, three (M216, M218, and M220)
bound fecal bacteria from Oligo-MM12-colonized mice (Fig. 3f, i, j), and mAb M218 bound
to cultured Enterococcus faecalis by both flow cytometry and dot blot (Fig. 3g, h). Reversion
of somatic mutations resulted in larger decreases in binding for M216 and M220 and a more
modest decrease for M218, evidenced both by flow cytometry and ELISA (Fig. 3h—j). Thus,
as with SPF microbiota, vertical colonization with Oligo-MM12 triggers efficient affinity
maturation towards commensals in steady-state gaGCs.

We subjected the 9 mAbs obtained from GF winner clones to an array of assays covering
major potential sources of antigen, including food, autoantigens (anti-nuclear antibody and
intestinal tissue antigens), fecal bacteria, and a standard polyreactivity panel. None of the GF
mAbs reacted above background levels in any of these assays (Extended Data Fig. 6¢—f). To
determine whether GF GCs were indeed populated in a BCR-dependent manner or simply
stochastically due to lack of antigenic stimulation, we searched for commonalities in the /gh
sequences of winner clones, along with additional sequences obtained from single GC B
cells from mLN vibratome slices and whole mLN and PP of wild-type GF mice. This
revealed substantial overlap of clonotype “themes” across individuals, which we regarded as
unlikely to be random given the small pool of GCs sampled. Two themes were particularly
prevalent (Fig. 4a, b). One used the relatively rare V1-47 segment, coupled to Jy4 or J2
via an 11-12 aa CDRy3 beginning with the consensus sequence ARGSNY (Fig. 4a). No
commonalities in light chain usage were detected at this sampling depth. Allowing one aa
substitution in the ARGSNY motif, this theme was present in 5 of 7 GF mice, accounting for
16.6% of all cells sequenced (Fig. 4b and Extended Data Fig. 7a). Clones with these
characteristics represented only 0.00006% of all reads (or 1 in ~17,000) in a previously
published database of naive B cell /gh sequences from C57BL6 mice containing > 30
million reads representing 2.5 million unique rearrangements from five mice?! (p < 2.2 x
10716 compared to GF gaGCs). A second public clonotype was encoded by the rare Viy1-12
segment, with the stricter 7 aa consensus CDRy3 AREGFAY followed by Jy3 (Fig. 4a).
Again, no light chain usage patterns were identified. Allowing one aa substitution in
CDRy3, this clonotype was present in 2 of 7 GF mice, representing ~3% of all cells
sequenced. This clonotype was also heavily dominant in all 3 single-colored GCs sorted
from different organs of one of three Oligo-MM?2-colonized mice, accounting for 171 of
191 cells sequenced from this animal (Fig. 4b, Extended Data Fig. 8a). Despite its short
length, the V41-12/AREGFAY/J3 combination was seen only 7 times (in 1 of 5 mice) in
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the > 30 million-read naive B cell database?!, and only 2 more times in one other mouse if a
single aa substitution in the AREGFAY motif was allowed (p < 2.2 x 10716 compared to GF
gaGCs). Both clonotypes accumulated somatic mutations that converged across mice and
between SPF and MM12 conditions (Extended Data Fig. 7b). In agreement with their failure
to bind food protein extracts (Vy1-47 and Vy1-12 clonotypes are represented by mAbs
G082/G226 and M228/M232, respectively, described in Fig. 3d—j and Extended Data Fig. 6),
both clonotypes were also detected in mice fed a custom-made protein-free chow formulated
from purified ingredients (Extended Data Fig. 8b—c; Table S2).

To assess whether reliance on public clonotypes is more broadly characteristic of GF gaGCs
when sampled unbiasedly, we developed a multiwell incidence-based approach to measure
clonal overlaps between mice with high confidence. In total, we sequenced ~80 thousand
cells from mLN and PP gaGCs of 6 GF, 6 SPF, and 7 Oligo-MM2-colonized mice
(Extended Data Fig. 9a—d). Confirming our initial findings, the Vi 1-47/ARGSNY theme
(regardless of Jy usage) was present in 6 of 6 GF and 5 of 7 Oligo-MM2-colonized mice,
corresponding to 4.4% (173 of 3,929) and 2.4% (98 of 4,043) of clone*wells (a number
obtained by multiplying each clone by the number of wells it was found in, see Extended
Data Fig. 9a—c) in each condition, respectively (Fig. 4c). One such clone was also detected
in a single SPF mouse (5 of 3629 clone*wells; Fig. 4c) and 3 others (one using the Jy1
segment) were observed in our photoactivation data (see Fig. 1 and Supplementary
Spreadsheet 1), indicating that full bacterial colonization is not sufficient to completely
exclude such clonotypes from gaGCs. Clonotype VH1-12/AREGFAY was present, again at
a lower frequency, in 5 of 6 GF mice (44 of 3,929 clone*wells; Fig. 4c). Analysis of
Levenshtein distances showed that, in GF and Oligo-MM2-colonized but not SPF mice,
CDRy3s of V1-47 and V1-12 clones were closer in sequence to the ARGSNY and
AREGFAY motifs, respectively, than CDRRQ3s of clones using other V-segments (Extended
Data Fig. 9e). Of note, both V1-47/ARGSNY/Jy4 and Vy1-12/AREGFAY/JH3
rearrangements were found recurrently in PP of GF mice in independent work?2 published
while this study was under review, further underscoring the public nature of these two
clonotypes. Finally, public clonotypes in general (defined as any recurrent V/Jy
combination with exactly matching CDRy3 aa sequence) were markedly more frequent
across GF and Oligo-MM?12 gaGCs than across SPF mice (Fig. 4d, Extended Data Fig. 9f).
While almost all GF-associated clonotypes were either eliminated or reduced to below
detection levels by SPF colonization, the Oligo-MM2 gaGC repertoire overlapped more
substantially with that of GF mice, indicating that Oligo-MM?Z2 colonization is insufficient
to completely replace the GF response (Fig. 4d, Extended Data Fig. 9g). Thus, rather than
being stochastically populated, gaGCs display stringent selection driven by BCR specificity
under conditions of low antigenic diversity, resulting in rapid focusing of GCs on dominant
lineages and pronounced reliance on clonotypes found repeatedly across different mice.

