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Induction of bronchus-associated lymphoid 
tissue is an early life adaptation for 
promoting human B cell immunity
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Eline T. Luning Prak    6, Uri Hershberg5, Peter A. Sims7,10, Tomer Hertz3,4,11 & 
Donna L. Farber    1,2 

Infants and young children are more susceptible to common respiratory 
pathogens than adults but can fare better against novel pathogens like 
severe acute respiratory syndrome coronavirus 2. The mechanisms by 
which infants and young children mount effective immune responses to 
respiratory pathogens are unknown. Through investigation of lungs and 
lung-associated lymph nodes from infant and pediatric organ donors 
aged 0–13 years, we show that bronchus-associated lymphoid tissue 
(BALT), containing B cell follicles, CD4+ T cells and functionally active 
germinal centers, develop during infancy. BALT structures are prevalent 
around lung airways during the first 3 years of life, and their numbers 
decline through childhood coincident with the accumulation of memory 
T cells. Single-cell profiling and repertoire analysis reveals that early 
life lung B cells undergo differentiation, somatic hypermutation and 
immunoglobulin class switching and exhibit a more activated profile 
than lymph node B cells. Moreover, B cells in the lung and lung-associated 
lymph nodes generate biased antibody responses to multiple respiratory 
pathogens compared to circulating antibodies, which are mostly specific 
for vaccine antigens in the early years of life. Together, our findings 
provide evidence for BALT as an early life adaptation for mobilizing 
localized immune protection to the diverse respiratory challenges during 
this formative life stage.

Infants and young children lack preexisting T and B cell immunity 
to common respiratory pathogens, which develops over repeated 
exposures to provide long-term immune protection. As a result, 
young children are particularly susceptible to ubiquitous respira-
tory pathogens and develop frequent respiratory illness during the 
early years of life. However, most children recover fully from a wide 

range of newly encountered respiratory infections and even novel 
pathogens, such as severe acute respiratory syndrome coronavirus 
2 (SARS-CoV-2), without serious complications1–3 through mecha-
nisms that are poorly understood. Infants generate adaptive immune 
responses to respiratory pathogens starting in the early months of life 
and require these de novo responses for survival, as babies with severe 
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Results
We have previously investigated human tissue immunity in samples 
obtained from organ donors of all ages11–13, enabling the analysis of 
immune responses at sites where they function and are maintained. 
For analysis of respiratory immune development from birth to child-
hood, we obtained lungs and LLNs from 63 pediatric organ donors aged  
0–13 years procured through the Human Atlas of Neonatal Develop-
ment and Early Life Immunity (HANDEL-I) program, which maintains 
collaborations with organ procurement organizations throughout the 
United States. This pediatric cohort, composed of 60 donors who died 
of non-infectious causes and 3 donors who died with ongoing sympto-
matic respiratory infection, represented a racially and ethnically diverse 
population (Fig. 1a–c and Supplementary Table 1). In some cases, we 
included adult samples for reference (Supplementary Table 2). Tissues 
were analyzed by confocal imaging and processed to single-cell sus-
pensions (Methods) for high-dimensional flow cytometry, single-cell 
transcriptional profiling, B cell receptor (BCR) sequencing (BCR-seq) 
and antigen specificity assays (Fig. 1a).

BALT induction and GC formation during early life
Lymphocyte accumulation and localization within the lungs during 
infancy and childhood were assessed by confocal imaging. In the early 
weeks of life, there were sparse lymphocytes in the lung (Fig. 2a). By 
6 months of age, we observed lymphocyte clusters around the major 
airways consisting of large foci of CD20+ B cells surrounded by CD4+ 
T cells exhibiting memory (CD45RO+) phenotypes (Fig. 2a,b). These 
follicular structures, which were most prominent by 2–3 years of age  
(Fig. 2b), were situated between major airways and the adjacent pul-
monary artery and resembled BALT. In humans, BALT is associated 
with lung injury or chronic inflammation in adults and is not present in 
healthy lungs14 while in mice, BALT is induced by respiratory infection15 
and inhaled lipopolysaccharide (LPS)16. Lung imaging and quantitation 
revealed coordinate dynamics of BALT and lung B cells (mostly local-
ized in BALT) over early life and childhood; there was a high proportion 

combined immunodeficiencies (lacking T and B lymphocytes) or with 
impairments in helper T cell–B cell interactions develop life-threatening 
lung infections4,5. The distinct adaptations and mechanisms by which 
children develop protective responses in the respiratory tract over 
the crucial years of infancy and childhood have eluded investigation 
due to sampling issues and other practical and logistical challenges.

In mice, adaptive immune responses to respiratory pathogens are 
initiated in lung-associated lymph nodes (LLNs); antigen-specific T cells 
are primed and differentiate to effector cells, and antigen-specific  
B cells differentiate to antibody-secreting plasma cells or memory  
B cells through interactions with helper T cells in specialized structures 
called germinal centers (GCs)6,7. In humans, these tissue-priming events 
are challenging to sample and study; limited studies have shown that 
GC formation can be observed in LN aspirates in response to vaccines 
injected at a known time point8–10. However, little is known regard-
ing the genesis of human adaptive immunity to natural exposures in 
tissues, particularly during the critical early years of life when newly 
encountered antigens predominate.

In this study, we analyzed the development of respiratory immunity 
in human lungs and LLNs across infancy and childhood through access 
to samples from organ donors aged 0–10 years old. We identify that 
bronchus-associated lymphoid tissue (BALT) develops in the lungs 
during the first year of life, reaching peak densities at 2–3 years of age 
and declining in density and follicular integrity starting at 4–5 years 
of age. Early life BALT supports GC formation, B cell differentiation, 
class switching and somatic hypermutation (SHM). High-dimensional 
profiling reveals distinct features of lung B cells that are more activated 
and GC-like than LN B cells, suggesting in situ activation. Importantly, 
during the time of peak BALT formation, lung and LLN B cells produce 
antibodies with biased specificities for respiratory pathogens distinct 
from the reactivity of circulating antibodies. Together, our results reveal 
compartmentalization of lung B cell immunity during the early years of 
life through establishment of ectopic lymphoid structures to augment 
lymphoid responses in the critical years of high pathogen load.
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Fig. 1 | Pediatric organ donors and their characteristics. a, Study schematic. 
Lungs and LLNs were obtained from deceased pediatric organ donors (n = 60) 
aged 0–13 years. Samples were processed as tissue sections for analysis 
by immunofluorescence imaging and as single-cell suspensions for high-
dimensional flow cytometry, BCR-seq, scRNA-seq and assays for antibody 
specificity using antigen array analysis. b,c, Donor demographics shown as age 

distribution, reported sex (female n = 18; male n = 41; unknown n = 1),  
ethnicity/race (African American, n = 8, blue; Hispanic, n = 14, red; white, n = 36, 
green; American Indian, n = 1, purple) or cause of death (asphyxiation, n = 11, 
blue; drowning, n = 12, red; other anoxia, n = 6, green; head trauma, n = 24,  
purple; sudden infant death syndrome (SIDS), n = 3, pink; stroke, n = 3,  
black; unknown, n = 1, brown).
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Fig. 2 | Formation and regression of BALT containing GCs during infancy 
and childhood. a, Confocal imaging of lungs from pediatric donors showing 
immunostaining with antibodies to CD20 (green), CD4 (red), CD45RO (blue) 
and CD4/CD45RO (purple, white arrow) in an infant donor (left) and 1.5-year-old 
donor showing BALT near airways (right). b, Lung imaging as in a in donors of 
indicated ages (white arrows indicate BALT). c, Quantitative analysis of BALT 
and lymphocyte content over age compiled from 21 donors. Top, percentage 
of central airways containing BALT from two to three sections per donor (95% 
confidence interval (95% CI) of −0.91 to −0.31, d.f. = 19). Middle, dynamics of B 
cell and memory CD4+ T cell content in lungs throughout childhood. Data are 
shown as cells per mm2 from three to five sections per donor (memory T cells: 95% 
CI of 0.82 to 0.98, d.f. = 63; B cells: R2 = 0.58, d.f. = 60). Bottom, proportion of B 
cells within BALT over age from three to five sections per donor (95% CI of −0.71 
to 0.29, d.f. = 63). A linear regression analysis shows the line of best fit (colored 
line) and 95% confidence bands (black lines). For B cell dynamics, segmental 

linear regression was best fitted; dotted lines show the intersection of two linear 
regressions (X0). d,e, GC content in lungs and LLNs of a representative 1.5-year-
old donor (d) and donors of indicated ages (e) shown by staining with anti-CD3 
(green), anti-CD20 (blue) and anti-CD10 (red). GC B cells (CD10+CD20+) appear 
as pink. f, Dynamics of GC formation in lungs and LLNs over childhood shown as 
proportion of B cell follicles containing GCs calculated as mean percentage from 
three to five sections per donor (n = 12). A linear regression analysis shows the 
line of best fit (colored line) and 95% confidence bands (black lines) for GCs in 
LLNs (R2 = 0.64; 95% CI of −0.24 to 0.81; d.f. = 10), while a spline was best fit for GC 
dynamics within BALT. g, AID expression (green) by GC B cells (CD20+CD10+AID+) 
from three representative donors of indicated ages. h, Frequency of AID+ B cells 
(two to three sections per donor) within GCs over age (n = 12). A segmental linear 
regression was best fit (R2 = 0.688; d.f. = 20); r values were generated by Pearson’s 
correlation analysis, and significance was determined by two-tailed test.
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of central airways containing BALT and an increase in B cell numbers 
during the first 3 years of life and a significant decline in BALT and B 
cells after 4–5 years of age (Fig. 2c). Conversely, the number of memory 
CD4+ T cells around airways increased progressively over childhood 
(Fig. 2c, middle). These results show a high level of organized BALT 
during the critical window of early life that subsequently diminishes 
over age concomitant with the accrual of lung memory T cells.

To assess the functionality of B cell follicles in BALT, we investigated 
GC formation within BALT and the associated LLNs over age. Staining 
with CD10, a surface glycoprotein expressed by GC B cells17, showed a 
GC-like structure in the center of multiple B cell follicles within BALT 
and LLNs (Fig. 2d). Notably, GCs were detected in BALT at 1–3 years of 
age and declined precipitously thereafter with minimal GCs in BALT 
after 5 years of age, while GC content remained stable within LLN  
follicles throughout childhood (Fig. 2e,f). We confirmed the presence 
of functional GCs in BALT and LLNs by staining for activation-induced 
cytidine deaminase (AID), an enzyme required for BCR SHM and class 
switch recombination in GCs18,19. AID was expressed by CD10+ B cells 
in BALT of infants and young children, with a significant reduction 
in AID+ B cells after 5 years of age (Fig. 2g,h). GC structures identified 
by CD10 (and AID) expression in BALT and LLNs also contained fol-
licular dendritic cells (Extended Data Fig. 1a–c), another key feature 
of functionally active GCs20,21. Therefore, early life BALT exhibits mul-
tiple features of active GCs, while later in childhood, GCs are found 
predominantly in LLNs.

Site-specific B cell subset composition over childhood
To further investigate the dynamic changes in B cell immunity in the 
lung compared to LLNs during early life and childhood, we analyzed 
B cell subsets representing major stages in development and differ-
entiation, including transitional, naive, memory and GC B cells, by 
flow cytometry (Fig. 3a and Extended Data Fig. 2). Overall, the lung 
had significantly lower frequencies of total B cells (CD19+) and naive 
B cells but contained greater proportions of transitional, GC and IgA+ 
class-switched memory B cells than LLNs (Fig. 3b). In addition to compo-
sitional differences, certain subsets expressed site-specific phenotypes 
(Fig. 3c). Naive B cells expressed higher levels of the follicular marker 
CXCR5 (ref. 22) in LLNs than those in the lungs, while memory B cells in 
the lung expressed higher levels of CD95 and CD69 (denoting activation 
and tissue residency, respectively23,24) than those in LLNs (Fig. 3c). These 
results suggest a more activated, tissue-adapted state for lung B cells.

Over age (up to 10 years), B cell composition changed in each 
site, albeit with different dynamics. In the lung, the frequency of B 
cells decreased with age (consistent with imaging; Fig. 2c), while in 
the LLNs, B cell frequency increased progressively over childhood  
(Fig. 3d, left). The frequency of transitional B cells was higher in the 
lung than in the LLNs during infancy but declined in both sites with age, 
reaching negligible levels by 8 years of age, while naive B cell frequency 
remained stable in both sites (Fig. 3d, left). For subsets generated 
from antigen-driven differentiation, there was a marked decline in GC  
B cells in the lung between infants and older children, while GC B cell 
frequency remained stable in the LLNs throughout childhood (Fig. 3d, 
right), consistent with the imaging results. In addition, the frequency of 
IgG and IgA class-switched memory B cells increased significantly over 
childhood in both sites, although lungs contained higher frequencies 
of IgA+ memory B cells than LLNs (Fig. 3d, right). These findings show 
that age-associated dynamics of B cell differentiation and memory 
formation are site specific.

Follicular helper T (TFH) cells in the lung and LLNs over 
childhood
Another component critical to the induction of adaptive immunity 
and the function of GCs are TFH cells, which exhibit a CD4+CD45RA–PD-
1+CXCR5+ phenotype and express the lineage-defining transcription 
factor BCL-6 (ref. 6). In the lung, tissue TFH-like cells were recently 

identified in mice following influenza infection; however, they were 
distinct from LN TFH cells due to decreased expression of CXCR5  
(refs. 25,26). To assess whether GC-containing follicles in pediatric BALT 
also contained TFH cells, we used high-dimensional flow cytometry to 
identify features of TFH cells in LLNs and lungs of infants and children.

In LLNs, we identified the two major populations of TFH cells 
based on PD-1 and CXCR5 expression: PD-1hiCXCR5+ cells (GC TFH) and 
PD-1intCXCR5+ cells (conventional TFH), each representing ~15% of the 
CD4+ memory T cell population in children (Fig. 4a). By contrast, lung 
CD4+ T cells had a substantial population of PD-1hi cells but negligi-
ble CXCR5 expression (Fig. 4a), similar to lack of CXCR5 expression 
by lung B cells (Fig. 3). Because of the lack of CXCR5 on lung T cells, 
we examined expression of other TFH markers by PD-1hi compared to 
PD-1lo memory CD4+ T cells. The PD-1hiCXCR5+ subset of cells in LLNs 
expressed significantly higher levels of BCL-6 than PD-1lo (non-TFH) 
cells, PD-1intCXCR5+ TFH cells and PD-1hiCXCR5− cells (Fig. 4b, bottom). 
However, PD-1hi and PD-1lo memory CD4+ T cells in the lung showed 
equivalent BCL-6 expression (Fig. 4b, top), prompting examination 
of additional markers to define a TFH-like counterpart in human lungs. 
PD-1hiCXCR5+ cells in LLNs expressed significantly greater proportions 
of ICOS and TIGIT known to promote T cell–B cell interactions within 
follicular structures6,27 (Fig. 4c). Lung PD-1hi cells also expressed sig-
nificantly increased proportions of these two markers compared to 
PD-1lo cells (Fig. 4c). Moreover, PD-1hiICOS+TIGIT+CD4+ T cells in the lung 
expressed higher levels of BCL-6 than PD-1lo and PD-1hiICOS–TIGIT– cells 
in both the lung and LLNs (Fig. 4d). Importantly, the levels of BCL-6 
expression in LLNs were equivalent between PD-1hiICOS+TIGIT+ cells 
and canonically defined GC TFH (PD-1hiCXCR5+) cells, indicating that 
coexpression of ICOS and TIGIT is a surrogate marker for TFH cells in 
peripheral, non-lymphoid sites such as the lungs (Fig. 4e).

Over childhood, the proportion of PD-1hiICOS+TIGIT+ cells in 
the lung significantly declined with age (Fig. 4f), coincident with the 
age-associated reduction in BALT structures and GC B cells with age. 
By contrast, the frequency of GC TFH cells in LLNs remained stable over 
childhood (Fig. 4f), similar to the stable proportions of GC-containing 
follicles and frequencies of GC B cells in LLNs. Together, these data 
reveal the presence of TFH-like cells in the lung during the early years 
of life coincident with the timing of functional BALT, suggesting their 
role in promoting adaptive immunity in the lungs.