We show that gut-associated GCs undergo clonal selection and affinity maturation in the
absence of infection or immunization, and that the rate of GC selection varies markedly
depending on the presence and complexity of the gut microbiota. Under microbial-replete
conditions, selection of highly dominant clones is relatively rare and is associated with
improved affinity for commensal-derived antigens. At the other extreme, gaGC selection
accelerates precipitously in the absence of microbes, leading to strong convergent selection
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of IgH clonotypes across mice. Thus, clonal selection in steady-state gaGCs is a tunable
process (see supplementary text for further discussion). The ability to generate specific,
affinity matured responses to commensals would allow targeted control of individual
bacterial species and may thus play a role in maintaining the composition of the gut
microbiota.

Mice and treatments

Mice were housed at 72°F, 30-70% humidity in a 12 h light-dark cycle with ad /ibitum
access to food and water. Male and female mice aged 8-12 weeks at the start of the
experiment were used. PAGFP-tg mice were generated in our laboratoryl2. Rosa26Confetti
(B6.129P2- GI(ROSA)26S0/ML(CAG-Brainbow2.1)Cle/ 3y and Rosaze5top-tdTomato (g6 Cg-
GI(ROSA)2650/M14(CAG-tdTomato)Hze/)\23 \yere obtained from Jackson Laboratories.
Rosa26Contetti were backcrossed to C57BL/6 for several generations in our laboratory and
restricted to the /g/P/® haplotype. AicdaCeERTZ (Ajcga™1-1(Cre/ERT2)Creyy mice24 were a kind
gift from Claude-Agnés Reynaud and Jean-Claude Weill (Institut Necker). S7prXreERT2
(Tg(S1pr2-cre/ERT2)#Kuro) BAC-transgenic micel4 were a kind gift from T. Okada
(RIKEN Yokohama) and T. Kurosaki (U. Osaka). Mice were bred and maintained either in
specific pathogen-free (SPF) facilities or in GF isolators at the Rockefeller University animal
facility. The Oligo-MM?2 consortium was a kind gift from K. McCoy (U. Calgary). We
colonized GF AlID-confetti breeders with a single gavage of Oligo-MM2 and monitored
colonization (including presence of the entire consortium in successive generations) by
specific amplification of individual bacterial members by gPCR, see below. Mice were bred
and maintained in isolators. Vertically-colonized AlD-confetti Oligo-MM2 mice were used
for all experiments. To deplete protein antigen from the diet, we used a custom solid diet
containing free amino acids (Modified TestDiet 9GCV w/5% Cellulose, composition details
in Table S1). Diets were irradiated at > 45 kGy to ensure sterility for GF conditions and were
provided to mice from 1 week of age until the time of analysis.

Recombination of floxed alleles in both AID-Confetti and S1PR2-tomato mice was induced
by two gavages of 10 mg of tamoxifen (Sigma, Cat# T5648) dissolved in corn oil at 50
mg/ml, 2 days apart. To ensure selection was not a function of route of administration of
either tamoxifen or corn oil, two AlID-Confetti mice were also injected intra-peritoneally
once with 10 mg tamoxifen for analysis at the SPF 21-23 day timepoint. In GF AlD-confetti
animals, tamoxifen was prepared and administered under sterile conditions to mice housed
in individually ventilated isocages (TecniPlast).

Sample sizes were not calculated a priori. Given the nature of the comparisons (mice born
under different microbial colonization status), mice were not randomized into each
experimental group and investigators were not blinded to group allocation.

All animal procedures were approved by the Institutional Animal Care and Use Committee
of the Rockefeller University.

Nature. Author manuscript; available in PMC 2021 April 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Nowosad et al.

Page 7

Oligo-MM12 quantitative PCR

Multiphoton

Colonization of mice by the Oligo-MM?2 consortium was confirmed and monitored over
generations using quantitative PCR with primer pairs specific to each species as previously
validated (individual strain primer sequences available in Supplementary Table S5, adapted
from19, universal bacterial qPCR primers as follows: UNIF340-
ACTCCTACGGGAGGCAGCAGT and UNIR44R-ATTACCGCGGCTGCTGGC). DNA
was extracted from fecal samples using the ZR Fecal DNA kit (Zymo Research) according
to manufacturer’s instructions. Quantitative PCR was performed with the Power SYBR
Green Master Mix (Applied Biosystems). The average Ct-value of two technical replicates
was used to quantify the relative abundance of each species’ 16S rRNA using the AACt
method with the universal 16S rRNA primers serving as the control between samples.
Relative abundance was corrected according to the genome copy number of 16S rRNA for
each species.

imaging and photoactivation

mLNs and PPs were harvested and imaged as described previously!!. Briefly, adipose tissue
and excess epithelium were removed under a dissecting microscope, and mLNs and PPs
were mounted in phosphate-buffered saline between two coverslips held together with
vacuum grease, as described?®. Mounted mLNs and PPs were imaged on an Olympus
FV1000 upright microscope with a 25X 1.05NA Plan water-immersion objective and a Mai-
Tai DeepSee Ti-Sapphire laser (Spectraphysics). Confetti alleles were imaged at A = 930 nm
excitation. Fluorescence emission was collected in three channels, using a pair of CFP
(480/40 nm) and YFP (525/50 nm) filters, separated by a 505 nm dichroic mirror to detect
CFP, GFP and YFP and a dedicated RFP filter (605/70 nm). /n situ photoactivation was
performed as described12:26, PAGFP-transgenic mice were injected intravenously with 5 pg
of a non-blocking antibody to CD35 (clone 8C12, produced in house) conjugated to Cy3 to
label follicular dendritic cell networks. Clusters of CD35* cells were identified by imaging
at A = 950 nm, where photoactivation does not take place, and 3D regions of interest were
photoactivated by higher-power scanning at . = 830 nm. Lymph node fragments were then
processed for flow cytometry as described below.