Activated, GC-like transcriptional profiles of lung B cells
To assess the connection between B cell differentiation, class switching 
and BCR repertoire in the two sites, we performed single-cell transcrip-
tome profiling by single-cell RNA sequencing (scRNA-seq) of B cells in 
the lungs and LLNs of three donors at the peak age of BALT formation 
(1–3 years). The scRNA-seq data revealed consistent results between 
donors and distinct features of B cells in the lung compared to LLNs 
(Fig. 5a). Each site contained transitional, naive, memory and GC B 
cells based on differential gene expression (Fig. 5a,b, Extended Data 
Fig. 4 and Supplementary Table 3) and consistent with flow cytometry 
results. Transitional and naive B cells both expressed IGHD, IGHM, TCL1A 
and IGLL5, while CD38, MME (CD10), IL7R and SOX4 were specifically 
expressed by transitional subsets28. Memory B cells expressed the mem-
ory markers CD27 and TNFRSF13B (TACI)29 and were defined as class 
switched based on expression of IGHG1 or IGHA1. GC B cells expressed 
lineage-defining genes BCL6, AICDA (encoding AID), MME and MKI67 
(Fig. 5b and Extended Data Fig. 4a). There were higher proportions of 
transitional B cells in the lung than in LLNs and more naive B cells in 
LLNs than in the lungs (Fig. 5c), consistent with flow cytometry data.

Differential gene expression analysis between lung and LLN B cells 
for both naive/transitional and memory subsets (Fig. 5d,e, Extended 
Data Fig. 4b and Supplementary Tables 4 and 5) revealed lung-specific 
genes associated with activation (NR4A1, NR4A2, NR4A3 (ref. 30) and 
CD83 (ref. 31)), tissue residency (CD69, EZR and KLF6)32 and GC function 
(BCL6 and LY9 (ref. 33)). Fewer genes were specifically upregulated by 
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Fig. 3 | Distinct B cell subset composition and age-associated dynamics in 
lungs and LLNs. High-dimensional flow cytometry was performed on B cells 
isolated from lungs and LLNs from donors 0–13 years of age (n = 35). a, Schematic 
showing the major B cell subsets, their maturation state and distinguishing 
markers. b, Distinct proportion of B cells (among CD45+ cells) and composition 
of B cell subsets (among CD19+ cells) in lungs and LLNs compiled from 35 donors. 
Significance was determined by two-tailed t-test (significance cutoff of ≤0.05). 
Error bars indicate s.d. c, Differential expression of markers for follicular subsets 
(CXCR5), activation (CD95) and tissue residence (CD69) by indicated B cell 
subsets in lungs and LLNs shown in representative flow plots from individual 
donors (top) and box plots of compiled data from 35 donors (bottom). The 
midlines of box plots in c represent the median, the boxes represent the 
interquartile range, and the whiskers represent the minimum and maximum 
values. Significance was determined by two-tailed t-test (significance cutoff of 

≤0.05). d, Distinct age-associated changes for B cell subsets in lungs (first and 
third columns, n = 29) and LLNs (second and fourth columns, n = 30) over the 
first 12 years of life. A linear regression analysis shows the line of best fit (solid 
line) and 95% confidence bands (dotted lines). The r and P values were generated 
by Pearson’s correlation analysis; total B cells lung: 95% CI of −0.66 to −0.02, 
d.f. = 28; total B cells LLN: 95% CI of 0.12 to 0.70, d.f. = 29; transitional B cells 
lung: 95% CI of −0.85 to −0.46, d.f. = 28; transitional B cells LLN: 95% CI of −0.81 to 
−0.36, d.f. = 29; naive B cells lung: 95% CI of −0.43 to 0.28, d.f. = 28; naive  
B cells LLN: 95% CI of −0.50 to 0.19, d.f. = 29; GC B cells lung: 95% CI of −0.53 to 
0.16, d.f. = 28; GC B cells LLN: 95% CI of −0.53 to 0.14, d.f. = 29; IgG memory  
B cells lung: 95% CI of 0.53 to 0.87, d.f. = 28; IgG memory B cells LLN: 95% CI of  
0.12 to 0.69, d.f. = 29; IgA memory B cells lung: 95% CI of 0.59 to 0.89, d.f. = 28;  
IgA memory B cells LLN: 95% CI of 0.29 to 0.78, d.f. = 29; CS, class switched;  
Mem, memory; NCS, non-class switched.

http://www.nature.com/natureimmunology


Nature Immunology | Volume 24 | August 2023 | 1370–1381 1375

Article https://doi.org/10.1038/s41590-023-01557-3

B cells in LLNs compared to in the lungs, such as the gene encoding 
complement receptor CR2 and the transcription factor ID3 with roles in 
GC formation34 (Fig. 5e). The lung-specific profile was highly enriched 
for multiple genes associated with B cell activation not expressed 
by LLN B cells (Fig. 5f). Moreover, the subset composition and gene 
expression profiles of B cells in LLNs were strikingly similar to those in 
the mesenteric LN associated with intestines (Extended Data Fig. 5 and 
Supplementary Table 6), indicating common features for lymphoid 

B cells and providing additional evidence for the distinct profile of 
lung-derived B cells.

We extracted BCR sequences from each donor and site, reveal-
ing a highly diverse clonal repertoire in the lung and LLNs (Fig. 5g). 
There were very few expanded clones overall, and clones representing 
two or more copies comprised <1% of the repertoire in the youngest  
(1.3 years old) donor and >1–2.5% in the 2- to 3-year-old donors (Fig. 5g).  
The majority of total BCR clones were derived from naive B cells in 
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in lungs and LLNs. a, Representative flow cytometry plots from lung and LLN 
tissue from a 10-year-old old donor delineating subsets of non-naive (CD45RA−) 
CD4+ T cells based on PD-1 and CXCR5 expression (left). Box plots indicate 
the frequencies of the indicated subsets in the lung (top) and LLNs (bottom) 
compiled from 19 donors (PD-1lo, green; PD-1intCXCR5+, black; PD-1hiCXCR5–, pink; 
PD-1hiCXCR5+, purple). b, BCL-6 expression within CD4+ T cell subsets in the lung 
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right). c, ICOS and TIGIT expression by subsets delineated in b from the lung 
(top) and LLNs (bottom) shown in representative flow cytometry plots (left) and 
box plots of the percentage of ICOS+TIGIT+ cells (right). d, BCL-6 expression by 

PD-1 subsets differentially expressing ICOS and TIGIT in the lung (top) and LLNs 
(bottom) shown as representative histograms (left) and box plots of BCL-6 MFI 
(right). The box plot midlines in a–d represent the median, the boxes indicate the 
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Significance for b–d was determined by a two-tailed t-test (if two groups) or one-
way analysis of variance and Tukey’s multiple comparisons test (if three or more 
groups; significance cutoff of ≤0.05). e, Diagram showing distinct phenotypes of 
TFH-like cells in LNs and lungs. f, Frequency of PD-1hiICOS+TIGIT+ cells in the lung 
and LLNs over age. Linear regression analysis showing the line of best fit (colored 
line) and 95% confidence bands (black lines); r and P values were generated by 
Pearson’s correlation analysis ; lung: 95% CI of −1.14 to −0.14, d.f. = 18; LLN: 95% CI 
of −2.1 to 1.4, d.f. = 16.
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Fig. 5 | Transcriptional signatures and clonal dynamics for lung and LLN 
B cells in early life. Single-cell transcriptome and BCR-seq was conducted on 
26,745 B cells from the lungs and LLNs of three donors aged 1.33, 2 and 3 years.  
a, Uniform manifold approximation and projection (UMAP) of all B cells colored 
by donor, tissue and subset; Trans, transitional; NCS, non-class switched 
memory; CS, class-switched memory. b, Heat map showing differentially 
expressed genes and their z-score expression within each subset across sites. 
c, Bar plot showing B cell subset proportions in each site of individual donors; 
LNG, lung. d, Volcano plots showing differentially expressed genes between the 
lung and LLNs when comparing combined naive and transitional B cells (top) and 
memory subsets (bottom). Red dots indicate genes upregulated in LLNs, and 
blue dots indicate those upregulated in the lung (minimum log2 (fold change) 
(log2 (FC)) > 1, maximum P value of <0.01). Significance was calculated using 
a two-sided Wilcoxon test with tie correction. e, Heat map showing the z-score 
expression of the consensus genes between B cell subsets in the lung and LLNs. 

f, Left, UMAP of the enrichment scores of genes associated with B cell activation 
(Methods). Right, violin plot showing the distribution of enrichment scores 
of these genes within each subset for each organ. g, BCR analysis showing the 
fraction of clones with ≧2 cells per donor per tissue. h, Bar plot indicating the 
fraction of mutated clones (those with an average of ≧2% mutated positions in 
a sequence) per donor by site (lung, blue; LLN, red). i, Violin plots indicating the 
average number of mutations per clone for each subset and tissue (lung, blue; 
LLN, red) within each donor. Horizontal lines indicate interquartile range.  
j, Paired dot plot indicating the median distribution of the ratios of the average 
number of non-synonymous (R) and synonymous (S) mutations per clone within 
the FWR (circles) and CDR (triangles) of the BCR displayed by tissue and subset 
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multiple t-tests using the Holm–Sidak method; **, lung GC adjusted P = 0.001341; 
***, lung CS adjusted P = 0.000081; NS (not significant), LLN GC adjusted 
P = 0.323825; **, LLN CS adjusted P = 0.003012.
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the two younger donors, while a greater proportion were derived 
from class-switched memory cells in the 3-year-old donor (Extended 
Data Fig. 4). We were able to detect SHM, which develops following 
antigen exposure in GCs35, in a subset of clones; the proportion of 
mutated clones was similar in both the lungs and LLNs across all donors 
(Fig. 5h). For both the lungs and LLNs, mutated clones were mostly 
associated with memory and GC B cells and were not found in naive 
and transitional subsets (Fig. 5i). Class-switched memory B cells in 
the youngest donor (1.33 years old) had fewer mutations across both 
sites than class-switched memory B cells in the older donors (2 and 3 
years old). In addition, we analyzed BCR mutation patterns and found 
that the ratios of replacement to silent mutations were significantly 
greater within the complementarity-determining region (CDR) than 
in the framework (FWR), as displayed by the log2 (non-synonymous/

synonymous) mutation ratio of class-switched B cells in both the lungs 
and LLNs (Fig. 5j), which indicates positive selection and affinity matu-
ration36. Together, these results provide substantial evidence for func-
tional B cell differentiation in the lung and LLNs and rapid maturation 
over the early years of life.

Rapid accumulation of SHMs in the lung and LLNs throughout 
childhood
To further investigate BCR mutation and clonality with age at greater 
depth and in more individuals, we applied next-generation sequenc-
ing of the variable region of the IGH gene, as previously described37, in 
the lungs and LLNs of six pediatric donors (7 weeks to 6 years of age) 
and three reference adult donors (Fig. 6 and Supplementary Table 7).  
In the lungs of pediatric donors, there were fewer clones overall than 
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parainfluenza virus type 1. b, Bar graph showing geometric mean titers (GMT)  
of each influenza strain for lungs (blue), LLNs (red) and plasma (green). 
Each circle represents an individual donor (lungs/LLNs: n = 3; plasma: n = 6). 
Significance was determined by one-way analysis of variance and Tukey’s 
multiple comparisons test. Error bars indicate s.d. c, B cell activation in the lung  
during respiratory infection. Graphs show indicated B cell subset frequency 
in the lung from three donors (0–4 years old) with acute respiratory infection 
and age-matched healthy control donors (n = 14). P values were determined by 
unpaired t-tests (significance ≦0.05); Mem, memory; CS, class switched;  
URT, upper respiratory tract.
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in LLNs, and lung clones had, on average, more clonal expansion than 
LLNs (Fig. 6a,b). Clonal overlap between the lung and LLNs was detected 
in pediatric and adult donors at similar frequencies (13.03%; Fig. 6b), 
suggesting that clonal expansion and/or migration was not age depend-
ent. However, the extent of SHM differed with age; the proportion of 
mutated clones (SHM ≥ 2%) in the lung and LLNs was lowest in infant 
donors and substantially increased in tissues of older children and 
adults for both sites (Fig. 6c). Importantly, the percentage of mutated 
clones was low (<25%) for each site during infancy but increased there-
after, reaching adult SHM levels (75%) by 6 years in the lungs and 2 years 
in the LLNs (Fig. 6c). These results show rapid development of a somati-
cally mutated B cell repertoire in the lungs and LLNs during the first 
2 years of life.

To control for compositional differences in each site, we com-
pared SHMs between expanded clones that were shared between the 
two sites (Fig. 6d–f). Our results show striking differences in SHM 
levels and distribution during infancy compared to older children 
and adults that indicate site-specific priming. First, shared clones in 
infants were largely unmutated, while the majority of the shared clones 
in the 2-year old, 6-year old and adult donors were mutated (Fig. 6d), 
indicating that expanded clones of infant B cells were not fully differen-
tiated. Moreover, the shared clones that were mutated during infancy 
were mostly detected in single sites (that is, only in the lung or LLNs;  
Fig. 6d), suggesting site-specific differentiation in GCs. By contrast, the 
majority of shared clones in older children and adults were mutated in 
both sites and exhibited broad mutation ranges that increased with age  
(Fig. 6d,e). Violin plots of mutation frequencies in shared clones mutated 
in one site show broad ranges of mutations even in infants (Fig. 6f),  
further supporting in situ origin. Together, these findings provide 
evidence for compartmentalized B cell differentiation and somatic 
mutation in the lung and its associated LN during the early years.

Lung B cells respond to respiratory pathogens in early life
The compartmentalized differentiation of B cells in the lung and LLNs 
could derive from exposure to local antigens in the respiratory tract. 
Using array-based screening, we assessed the reactivity of antibod-
ies generated from tissue B cells (Methods) compared to antibodies 
in plasma to multiple antigens, including childhood vaccines, com-
mon respiratory viruses, herpesviruses and influenza hemaggluti-
nin (HA) proteins from different influenza strains (Supplementary 
Table 8). Our results revealed distinct specificity profiles for IgG and 
IgA antibodies produced in the lungs and LLNs compared to those in 
plasma that were observed in aggregate and in a consistent pattern 
from individual donors (Fig. 7a and Extended Data Fig. 6a). Lung- and 
LLN-derived antibodies exhibited comparable specificities, includ-
ing IgG specific for seasonal coronaviruses, herpesviruses and some 
vaccine antigens (for example, tetanus, diphtheria and polio) and IgA 
specific for respiratory syncytial virus (RSV), seasonal coronaviruses 
and metapneumovirus (Fig. 7a and Extended Data Fig. 6a). By contrast, 
IgG and IgA from plasma were mostly specific to multiple childhood 
vaccines, herpesvirus strains and some upper respiratory pathogens 
(for example, rhinovirus) with relatively low or undetectable reactivity 
to coronaviruses and RSV compared to IgG and IgA from the lungs and 
LLNs (Fig. 7a). Similar results were found for influenza HA antigens; 
there was a higher level of reactivity to multiple influenza HA types in 
the lungs and LLNs than in plasma in pediatric donors (Fig. 7b), while 
adult donors had significantly increased specificity for influenza HA 
compared to children (Extended Data Fig. 6b) as a control. Together 
these results demonstrate a compartmentalized B cell response to 
respiratory pathogens during early life. Indeed, we found a significant 
increase in the proportion of GC B cells, activated memory B cells and 
follicular naive B cells in lungs from infants with respiratory infections 
compared to healthy control donors (Fig. 7c). These results indicate 
that localized B cells respond to respiratory pathogens in the lungs 
and LLNs during early life.