Image analysis

Color dominance in AID-Confetti GCs was determined in 3D datasets reconstructed using
ImageJ software and the Bio-formats plugin. Cells of each color or color combination were
counted manually in 2 or more 2D slices, at least 20 um apart using the Cell Counter plugin.
For PP overviews, colors were counted in the same way, but from a single imaging plane.
The normalized dominance score (NDS) was calculated as previously!?. In brief, we first
estimated the fraction of recombined cells in each GC by calculating the density of
fluorescent cells per area unit (100 pm?) in anatomically defined DZ areas in which cell
distribution was homogeneous, then multiplied the density by the fraction of colored cells
accounted for by the dominant color in the GC. Fully recombined GCs have a cell density
very close to 1 11, making an NDS of 1 a good approximation of 100% GC occupancy by
the dominant color. GC size in mLN and PP was calculated as the cross-sectional area of the
largest available Z-section. All image analysis was carried out in ImageJ.
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Lymphocyte flow cytometry and sorting

To evaluate GC dynamics and isotype distribution across space and time, individual mLNs
were isolated draining the duodenum, jejunum, ileum or cecum/colon as described
previously 20, Pairs of PPs were isolated from the most proximal part of the duodenum or
the most distal part of the ileum. Cells were isolated by maceration with disposable
micropestles (Axygen) in 100 ul of PBS supplemented with 0.5% BSA and 1mM EDTA
(PBE), and single cell suspensions obtained by two passes through a 70 pm mesh. Cells
were stained with antibodies against B220, TCR a/p (or a “dump” mixture containing
antibodies against CD4, CD3, CD8 and NK1.1), CD38, Fas, IgM, 1gG1, 1gGop and IgA
supplemented with Fc block (see Table S3) for 30 minutes on ice. Samples were run on a
FACS LSRII or FACS Symphony (BD).

To sort B cells from single mLN GCs, we first determined the localization of single-colored
GCs as detailed in Multiphoton Imaging, above. As previously described!!, we embedded
selected mLNs in 4% low-melt NuSieve GTG agarose in PBS heated to boiling then cooled
to 37 °C prior to embedding. We then cut LN into 300 pm slices using a Leica VT1000A
vibratome. Slices were then further dissected under a Leica M165FC fluorescence
stereomicroscope using a double-edged razor blade to isolate single GCs from slices in
which multiple GCs were present. Slice fragments were placed in microcentrifuge tubes
containing 100 ul of PBE, macerated using disposable micropestles and dissociated into
single-cell suspensions by gentle vortexing. 100 pl of 2X antibody stain (antibodies against
CD38, FAS, B220, TCRap supplemented with Fc block, see Table S3) was added to the cell
suspension, which was incubated on ice for 30 min. Single cells were sorted as described
below using FACS Aria Il or 111 cell sorters. Cells positive for any fluorescent Confetti color
detected as described!! were index-sorted into 96-well plates containing 5 pl TCL Buffer
(Qiagen) supplemented with 1% B-mercaptoethanol1:27. Precise assignment of colors from
index-sorted cells was done post-acquisition using Diva software, v. 8.0.2, using all four
channels.

For the isolation of single follicles from non-fluorescent GF mice, mice were injected with
anti-CD35 (8C12) Alexa Fluor 594, individually dissected, imaged, and sliced as described
above. 250 pm slices were examined under a stereomicroscope and manually microdissected
into slice fragments comprising roughly one follicle as per follicular dendritic cell staining.
Two slice fragments were prepared per mLN, isolated from slices at least 1,000 um (four
250 pum slices) apart in the intact node. Slice fragments were prepared for single cell sorting
as above. For the isolation of single GCs from fluorescent GF mice, we combined Confetti
fate-mapping with anti-CD35 follicle staining. GF AID-Confetti mice were treated with
tamoxifen as described and, 24 hours before imaging, were injected with 5 pg anti-CD35-
Cy3. mLNs were sliced and imaged, and fluorescent clusters were manually excised
avoiding any other follicles (marked with anti-CD35). In this case, both fluorescent and non-
fluorescent GC B cells were single-sorted for sequencing.

For single-cell sequencing from whole mLNs and PPs, organs from non-fluorescent GF
mice were isolated and processed into single-cell suspensions by maceration with disposable
micropestles. After straining through a 70 um mesh, cells were stained and sorted as above.
For incidence-based sequencing experiments, mLN or PP samples were stained as above and

Nature. Author manuscript; available in PMC 2021 April 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Nowosad et al. Page 9

sorted at 100 cells per well into 16-32 individual wells in a 96 well plate containing 10 pl
TCL Buffer (Qiagen) supplemented with 1% B-mercaptoethanol. Analysis of flow cytometry
experiments data was performed on FlowJo software, v. 10.5.3 (Tree Star Inc.).

Immunoglobulin sequencing

RNA from single cells or 100-cell pools was reverse-transcribed using oligo-dT as in11:16,
PCR primers were used as described previously1:28 with the addition of IgA-specific
amplification primers Ca outer (ATCAGGCAGCCGATTATCAC) and Ca inner
(GAGCTCGTGGGAGTGTCAGTG)!8. Pooled PCR products were then purified using
SPRI beads (0.7x volume ratio), gel purified and sequenced with a 500-cycle Reagent Nano
kit v2 for single cell libraries and with a 600-cycle Reagent kit v3 for 100-cell pool libraries
on the lllumina Miseq platform.