Discussion
Here, we present new evidence for BALT induction in humans as a 
feature of normal immune development that promotes respiratory 
immunity. We show that BALT develops in the lung during the early 
years of life and supports GC formation, B cell differentiation, SHM 
and, importantly, functional B cell responses. However, after 4–6 years 
and coincident with an increase in lung memory T cells, these BALT 
structures begin to regress, lose structural integrity and no longer 
support GC formation. The timing of maximal BALT formation in the 
early years further correlates with extensive B cell differentiation, SHM 
and direct in situ responses to respiratory viruses. Our results provide 
evidence that BALT induction is an early life adaptation for promoting 
localized immunity and B cell differentiation, which, together with the 
LLN response, can meet the diverse respiratory challenges during this 
vulnerable life stage.

Induction of BALT has been demonstrated in mouse infection 
models. Previous studies by Randall and colleagues demonstrated that 
BALT was induced following respiratory infection of mice lacking sec-
ondary lymphoid organs and supported GC formation, viral clearance 
and establishment of immune memory15,38. Induced BALT structures, 
referred to as iBALT, could be triggered by local inflammation in the 
lung (for example, inhaled LPS), particularly in neonatal mice16. In 
humans, BALT was previously identified as lymphoid aggregates in 
lung autopsy studies of infants who died of SIDS and other causes39,40; 
however, a role for BALT in the immune response was not possible to 
investigate in these samples. Here, we show multiple functional roles 
for BALT in supporting localized B cell differentiation and immune 
responses, indicating that early life human BALT plays an analogous 
functional role to iBALT in mice. The extensive inflammation that 
results from exposure to multiple diverse microorganisms during 
the early life period may likewise be a trigger for induction of BALT in 
the human infant.

Our results provide several lines of evidence for in situ priming 
and differentiation of B cells in the lung (in addition to the associated 
LN) in the early years of life. First, we identify functional GC containing 
GC B cells expressing AID, TFH cells and follicular dendritic cells in both 
the lung and LLNs during early life. Second, we found that B cells in the 
lung exhibit a more activated profile, including increased expression 
of BCL6 transcripts, than those in LLNs, consistent with their localiza-
tion at the frontline of antigen exposure. Third, our repertoire analysis 
revealed somatic mutation of expanded B cell clones specific to either 
lung or LN, suggesting site-specific differentiation in GCs. Finally, we 
detected biased specificity of antibodies derived from early life lung 
and LLN-derived B cells to respiratory pathogens, while circulating 
antibodies were specific to antigens derived from vaccines and herpes-
virus strains. These localized responses are more prevalent in early life. 
B cell clones in adult tissues contain expanded and somatically mutated 
clones dispersed across multiple sites37, and antibody specificities to 
respiratory and systemic pathogens are readily detected in adult blood.

The steep decline in BALT and associated lung GC B cells and TFH 
cells occurs after age 5 when LLNs become the primary site for GC for-
mation and induction of adaptive immunity. In adults, BALT is rarely 
present and is instead associated with chronic diseases such as chronic 
obstructive pulmonary disease and asthma41. We and others observed 
a similar age-associated decline in gut-associated lymphoid tissue; 
isolated lymphoid follicles in the jejunum can be detected in the early 
years and decline thereafter, and Peyer’s patches in the ileum are high-
est in children and decline, albeit more gradually, with age in adults42,43. 
There could be multiple mechanisms for the decline in functional BALT. 
The extent of lung inflammation may be reduced by the development 
of adaptive immune responses to ubiquitous pathogens in the early 
years. Different proinflammatory cytokines and chemokines have 
been shown to promote BALT formation in mice44, and it is possible 
that certain inflammatory cytokines may be necessary for induction 
and/or maintenance of BALT in humans. Another possibility is that the 
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establishment of tissue-resident memory T cells in the lung may pro-
mote more rapid clearance of pathogens and stabilize the lung environ-
ment by an overall reduction in pathogen load. We show here that the 
space where BALT forms in the lung is occupied by memory T cells in 
older children, and we recently demonstrated that functionally mature 
tissue-resident memory T cells form in human lungs after age 4 (ref. 45), 
the age when BALT starts to regress. Additional feedback mechanisms 
to regulate B cell immunity, such as the presence of antibodies46, that 
may accumulate in the lung could also contribute to decreased sig-
nals for BALT maintenance. Together, our results and mouse studies 
indicate that maintenance of ectopic lymphoid structures in mucosal 
sites such as the lung is an active process that requires ongoing signals.

We propose that induction of ectopic lymphoid structures in 
mucosal sites could be a generalized adaptation of the early life immune 
system for promoting efficacious T cell–B cell interaction at sites of 
high and diverse pathogen loads. This tissue-directed response to 
respiratory pathogens during the early years of life can account for the 
better outcome of young children to newly encountered respiratory 
pathogens than observed in adults. There are also major implications 
for promoting respiratory immunity through vaccines. The presence 
of BALT in young children suggests that intranasal administration 
of vaccines may be particularly effective in children when priming 
outside lymphoid organs can occur. Moreover, induction of BALT 
could also be targeted in adults. Certain experimental vaccines were 
shown to induce BALT in adult mice and correlated with protection to 
respiratory pathogens47,48. Promoting BALT in future vaccines could be 
a beneficial strategy when systemic administration does not prevent 
infection or illness.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41590-023-01557-3.
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Methods
Ethics statement
All research complies with ethical regulations outlined by the Columbia 
University Institutional Review Board (IRB).

Human samples
Organ donors. All human tissue samples were obtained from deceased 
organ donors at the time of organ procurement for clinical transplan-
tation. The use of these organ donor samples is not human subjects 
research as confirmed by the Columbia University IRB, as tissues are 
obtained from deceased, not living, individuals. Tissues from pedi-
atric organ donors were obtained through the HANDEL-I program at 
the University of Florida, which maintains collaborations with organ 
procurement organizations through the United States45,49. Samples 
from adult organ donors were obtained through an approved protocol 
and material transfer agreement with LiveOnNY, the organ procure-
ment organization for the New York metropolitan area, as previously 
described50,51. Donors were free of malignancy, seronegative for hepa-
titis B and C and HIV and free of ongoing respiratory infections, except 
where indicated (Supplementary Table 1).

Pediatric donors. Serum samples for antigen microarray assays were 
collected from children of ages 1.25–3 years who were at the clinic for 
well child visits. We obtained informed consent from their parents 
under a protocol approved by the IRB of Columbia University Medi-
cal Center.

Sample processing
Organs were packaged in saline or University of Wisconsin solution, 
placed on ice and transported to the laboratory. Tissues were processed 
within 24–36 h of aortic cross-clamp (separation of systemic circula-
tion from the outflow of the heart). Lungs and LNs were processed to 
single-cell suspensions using mechanical and enzymatic digestion, 
as previously described52,53. LNs were isolated by dissection from the 
tracheobronchial tree of the lung. Isolated LNs were placed in complete 
medium (IMDM (Gibco, 12440-053), 1% PSQ (100 U ml–1 penicillin, 
100 μg ml–1 streptomycin and 2 mM l-glutamine; GeminiBio, c400-110) 
and 10% fetal bovine serum (FBS; GeminiBio, 100–106)), mechanically 
disrupted with scissors and double filtered through 100-μm strainers. 
Suspensions were washed with wash buffer (PBS (Corning, 20-030-CV), 
2 mM EDTA (Corning, 46-034-CI) and 5% FBS) and resuspended in 
complete medium. Lung parenchyma were separated from the large 
airways (trachea) using scissors and placed into digestion medium 
(IMDM, collagenase D 1 mg ml–1 (Millipore Sigma, 11088882001) and 
DNase 0.1 mg ml–1 (Millipore Sigma, DN25-5G)) on a shaker at 37 °C for 
30 min. Following incubation, lung samples were strained and washed 
with wash buffer. Samples were centrifuged with resultant cell pellets 
diluted for mononuclear cell isolation by density gradient centrifuga-
tion (Lymphocyte Separation Medium, Corning, 25-072-CI), followed 
by resuspension in complete medium. In some cases, blood was also 
obtained from organ donors, and mononuclear cells were isolated by 
density gradient centrifugation, as described above.

Immunofluorescence imaging
Lung samples obtained from both lobes including major airways and 
LLNs were cut into 0.5-cm sections and fixed with 4% paraformal-
dehyde, lysine and periodate buffer (PLP; 0.05 M phosphate buffer 
(Sigma), 0.1 M l-lysine (Sigma; pH 7.4), 2 mg ml–1 sodium periodate and 
10 mg ml–1 paraformaldehyde (Fisher)). Samples were then placed on 
a shaker at 4 °C overnight, washed in PLP buffer and placed into 30% 
sucrose solution for 48 h at 4 °C, followed by embedding in optimal 
cutting temperature medium. Samples were then frozen and stored 
at −80 °C. Frozen samples used for imaging were sectioned using a 
Leica CM1950 cryostat to 20 μm thickness. Before antibody staining, 
Fc blocking was performed using anti-CD16/32 Fc block (BioLegend) 

diluted in PBS containing 2% goat serum and 5% FBS for 1 h at 20 °C. 
Sections were then stained with DAPI and multicolor immunofluores-
cence panel (Supplementary Table 9) for 1 h at 20 °C protected from 
light. Images were acquired using a Nikon A1 confocal microscope. 
Imaged data were analyzed using Imaris software (Bitplane; Oxford 
Instruments) using surface creation and spot detection functions. 
Four to five sections per donor were imaged for the lungs with area and 
cell number calculated for three to four central airways per donor. For 
LLNs, two sections per donor were imaged, and the whole cross-section 
was analyzed.

Flow cytometry
Single-cell suspensions (5 × 106–10 × 106 cells) from lungs, LLNs and 
blood were stained using a 26-marker spectral flow cytometry panel 
(Supplementary Table 9). Cells were first washed with PBS, resus-
pended with LIVE/DEAD Fixable Blue Dead Cell stain (Thermo Fisher 
Scientific) and incubated at 20 °C in the dark for 20 min, followed by 
washing with fluorescence-activated cell sorting (FACS) buffer (PBS, 
2% FBS and 0.1 mM EDTA) and subsequent incubation with TrueStain 
FcX for 10 min in the dark. Next, cells were washed with FACS buffer and 
resuspended in staining antibodies for 30 min at 20 °C, followed by two 
washes with FACS buffer. Cells were then fixed and permeabilized using 
a Foxp3 Transcription Factor Staining Buffer set (eBioscience), as per 
the manufacturer’s protocols. Last, cells were incubated in the dark at 
4 °C with intracellular antibodies and washed twice in permeabilization 
buffer. Data were collected on a five-laser Cytek Aurora flow cytometer 
(Cytek Bio) and analyzed using FlowJo version 10.8.1 (Treestar); statisti-
cal testing of compiled data was performed using Prism (GraphPad).

Immunoglobulin heavy chain gene (IGH) sequencing
DNA was extracted from cryopreserved mononuclear cells from the 
lungs or LLNs using a Gentra Puregene Cell kit (Qiagen). Immuno-
globulin heavy chain family-specific PCRs were performed on genomic 
DNA samples using primers in FR1 and Jh as described previously37. 
Two biological replicates were run on all samples. Sequencing was 
performed in the Human Immunology Core Facility at the University 
of Pennsylvania using an Illumina 2 × 300-base pair (bp) paired-end 
kit (Illumina MiSeq Reagent kit v3, 600-cycle, Illumina MS-102-3003). 
Reads from an Illumina MiSeq were filtered, annotated and grouped 
into clones as described previously54. Briefly, pRESTO55 was used to 
pair reads, remove sequences with overall low quality and mask indi-
vidual low-quality base calls. IgBLAST56 was then applied to the filtered 
sequences for alignment and gene annotation. Finally, the aligned 
sequences were imported into ImmuneDB57 for clonal inference, line-
age construction and further processing. Sequences sharing the same 
Vh gene, Jh gene and 85% amino acid similarity in CDR3 were clustered 
into clones. Metadata for the input DNA and clone summary can be 
found in Supplementary Table 7. All downstream analyses exclude 
non-productive clones and clones with fewer than two copies across 
all libraries from each donor.

Single-cell transcriptomic profiling by scRNA-seq
Single-cell suspensions of each tissue were prepared as described 
above. B cells were enriched by FACS using antibodies to CD45, CD33, 
CD66b, CD3 and CD19. Enrichment resulted in ~90% purity of live 
CD45+CD66b–CD33–CD3–CD19+ cells from each tissue. Enriched B cell 
populations from each sample were resuspended in PBS, FBS and EDTA 
and stained with 3 μl of a unique TotalSeq-C DNA-barcoded hashtag 
(Supplementary Table 9) for 30 min on ice. Cells were washed, counted 
and combined in PBS and FBS, ensuring equal numbers of live cells were 
present from each sample.

CITE/single-cell BCR-seq (scBCR-seq) libraries were con-
structed using the Chromium Next GEM Single Cell 5′ Reagent kit v2  
(10x Genomics) with both a 5′ Feature Barcode kit (10x Genomics) for 
antibody-derived tag (ADT) amplification and a Chromium Single Cell 
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Human BCR Amplification kit (10x Genomics) for targeted BCR ampli-
fication, according to the manufacturer’s instructions. The ADT library 
pool and scRNA-seq library pool were each sequenced on one lane of an 
S4 flow cell on an Illumina NovaSeq 6000 (~2.5 billion 2 × 100-bp reads 
per lane). The scBCR-seq library pool was sequenced with a 150-cycle 
high-output kit on an Illumina NextSeq 550 (read 1: 26 bp; read 2: 114 bp; 
index read 1: 10 bp; index read 2: 10 bp).

Data processing and analysis
Quantification of scRNA-seq library pools was performed by pseu-
doalignment to the human transcriptome (Gencode v24 annotation 
derived from GRCh38) using kallisto v0.46.2 in ‘BUS’ mode58,59. ADT 
barcodes were extracted from demultiplexed fastq files using custom 
scripts (https://github.com/simslab/DropSeqPipeline8). Hashtag bar-
codes from cell-identifying barcodes containing >1,000 unique tran-
scripts were demultiplexed using Hashsolo with default parameters60. 
scBCR-seq data were demultiplexed and aligned with VDJ cassette and 
variable sequencing identification using Cell Ranger VDJ v7.0.1 and the 
GRCh38/Ensembl v7.0.0 annotation from 10x Genomics. Finally, the 
demultiplexed scRNA-seq and scBCR-seq data were combined into a 
single h5ad-formatted anndata object using scirpy61 for downstream 
analysis.

A count matrix was created of 49,734 individual events using 
the pandas package in Python (version 1.3.5). Individual events with 
less than 600 total counts, less than 400 genes and more than 20% 
mitochondrial content were excluded from further analysis as well as 
doublets identified using the Scrublet package (version 0.2.3). Highly 
variable genes were calculated using a minimum dispersion of 0.5 for 
each library, and gene expression was scaled without zero center and 
a max value of 10. The top 30 principal components were used to cal-
culate the 10 nearest neighbors, which were used to generate a UMAP 
and run Leiden clustering with the scanpy package and default settings. 
Differential gene expression for the Leiden clusters was calculated 
using the Wilcoxon mode and tie correction in the rank_genes_groups 
function. Clusters identified without CD19 or MS4A1 expression were 
removed as non-B cell contaminants.

Highly variable genes were recalculated on the cleaned B cell 
dataset consisting of 43,552 B cells. The data were scaled, and the 
regress_out function was used to reduce the influence of cell cycle 
genes on the principal-component analysis. The principal-component 
analysis was harmonized by individual donor using the Python harmo-
nypy package (version 0.0.5) to reduce donor-to-donor variability. 
Nearest neighbors and UMAP were then calculated as described above. 
Leiden clustering was performed on the data at a resolution of 2.0, 
providing 24 clusters. Differential expression analysis was conducted 
on the individual clusters to determine transcriptional profiles and 
was displayed in a dot plot using scanpy’s rank_genes_groups_dotplot 
function. Clusters with similar gene expression profiles for key genes 
related to B cell subsets were grouped as one cluster and annotated 
as ‘transitional’, ‘naive’, ‘non-class-switched memory’, ‘class-switched 
memory’ or ‘GC’.