Sequence analysis

For single-cell /ghanalyses, raw paired-end sequences were merged at the overlapping
regions using PANDAseq (v2.11) for full amplicon reconstruction??, then processed with the
FASTX toolkit. Only sequences with high counts for each single cell/well were analyzed.
For V-(D)-J gene rearrangement annotation, /g sequences obtained were submitted to both
HighV-QUEST (v1.6.9)30 and Vbase23! databases, choosing the assignment yielding the
lowest number of somatic mutations in case of discrepancy. Sequences with common Vy/Jy
genes and same CDRR3 length were grouped into clonal lineages when CDRR{3 nucleotide
identity was = 75%. /gk sequences were determined using the same method, as needed for
mADb cloning purposes. Clonal lineage trees were plotted using GCtree32, with the
unmutated V gene sequence of the V(D)J rearrangement used as an outgroup. Logo plots for
public clonotypes were created by first using the T-Coffee algorithm32 to align all CDRy3
sequences bearing Vy1-47 and Jy2 or Jy4 connected by a 11 or 12 aa-long CDRQ3 or Vy1-
12 and Jy3 connected by a 7 aa-long CDRR3. The results of this alignment and subsequently
processed using the WebLogo3 web server34. Public clones were searched in the Greiff et al.
21 database using R. Matching required exact Vi, Ju, and CDRy3 length matches and up to
1 amino acid mismatch in the “ARGSNY” or “AREGFAY” motifs. Dendrograms were
generated using ClustalX (v. 2.1) and FigTree (v. 1.4.4) and branches were colored in Adobe
Illustrator according to the sequence annotations.

For incidence-based sequencing, raw paired-end sequences were merged as above and
submitted to HighV-QUEST (v. 1.6.9) for annotation3C. The output database was then
processed in the R environment to remove non-functional and out-of-frame sequences. Any
sequences with < 6 reads were discarded. Expanded clonal populations were defined using
Change-03°. Briefly, sequences within the same mouse that shared Vi and Jy genes and
with a maximum CDRK{3 hamming distance of 4 nucleotides were grouped into a single
clone*well of size equivalent to the number of wells this sequence was found in and
retaining the full list of CDRQ3 sequences in the cluster (generating a CDR3/ist for that
clone*well). To remove the possibility of errors due to sequence misassignment and inter-
well contamination, sequences found in a single well within their mouse of origin were
eliminated. CDRQ3s were translated to amino acid sequences and non-CDRy3 sequences
were discarded prior to assignment of public clones. Our definition of a public clone
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required that clones have the same Vi and Jy segments, and an exact match between any of
the CDRy3s in the clone*wells” CDR3Jists. Public clonotypes V1-47/ARGSNY and V{1-
12/AREGFAY were identified in this database using the same criteria as above but without
restriction of J4 segment usage. Circular ideogram plots were created using Circos (v. 0.69—
9), with each individual mouse represented by a single ideogram bar3®. The full analysis
pipeline is available at https://github.com/victoraLab/MIBS. Levenshtein distances were
calculated in R using the stringdist package. Wells assigned to the same clone within the
same mouse were counted only once to avoid overrepresentation due to clonal expansion.
All sequences with > 15 reads were used in this analysis, regardless of the number of wells
in which a clone was present. For the V1-47/ARGSNY clonotype, distances were
calculated starting from the string “ARGSNYXXXXDY"’ and plotted as the resulting
difference —4 to correct for the 4 “X” characters.

Monoclonal antibody production

Heavy and light chain sequences obtained from the same expanded nodes in GC B cell SHM
phylogenies, as well as their deduced unmutated ancestors, were produced and assembled
into custom mammalian expression vectors (modified from6) encoding the human 1gG; and
IgK constant regions by Twist Biosciences. Plasmids were transfected into Freestyle 293-F
suspension cells (obtained from Life Technologies and tested for mycoplasma contamination
in our laboratory), and mAbs were purified using protein-G affinity chromatography, as
described1:37, Integrity of all mAbs was assayed/quantified by SDS-PAGE and bio-layer
interferometry on an Octet Red96 instrument using protein G-coated sensors (FortéBio).

Monoclonal antibody binding assays

Bacterial flow cytometry was carried out using protocols adapted from38 and*. Freshly
collected feces from SPF or Oligo-MM?12 mice from our own facility were macerated with
micropestles in 100 pl of ice-cold PBS per 10 mg of feces and vortexed for 5 minutes. Large
debris were removed by spinning at 400 xg for 5 minutes at 4°C. Supernatant containing
bacteria was removed and pelleted by centrifugation at 8000 xg before staining with SYTO
BC bacterial DNA stain (Thermo Fisher, 1:5000). For staining of cultured bacteria,
overnight cultures were pelleted at 8000 xg and resuspended in SYTO BC at approximately
10° CFU/mlI (a density similar to that of fecal bacteria). Stained bacteria were incubated with
monoclonal antibodies at 10 pug/ml for feces or 1 pg/ml for cultures in PBS supplemented
with 0.25% BSA for 1 hour on ice before washing and incubating with Alexa Fluor 647-
conjugated goat anti-human 1gG4 secondary antibody (Thermo Fisher, Cat#A-21445,
1:2000) with 5% v/v normal goat serum in PBS 0.25% BSA for 30 minutes. Bacteria were
washed in PBS 0.25% BSA for 15 minutes and 0.25 pg/ml DAPI was added immediately
prior to sample acquisition. Samples were run on a FACS Symphony (BD) with forward
scatter and side scatter set to logarithmic mode. Within each experiment, the same number
of events was acquired for all samples. Binding was evaluated in SYTO BC* DAPI- live
bacteria. Data was analyzed using FlowJo software v. 8.7 or 10.5.3 (Tree Star Inc.).

Fecal bacterial ELISAs were performed with bacteria isolated from freshly collected feces
from either Oligo-MM?2 or SPF mice. To regulate the bacterial diversity sampled in SPF
mice, feces from multiple cages of C57BL/6 mice were pooled and prepared as a single
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sample. Feces were macerated with disposable micropestles and centrifuged as described for
bacterial flow cytometry. Bacteria were fixed in 0.5% paraformaldehyde for 20 minutes with
continual rotation to avoid clumping then washed three times in PBS. Poly-L-lysine coated
high-binding ELISA plates were incubated overnight with bacterial preparations at
concentrations of OD600 of 0.2 for Oligo-MM?2 or OD600 of 0.35 for SPF. Plates were
blocked with PBS 1% BSA for 2 hours, washed with PBS 0.05% Tween and incubated for 1
hour with serial dilutions of monoclonal antibodies starting at a concentration of 900 nM.
Plates were washed and incubated with an HRP-conjugated goat anti-human 1gG (Fcy-
specific) secondary antibody (Jackson Immuno Research, 109-035-098) at 1 ug/ml for 1
hour. Assays were developed using chromogenic substrate (Sigma) according to the
manufacturer’s instructions. Absorbance was read at 450 nm using an AccuScan plate reader
(Fisher Scientific).

Polyreactivity ELISAs were carried out as previously described3?, with the following
modifications. Briefly, high-binding ELISA plates (Costar) were coated with sSDNA,
dsDNA, LPS and KLH at 10 pg/ml and insulin at 5 ug/ml in PBS overnight at 4 °C. Plates
were washed with PBS 0.05% Tween (PBST) and incubated in PBST for 1 hour at room
temperature. Plates were incubated with serial dilutions of monoclonal antibodies in PBST
for 2 hours at room temperature starting at a concentration of 10 pg/ml. Plates were
incubated with HRP-conjugated secondary antibodies, developed and absorbances read as
described above. Self-reactivity was tested using the QUANTA Lite ANA ELISA kit (Inova
Diagnostics) following the manufacturer’s instructions.

For testing reactivity to food proteins, crude protein extracts were prepared by grinding 10 g
of germ-free autoclaved chow to a powder in a pestle and mortar and shaking at 120 rpm
overnight in 40 ml PBS at 37 °C. Extracts were clarified by spinning at 4,000 xg for 10
minutes and then 21,130 xg for 1 h at 4 °C before filtering through a 0.22 um filter. Final
protein concentration was determined by BCA assay (Pierce). ELISA plates were coated
overnight with 100 pg/ml of food extract, blocked with PBS 2% BSA and incubated with
serial dilutions of mAb in PBS 2% BSA starting at 10 pg/ml for 2 hours. Assays were
incubated with HRP-conjugated secondary antibodies, developed and absorbances read as
described above.

For bacterial lysate dot blots, overnight cultures of bacteria were centrifuged at 8000 xg for
8 minutes to pellet bacteria and washed once with BHI media, then resuspended at a 10X
concentration in BHI. These concentrates were normalized to an OD600 of 4.0, then mixed
1:1 with Laemmli sample buffer and boiled for 10 minutes to lyse cells. 2 ul of prepared
bacterial lysates were spotted on nitrocellulose and dried at room temperature overnight.
Blots were blocked in PBST (1X PBS and 0.1% Tween) with 1% BSA for 2 hours, washed
briefly with PBST, then stained with 4 ug/ml primary antibody (monoclonal human 19G;s)
in PBST with 1% BSA for 2 hours. Blots were washed for 5 minutes in PBST three times,
stained with 1:1000 peroxidase-conjugated goat anti-human IgG (Jackson ImmunoResearch
109-035-098) in PBST with 1% BSA for one hour, then washed for 5 minutes in PBST
three times. Blots were dabbed dry and then incubated for 5 minutes with the Clarity ECL
substrate (Bio-Rad) and chemiluminescence images were acquired with an ImageQuant
LAS4000 (GE) using the same exposure time for all blots.
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Self-Reactivity was assessed in western blots probing whole tissue lysates. The small
intestine was dissected from wild-type SPF mice and a 1 cm segment of the distal ileum was
removed, cut open longitudinally, and washed thoroughly with PBS to remove lumenal
content. The tissue was snap-frozen and then beadbeat directly in Laemmli buffer to
pulverize the tissue, lyse the cells, and reduce/denature proteins in one step. Samples were
boiled for 10 minutes and then centrifuged at 16,000 g for 5 minutes. Supernatants were run
on 4-20% Tris-Glycine gels with SDS, and transferred onto PVDF membranes. Blots were
blocked and stained using the procedure described above for dot blots.

Bacterial culture

A list of bacterial strains is provided in Table S4. Bacteria were grown in an anaerobic
atmosphere of 10% carbon dioxide, 5% hydrogen, and 85% nitrogen. Members of the Oligo-
MM22 consortium were cultured in BHI (Becton Dickinson) supplemented with 5 pg/ml
hemin (Sigma), 5 pg/ml vitamin K1 (Sigma), 250 mg/L cysteine, 250 mg/L sodium sulfide,
and 4 g/L porcine mucin type 3 (Sigma) (only for Akkermansia muciniphila Y L44), with the
exception of Lactobacillus reuteri 149, which was grown in MRS (Becton Dickinson).

Statistical analysis

Unless otherwise noted, statistical calculations were performed using the tests described in
the figure legends in GraphPad Prism v. 8.3.0. The Chaol formula®® was used to estimate
total clonal richness in photoactivated GCs, calculated using the EstimateS package?!.
Proportions of clones bearing public clonotype motifs in our sample vs. the Greiff et al.21
database were compared using Fisher’s exact test calculated in the R environment. For the
ARGSNYXXXXDY CDRy3, Levenshtein distances were compared between conditions; for
the AREFGAY CDRy3, distances were compared between VV1-12 and all clones using the
Mann-Whitney test. Exact binomial confidence intervals were calculated using the JavaStat
online tool at https://statpages.info/confint.html.
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Extended Data Figure 1. Clonal replacement in steady-state gaGCs.

(a) Gating strategy for PA-GFP mice used in Fig. 1a—d. (b) Gating strategy and efficiency of
labeling in GCs of AID-Confetti mice 7 days post administration of tamoxifen as in Fig. le.
Labeling efficiency is calculated as 100% minus the product of unlabeled cells in the GFP/
YFP, RFP, and CFP channels. (c) Gating strategy for S7pr2C"¢ERT2/tdTomato fate-mapping
experiments shown in (g) and Fig. 1h. All flow plots are representative of multiple
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experiments. (d) Multiphoton images of PP of SPF mice at different times after tamoxifen
treatment, details as in Fig. 1f. (e) Quantification of multiple images as in (d), details as in
Fig. 1g. Data are from 3-5 mice per timepoint at D14-35 and 1-2 mice for D7 and later
timepoints. (f) GC size in PPs vs. mLNSs, calculated from samples obtained 7 days after
tamoxifen treatment as in (d) and Fig. 1f. Size is plotted as the cross-sectional area of the
largest available Z-section. Each symbol represents one GC. Lines are median, P-values are
for two-tailed Mann-Whitney U test. Data are pooled from multiple mLNs and PPs of 2
mice from 2 independent experiments. (g) Turnover of B cell clones in PP GCs from
S1prXreERT2 x Rosa265t0p-1dTomato mice details as in Fig. 1h.
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Extended Data Figure 2. Binding characteristics of ‘winner’ gaGC clones from SPF mice.
(a) Gating strategy for AID-Confetti single GCs shown in (b,c), Figs. 2a and 3d—e, and