Differential gene expression analysis
Differential expression analysis was conducted on the named B cell sub-
sets using the rank_genes_groups function. Significant genelists were 
filtered for a minimum log2 (fold change) of 1.0, and key genes were 
plotted using the rank_genes_groups_matrixplot function and a scaled 
z score. Proportions of each B cell subset were plotted as a stacked bar 
plot by each donor’s respective tissue. To determine a tissue-specific 
signature of B cells, we created tissue-specific subsets by combining 
each event’s tissue of origin with its assigned B cell subset. We then 
combined transitional and naive B cells as well as memory subsets and 
subsampled down to the tissue with the lowest cellular contribution 
(GC B cells were excluded as they contained less than 100 events). Dif-
ferential expression was calculated for the combined transitional and 

naive B cells and memory subsets between the organs. Volcano plots 
were created using the bioinfokit package v2.0.8. The genes that were 
significantly different in both comparisons (LLN naive/transitional 
versus lung naive/transitional and LLN memory versus lung memory) 
were then plotted using the rank_genes_groups_matrixplot function 
as described above.

B cell activation scores were calculated using the top 100 genes 
from Fowler et al.62 that were the most differentially expressed when 
comparing B cells activated through the BCR and with LPS compared 
to resting B cells. These genes were then supplied to the score_genes 
function, projected as a function of expression on the UMAP and  
plotted using Seaborn’s violinplot by each tissue’s subset.

Single-cell B cell mutation, clonal annotation and analysis
To perform single-cell mutation and clonal diversity analysis, we anno-
tated gene sequences based on heavy chains63. Using the Immcanta-
tion pipeline (https://immcantation.readthedocs.io/en/latest/index.
html#), we aligned the heavy chains and light chains in each cell to the 
appropriate germline using igBlast based on IMGT germline refer-
ences (https://changeo.readthedocs.io/en/stable/examples/igblast.
html). Cells that expressed more than one heavy chain or had only 
light chains were removed from further analysis. For all datasets, only 
productive-rearranged BCR contigs with valid V and J gene annotations 
were used. We then divided all usable cells into groups with the same 
heavy chain V and J germline assignment and the same CDR3 length. 
These groups were then further separated into individual clones by 
hierarchical clustering (cutoff of 0.15). For each sequence, we calcu-
lated the number of synonymous and non-synonymous nucleotide 
mutations across the whole sequence and separately in CDR and FWR 
regions (including CDR3 and FWR4).

B cell culture and polyclonal activation
Single-cell suspensions (30 × 106–100 × 106 cells) from lungs and 
LLNs were resuspended in a warm stimulation medium (RPMI, 5% 
human antibody serum, 1% PSQ, 10 μg ml–1 LPS, 1 μg ml–1 R848, 1 μg ml–1  
Pokeweed mitogen, 1:10,000 Staphylococcus aureus Cowean and 
0.5 mM β-mercaptoethanol) in a six-well plate at a ratio of 30 × 106–
50 × 106 cells per well. The plated cells were put in an incubator at 37 °C 
and 5% CO2. On the fifth day, the cells were centrifuged at 400g for 
5 min, and the supernatants were collected.

Antigen microarray assay
Viruses and recombinant proteins were spotted onto 
N-hydroxysuccinimide ester-derivatized hydrogel slides (H slides 
type B, Schott-Nexterion) using a Scienion Sx non-contact array spotter 
(Scienion). Spot volumes ranged between 300 and 360 pl. Antigens at 
each concentration were spotted in triplicate. Antigens were diluted 
in Triton (Merck, 9036-19-5) or Scispot D1 spotting buffer (Scienion) 
at multiple concentrations ranging from 65 to 16 μg ml–1. Eight iden-
tical microarrays were spotted on each microarray slide. Antigens 
included (1) antigens of common childhood vaccines, (2) herpesvirus 
antigens (including herpes simplex virus 1 and 2, Epstein–Barr virus, 
cytomegalovirus and varicella zoster virus), (3) surface glycoproteins 
of common respiratory viral infections (including RSV, adenoviruses 
and parainfluenza), (4) influenza HA recombinant proteins spanning 
the antigenic evolution of H1N1, H3N2 and B subtypes and (5) antigens 
of the SARS-CoV-2 Wuhan strain and seasonal coronavirus strains such 
as HKU-1, NL63, 229E and OC43 (Supplementary Table 8).

Slides were hybridized with samples using a previously developed 
protocol64. Briefly, array slides were chemically blocked at 20 °C on 
a shaker. Following the blocking step, slides were washed twice in 
PBST (PBS and 0.05% Tween 20), twice in PBS and twice in deionized 
water. After washing, the slides were dried by centrifugation for 5 min 
and loaded on incubation trays (PepperChips, PepperPrint). Samples 
from sera, lungs and LLNs were diluted to 10 μg ml–1 for both IgG and 
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IgA in a hybridization buffer (1% bovine serum albumin and 0.025% 
Tween 20 in PBS). After 2 h of incubation at 20 °C on a shaker, the slides 
were washed twice using the washing buffer and twice with PBS, as 
mentioned above. Slides were then incubated for 45 min on a shaker 
at 20 °C with a fluorescently labeled polyclonal secondary antibody 
diluted in hybridization buffer (IgG: Alexa 544 Fluor 647 AffiniPure 
donkey anti-human IgG (H+L), 709-605-149, Jackson ImmunoResearch, 
1:1,000 dilution; IgA: Alexa Fluor 647 AffiniPure goat anti-human serum 
IgA chain specific, 109-605-011, Jackson ImmunoResearch, 1:3,000 
dilution). Slides were scanned on a three-laser GenePix 4400 scanner. 
Images were analyzed using GenePix Pro version 7 to obtain the MFI of 
each spot after subtracting the main local background fluorescence 
intensity (0 ≤ MFI ≤ 65,000).

Antigen microarray analysis
The microarray results were analyzed using an in-house pipeline devel-
oped in Python. Because antigens at each concentration were spotted 
in triplicate, the median MFI intensity of each triplicate was calculated. 
During each experiment, a negative-control array was incubated with 
the incubation buffer only. The background staining of each triplicate 
of spots in the negative-control microarray was subtracted from all 
other microarrays. To minimize background noise, antigens with a 
maximal value of <2,000 were excluded from the analysis. All responses 
below an MFI of 1,000 were considered background. For the influenza 
microarrays, we sorted the HA and neuraminidase proteins into groups 
according to their subtype. For respiratory and childhood vaccine 
antigens, we also divided the antigens into appropriate analysis groups. 
The magnitude of antibody response to a group of antigens was defined 
as the geometric mean of the MFI levels to all the proteins included in 
the group.

Statistical analysis
For comparisons between experimental groups, we performed  
Wilcoxon rank-sum tests using the scipy.stats package. In the spider 
plots, all samples were normalized together to transform the values 
to the range of 0–1, where each antigen was normalized individually 
across all samples.

Reporting summary
Further information on research design is available in the Nature  
Portfolio Reporting Summary linked to this article.

Data availability
BCR-seq data that support the findings of this study have been depos-
ited in the SRA with the accession code PRJNA847585. The single-cell 
transcriptome and CITE-seq data have been deposited in Gene Expres-
sion Omnibus with accession number GSE223646. Source data are 
provided with this paper.