Extended Data Fig. 6a—b and 8a. (b,c) Additional /g/ sequence relationships among B cells
from high-NDS GCs (b) and one low-NDS GC (c). Details as in Fig. 2a. Scalebars, 50 pum.
In (c), each tree is a separate clone (defined as a unique V(D)J rearrangement). Only clones
with > 5 cells are shown (grey slices). (d) Gating strategy for bacterial flow cytometry,
performed in (e), Figs. 2b and 3f, h-i, and Extended Data Fig. 6d. () Binding of
recombinant mAbs to fecal bacteria isolated from SPF mice by flow cytometry. Plots gated
as in (d). All plots are representative of data repeated in at least two separate experiments. (f)
Reactivity summary of SPF mAbs assayed by ELISA against food protein extracts,
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autoantigens (anti-nuclear antibody, ANA), and a 5-antigen polyreactivity panel. Shown are
background-subtracted OD 450nm values. Data representative of assays repeated in at least
3 separate experiments.

a Quantitative PCR, total 165 b Quantitative PCR, species-specific 165 C Quantitative PCR, species-specific 165
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Extended Data Figure 3. Stable vertical transmission of the Oligo-M M12 consortium.
(a) Total and (b,c) strain-specific 16S DNA quantitative PCR and of fecal samples of mice

stably colonized with the Oligo-MM22 consortium. In (a) ACT was calculated in respect to a
reference SPF sample, marked by the black filled symbol, to which all other values were
compared. In (c), Ct-values were used to quantify the relative abundance of each species (see
Methods). LOD, limit of detection. P, parental strain (colonized by gavage). F1, first
generation after P. Note that Bifidobacterium animalis (YL2) is usually undetectable in

feces, as previously described?®.
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Extended Data Figure 4. Frequency and isotype distribution of gaGCs in GF and Oligo-M M2
colonized mice.

(a) Gating strategy for GC frequency and isotype distribution shown in b-d. (b) Frequency
of cells with GC phenotype (CD38-FASM) among total B220* B cells in the indicated
organs of mice raised under the indicated conditions. Each symbol represents one mouse.
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SPF, n = 25; GF, n = 16; Oligo-MM12, n=11. (c) Frequency GC B cells positive for the
indicated surface BCR isotype in different organs of mice raised under the indicated
conditions. Data are from at least 3 mice per group, as in (d). Data are presented as mean +/
- SEM. (d) Statistical analysis of selected isotypes and anatomical locations, using data
from (c). Each symbol represents one mouse. Lines indicate median; P-values are for two-
tailed Kruskall-Wallis test done on each trio, with Dunn’s multiple comparisons post-test.
All P-values below 0.05 are reported.
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Extended Data Figure 5. Clonal selection in GF and Oligo-MMX2-colonized mice.
(a) Gating strategy for GF AlD-Confetti single GCs used in (b-d). (b-d) Sequencing of /gh

genes of B cells obtained from individual mLN GCs. GC B cells were single-sorted from
fragments of vibratome slices containing a single GC. To avoid biased selection of GCs
based on NDS or loss of GCs with low colored cell density, mLN were harvested at 57
days post-tamoxifen, prior to extensive selection or clonal turnover, and both fluorescent and
non-fluorescent cells were included in the sample. This unbiased selection ensures that data
are comparable to those obtained using /n s/tu photoactivation (Fig. 1a—d), which we could
not perform because the photoactivatable GFP-transgenic strain is not available under GF
status. (b) Clonal composition of individual GCs from five mice (GF1-5). J, jejunal; C,
cecal-colonic mLN. (c) Quantification of data in (b). Each symbol represents one GC. (d)
Proportion of GCs in which the largest clone accounts for > 50% of all B cells in mLN of
SPF (data from Fig. 1b) and GF mice (b). P-value is for two-tailed Fisher’s exact test. Center
bars represent the proportion in the sample, error bars are the exact binomial 95%
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a Germ-free

C GF mAbs: ELISA panel

Page 17

confidence interval. () Multiphoton images of Oligo-MM12 mLN and PP at different times
after tamoxifen. Blue is collagen (2" harmonics), white is autofluorescence, other colors are
from the Confetti allele. Scalebars, 200 um (overviews), 50 um (close-ups). N/D, NDS not
determined due to low colored cell density. (f) Quantification of images as in (e) for mLN
(top) and PP (bottom). Each symbol represents one GC. Median indicated. Only GCs with
density > 0.4 fluorescent cells/100 um? are included in NDS calculation. (g) Proportion of
GCs with NDS > 0.75 in mLNSs (top) and > 0.5 in PPs (bottom) under SPF, GF, and Oligo-
MM12 conditions at 20-23 days post-tamoxifen, SPF and GF data as in Fig. 3c. For SPF,
Oligo-MM*2 and GF mLN gaGCs, n = 57, 16, and 27, respectively. For PP gaGCs n=21, 10,
and 9, respectively. P-value is for two-tailed Fisher’s exact test. Error bars represent the
exact binomial 95% confidence interval. All data are from 3-5 mice per timepoint.
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Extended Data Figure 6. Characteristics of ‘winner’ gaGC clones from GF and Oligo-MM2-
colonized mice.

(a,b). Additional /gh sequence relationships among B cells from high-NDS GCs from GF
(a) and Oligo-MM*2-colonized (b) mice. Details as in Fig. 2a. Scalebars, 50 um. (c)
Reactivity summary of GF mAbs assayed by ELISA against food protein extracts,
autoantigens (anti-nuclear antibody, ANA), and a 5-antigen polyreactivity panel. Shown are
background subtracted OD 450nm values. (d) Flow cytometry of GF mAbs binding to fecal
bacteria from SPF mice. Details as in Fig. 2b. (e) ELISA for GF mAbs binding to SPF fecal
bacterial fractions. MG053 was assayed at 3 dilutions only. mAbs were assayed at the
dilution indicated in the X-axis. Lines are mean of two assays. (f) Western blot (WB) for GF
mAbs binding to a protein extract from mouse ileum tissue, run on a single-well 4-15% gel
and blotted using a multi-well mask. mAb 3H9 is a DNA-specific negative control. Data in
(c-f) are representative of two or more independent experiments.
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Extended Data Figure 7. Mutational patterns in GF/Oligo-MM2 public clonotypes.
(a) Dendrograms showing the sequence relationships between V1-47 and V1-12 clones

in different mice. All clones with up to 2 aa differences from the public clonotype CDRy3
motifs are included. (b) Heatmaps depict the frequency of aa replacements along the V1-
47 and VHp1-12 families in GF (blue) and Oligo-MM?12 (green) mice, using the same data
as plotted in Fig. 4b. Only mice with > 2 cells within the specified clone were included in
the analysis. Number of cells analyzed per mouse is indicated at the top of each column.
Only aa mutated in at least 3 (Vy1-47) or 2 (VH1-12) mice are listed on the left, using
IMGT numbering; to the right, the most frequent aa replacement in each mouse is given.
Arrows indicate recurrent aa mutations found in 5/6 mice (Vy1-47) or 3/3 mice (V{1-12).
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Extended Data Figure 8. Stereotypical GF IgH clonotypes are present in OIigo-MM12 and GF/
dietary protein-free conditions.

(a) Massive expansion of a public V41-12 clonotype across different secondary lymphoid
organs of mouse MM12 1 (from Fig. 4b), at 21 days post-tamoxifen. Multiphoton images
show all three GCs sequenced from this mouse (yellow dotted boxes), magnified in the side
panels. Scalebars, 200 um (overviews) and 50 um (close-ups). mLN close-ups are from
different image acquisitions of the same GC. A clonal tree of all cells in this clone is shown
in the bottom-right. Arrowheads indicate clonal bursts and the organ of origin of cells with
that particular sequence. (b) Frequency of cells with GC phenotype (CD389MFASN) among
total B220* B cells in the indicated organs of mice raised on protein-free chow (PFC). Data
for SPF and GF mice are reproduced from Extended Data Fig. 4b. Each symbol represents
one mouse. PFC n = 8 mice. (c) Clonal distribution of GC B cells sequenced from the
indicated tissues of three separate mice (PFC1-3), with public clonotypes color-coded. See
also Fig. 4b. D, duodenal mLN; I, ileal mLN; C, cecal colonic mLN; PP, Peyer’s patch.
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Extended Data Figure 9. Multiwell incidence-based I gh sequencing reveals clonal overlap among
individual mice and between microbial colonization conditions.

(a) Schematic overview of the incidence-based /g/ sequencing method used for (c-g) and
Fig. 4c, d. To identify expanded public clonotypes among gaGC samples from multiple mice
with high confidence, we developed an incidence-based sequencing strategy based on
repeated sampling of the same GC B cell population. We sorted multiple samples of 100 GC
B cells (usually 32 for mLN and 16 for PP) from 6 GF, 6 SPF, and 7 Oligo-MM12-colonized
mice, and sequenced all BCRs in each sample, for a total of ~80 thousand input B cells, plus
32 wells each of non-GC B cells from the mLN of 3 GF and 3 SPF mice as controls. To
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avoid counting as “public” sequences that were spuriously present in different mice due to
barcode misassignment or DNA contamination, we only included in our analysis clones that
were represented by > 5 reads in any single well and found in at least 2 wells from the same
sample. Key bioinformatics steps are described in the figure; see the Methods section for a
full description of the bioinformatic pipeline. (b) Gating strategy used for data in (c-g) and
Fig. 4c—d, described in (a). (c) Number of distinct clones per well, after collapsing
sequences with matching Vy, Jy, and CDRR{3 nt sequence. Each symbol represents one
well. Boxes represent median and interquartile range. As expected, non-GC B cell samples
had many more total clones per well than GC B cells. (d) Proportion of expanded clones
(present in > 1 well per sample) in GC and non-GC samples from mLN and PP of mice held
under the specified conditions. (e) Histograms of Levenshtein distance between the indicated
consensus CDRy3 and the CDRy3 of all clones in the indicated category. For
ARGSNYXXXXDY, distances are plotted for clones carrying the “correct” Vy1-47 gene or
two “control” V regions with similar usage frequency in our sample. P-values, Kruskall-
Wallis test comparing all three conditions. Due to the very low number of total V41-12
clones outside the GF condition, distances to the AREGFAY CDRy3 are compared between
VH{1-12 clones and all clones. P-value, two-tailed Mann-Whitney test. (f) Fraction of
clone*wells containing public clonotypes in each condition, pooled from all mice. P-values
are for Fisher’s Exact test. (g) Venn diagram showing number of clones per condition
(pooled from all mice) and overlap between conditions. The clone in the center of the graph
(SPF/Oligo-MM12/GF overlap) corresponds to the V/y1-47 public clonotype. In (f, g) data
as in Fig. 4d.
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Fig. 1 |. Kinetics of clonal selection in steady-state gaGCs.
(a) Experimental setup. (b) Clonal composition of individual GCs from five mice (SPF1-5)

obtained as in (). J, jejunal; I, ileal; C, cecal-colonic mLN. (c) Quantification of data in (a-
b). Each symbol represents one GC. Median indicated. (d) /g/ sequence relationship among
B cells from the largest B cell clone in the sample. Arrows indicate putative positive
selection events. UA, unmutated ancestor. () Experimental setup. (f) Multiphoton images of
mLN of SPF mice at different times after tamoxifen treatment. Blue is collagen (2"
harmonics), white is autofluorescence, other colors are from the Confetti allele. Scalebars,
200 um (overviews), 50 um (close-ups). (g) Quantification of images as in (f). Each symbol
is one GC. Only GCs with density > 0.4 fluorescent cells/100 pm? are included in NDS
calculation. Filled symbols indicate data from two mice in which tamoxifen was
administered intraperitoneally. Median indicated. Data are from 3-5 mice per timepoint at
days 14-35 and 1-2 mice for day 7 and later timepoints. (h) SPF S1prZCTeERT2 x
Rosa26°1°p-tdTomato mice were given 2 doses of tamoxifen, 2 days apart, to label GC B cells.
Graph shows proportion of tdTomato* mLN GC B cells assayed by flow cytometry at the
timepoint indicated, counting from the first dose of tamoxifen. Each symbol represents one
mouse. Half-life was quantified using a one-phase exponential decay function (black line).
Gating strategies detailed in Extended Data Fig. 1a—c.
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Fig. 2 |. Selection of commensal-binding clones in steady-state gaGCs.
(a) /ghsequence relationship among B cells from high-NDS GCs sorted as in Extended Data

Fig. 2a. Images and pie charts show clone/color distribution for each GC. Numbers within
images are NDS; numbers in pies are (cells in major clone/total cells sequenced).
Phylogenies for major clones (grey in the pie charts) are shown. Arrows indicate “clonal
burst” points; names are indicated whenever a recombinant mAb was generated from a
sequence (see Table S1). UA, unmutated ancestor. Scalebars, 50 um. Additional trees
provided in Extended Data Fig. 2b—c. (b) Binding of mAbs to SPF fecal bacteria. Gated on
SYTO BC™, DAPI- live bacteria, as in Extended Data Fig. 2d. Clone MGO053 and G200 (see
below) are non-bacteria-reactive negative controls. Graph summarizes 7 independent
experiments (M, mutated; U, unmutated). Background (% positive in 24" only) is
subtracted from all datapoints. P-values are for two-tailed Wilcoxon paired samples test. (c)
mADb binding to fecal bacteria by ELISA. mAb dilution is indicated on the X-axis. Lines are
mean of three assays. (d) As in (c) but showing mAbs S078 and S120 as well as their
unmutated ancestors.
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Fig. 3 |. Accelerated selection in gaGCs of GF and Oligo-M M22-colonized mice.
(a) Multiphoton images of GF mLN and PP at different times after tamoxifen. Blue is

collagen (2" harmonics), white is autofluorescence, other colors are from the Confetti
allele. Scalebars, 200 um (PP overview), 50 um (close-ups). (b) Quantification of images as
in (a) for mLN (top) and PP (bottom). Each symbol represents one GC. Median indicated.
Only GCs with density > 0.4 fluorescent cells/100 pm? are included in NDS calculation. (c)
Proportion of GCs with NDS > 0.75 in mLN (top) and > 0.5 in PP (bottom) under SPF and
GF conditions at 20-23 days post-tamoxifen. For SPF and GF mLN gaGCs, n = 57 and 27
respectively. For PP gaGCs, n=21 and 9, respectively. SPF data are from Fig. 1g and
Extended Data Fig. 1le. n= P-value is for two-tailed Fisher’s exact test. Error bars represent
the exact binomial 95% confidence interval. Data for (b,c) are from 3-5 mice per timepoint,
except D5-7 that is from 1 mouse. (d, €) /g/ sequence relationship among B cells from GF
(d) and Oligo-MM12 (e) GCs with high NDS. Details as in Fig. 2a. Additional trees provided
in Extended Data Fig. 6a, b. Scalebars, 50 um (f) Flow cytometry of Oligo-MM2 mAbs
binding to fecal bacteria from Oligo-MM2-colonized mice. ED38, polyreactive positive
control mAb; MG053, negative control mAb. Dotted line placed at 102 for reference. (g) Dot
blot showing binding of Oligo-MM12 mAbs to a subset of cultured Oligo-MM?2 strains
(black font, see Table S4). Bacteroides ovatus (B.o.) and Bacteroides caccae (B.c.) are
negative controls (blue font). Arrows indicate Enterococcus faecalis, bound only by M218.
(h, i) Binding of mAb M218 to cultured £. faecalis (h) and of 3 Oligo-MM2 mAbs to fecal
bacteria from Oligo-MM2-colonized mice (i) by flow cytometry. Gated on SYTO BC*,
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DAPI~ live bacteria as in Extended Data Fig. 2d. (j) mAb binding to fecal bacteria by
ELISA. Lines are mean of two assays.
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Fig. 4 |. Prominent public clonotypes in gaGCs of GF and Oligo-MM2-colonized mice.
(a) CDRy3 aa sequence logos for B cells bearing public Vy1-47/J44 or J42 rearrangements

of 11 or 12 aa length (left) or Vy1-12/J43, 7 aa length (right), sequenced from GF gaGCs.
(b) frequency across mice/samples of B cells fitting public clonotype criteria or carrying
other V{1-47 or Vy1-12 rearrangements. Each bar represents one sample. Data are for 7
GF mice (GF1-7) and 3 Oligo-MM2-colonized mice (MM121-3). D, duodenal; 1, ileal; C,
cecal colonic mLN; P, Peyer’s patch. (c) Circos plots showing distribution of V41-47 and
VH1-12 public clonotypes in a second cohort of sex and age-matched SPF, GF, and Oligo-
MM2-colonized mice. Each segment represents pooled mLN and PP GC B cells from one
mouse, with clones ordered clockwise from largest to smallest. Only clones containing
identical CDRy3s are linked (see Online Methods for full description). Gated as in Extended
Data Fig. 9b; all samples were sequenced in a single experiment. (d) Circos plot as in (c)
showing all public IgH clonotypes shared across mice housed under the indicated
conditions. Lines connect clonotypes with the same V/CDRy3/Jy aa sequence. Left, all
clones; right, only clones spanning = 30 total wells. In (c, d), only clones found in at least 2
wells from the same mouse were linked.
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