Code availability
Custom computer code used in this study is available at https://github.
com/simslab/DropSeqPipeline8 and https://github.com/arosenfeld/
immunedb.
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Extended Data Fig. 1 | Germinal Centers in pediatric lungs and associated 
lymph nodes contain follicular dendritic cells. Tissue sections from lung-
associated lymph nodes (LLN) and lungs were stained with anti-CD3 (green), 
anti-CD20 (blue), anti-CD10 (red), and anti-follicular dendritic cell (FDC) (light 
blue) antibodies. a, Representative image of LLN from a 1.5 yr old donor showing 
FDC in a germinal center (GC) structure (scale bar: 150μm) (n = 3, with 3 sections 
imaged per donor). b, FDC in BALT shown in representative images from 4 organ 

donors paired by row. FDC, and CD10 channels are shown for each donor and 
merged column shows staining with all four fluorochromes (n = 5, with 3 sections 
imaged per donor). c, LLN from a 4 yr old donor showing FDC (white arrows) in 
GC structures (pink) (scale bar: 200μm). Heterogeneous appearance of FDC with 
GC B cells across different follicles suggests multiple stages of GC formation 
(n = 3, with 3 sections imaged per donor). FDC=follicular dendritic cell, yr= year, 
LLN=lung lymph node, GC=germinal center.
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Extended Data Fig. 2 | Gating strategy for analysis of B cell subsets by 
flow cytometry. Lymphocytes were selected based on forward (FSC) vs 
side scatter (SSC) height (H) properties, then single cell gating was applied 
based on SSC-H vs area (-A), followed by selection of CD45+ live cells. B cells 
(CD19 + CD3-) were selected by CD19 expression and lack of CD3 expression 
and three subpopulations were identified based on IgD and IgM expression: 1. 
IgD+ cells (second row) were delineated into subsets based on CD27 expression 
with IgD+CD27- cells further divided based on CD38 and CD10 expression into 

transitional and naive B cells and IgD+CD27+ cells to IgD+ GC and non-class 
switched (NCS) memory B cells, which were analyzed for CD69 expression for 
tissue residency. 2. IgD-IgM- cells were also delineated based on CD27 expression 
to GC B cells based on CD38 and CD10 expression and CD27+IgD-IgM-CD10- B 
cells were further delineated into IgA+ memory and IgG+ class-switched (CS) 
memory B cells which were further analyzed for CD69 expression for tissue 
residency and CD95 for activation. 3. IgD-IgM+ B cells were delineated into 
immature subsets based on CD38 and CD10 expression.
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Extended Data Fig. 3 | Gating strategy for analysis of follicular helper T 
cells (TFH) by flow cytometry. Single cells were selected based on side scatter 
(SSC), height (H) vs area (A) properties, followed by selection of CD45+ live 

cells. Conventional CD4+ T cells were gated based on lack of CD25 and FoxP3 
expression and further gated on CD45RA− non-naïve cells. Tfh subsets were then 
identified based on expression of CXCR5 and PD-1. GC = germinal center.
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Extended Data Fig. 4 | Determination of B cell subsets in the LLN from Leiden 
clustering and BCR clone identification. a, UMAP projection of all B cells 
colored by original Leiden cluster and additional key markers delineating known 
B cell subsets (bottom rows). b, Dotplot shows top differentially expressed genes 
(DEGs) per Leiden cluster indicating how clusters were collapsed to delineate 
known subsets. Gene expression values were scaled to a log2 fold change. Dots 
are colored by average logFC expression and sized by the percentage of cells 

per cluster that expressed the particular gene. Gene lists were filtered based on 
a minimum logFC of >1, adjusted P < 0.01 and detected on at least 10% of cells 
within its cluster. Significant genes calculated using a two-sided Wilcoxon with 
tie correction. Indicated at the bottom of the dotplot is the Leiden clusters that 
make up the different B cell subsets based on gene expression and the tissue they 
are predominantly expressed in. c. Barplots indicating the number of clones for 
each individual donor in each site, stratified by subsets as identified in (b).
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Extended Data Fig. 5 | B cells from lung- and gut-associated lymph nodes 
exhibit similar transcriptional profiles. Single cell RNA-sequencing data 
derived from 33,737 B cells from the lung-associated lymph node (LLN) and 
gut-associated mesenteric lymph nodes (MLN) of three donors aged 1–3 years 
was analyzed as in Fig. 5 and Extended Data Fig. 4. a, UMAP projection of all B 
cells colored by donor (top), tissue (middle) and subset (bottom), b, Expression 
of top lineage-defining genes for naïve/transitional (top row), memory (middle 

row) and germinal center (bottom row) B cells in the UMAP. c, Heat map showing 
z-score expression of the top differentially expressed genes associated with the 
major B cell subsets in each row: Transitional (Trans), Naïve, Non-class switched 
(NCS) memory, Class-switched (CS) memory, and germinal center (GC) B cells. 
d, Proportional composition of each B cell subset in the LLN and MLN for each 
donor displayed as a barplot.
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Extended Data Fig. 6 | Antigen specificity of antibodies derived from lungs, 
lung-associated lymph nodes, and plasma of individual donors. a, Spider 
plots showing relative reactivities of IgG and IgA for the different antigen types 
(green=LLN, pink=lung, violet=plasma) from each pediatric donor (lung/LLN: 
n = 6, plasma: n = 6 (3 samples from organ donors and 3 samples from living 
blood donors) as determined by the antigen array assay (see methods). Tissue 

and plasma samples derived from the same donors are linked with vertical lines. 
b, Bar graphs showing geometric mean titers (GMT) of each Influenza strain in 
serum of adult (red, n = 5) and pediatric (green, n = 6) donors. Significance was 
determined by unpaired t test and p value generated by two-tailed test (p ≦0.05). 
Error bars indicate SD.
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Ethics oversight Institutional Review Board of Columbia University Medical Center

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size is determined by the availability of donor tissues, which were acquired over the last 5 years. These are a precious resource, and 
were optimally utilized to extract as much information as possible from these limited samples. Younger donor samples were prioritized to 
capture the highly dynamic events occuring in the early years of life that we present in this study.

Data exclusions No data were excluded from any of the analyses. 

Replication Figures show data from multiple individuals. Additionally, for imaging, 3-5 sections from lung  and 2 sections from lymph nodes were analyzed 
for each individual. 

Randomization All donors samples obtained were analyzed. The experimental groups in this study were predicated on the tissue of origin of the analyzed 
cells, as well as age, therefore no randomization was possible. 

Blinding The experiments did not require blinded analysis. 
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Methods
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ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used Alexa Fluor 488 Anti-human CD20 Antibody (clone: L26) : Invitrogen, Cat# 53-0202-82, LOT 2247482 

Alexa Fluor 647 Anti-human CD10 Antibody (clone: SN5c) : Invitrogen, Cat# 51-0108-42, LOT 2351401 
Brilliant Violet(BV) 421 Anti-human CD4 Antibody (clone: RPA-T4) :Biolegend, Cat# 300532, LOT B302124 
Alexa Fluor 488 Anti-human CD8 Antibody (clone: HIT8a) :Biolegend, Cat# 300916, LOT B248835 
PE Anti-human CD45RO Antibody (clone: UCHL1) :abcam, Cat# ab77217, LOT GR3201396-1 
PerCP Anti-human CD45 Antibody (clone: HI30) :Biolegend, Cat# 304025, LOT B331250 
BV510  Anti-human CD3 Antibody (clone: SK7) :Biolegend, Cat# 344827, LOT B310746 
BUV737  Anti-human CD4 Antibody (clone: SK3) :BD Horizon, Cat# 612748, LOT 0163845 
BUV805 Anti-human CD8Antibody (clone: SK1) :BD Horizon, Cat# 612889, LOT 0195677 
PE-Cy5 Anti-human CD19 Antibody (clone: HIB19) :Biolegend, Cat# 302210, LOT B263542 
BV480 Anti-human IgD Antibody (clone: IA6-2) :BD Horizon, Cat# 566138, LOT 0302854 
BUV395 Anti-human IgM Antibody (clone: G20-127) :BD Horizon, Cat# 563903, LOT 0192229 
BV650 Anti-human IgG Antibody (clone: G18-145) :BD Horizon, Cat# 740596, LOT 0352502 
PE Anti-human IgA Antibody (clone: IS11-8E10) :Miltenyi Biotec, Cat# 130-113-476, LOT 5210509158 
BUV615 Anti-human CD27 Antibody (clone: L128) :BD OptiBuild, Cat# 751463, LOT 0329942 
BV421 Anti-human CD38 Antibody (clone: HIT2) :BD Horizon, Cat# 562444, LOT 0266689 
BV711 Anti-human CD10 Antibody (clone: HI10a) :BD OptiBuild, Cat# 740770, LOT 1074158 
BV750 Anti-human CXCR5 Antibody (clone: RF8B2) :BD OptiBuild, Cat# 747111, LOT 1061310 
PE/Dazzle-594 Anti-human CD24 Antibody (clone: MI5) :Biolegend, Cat# 311134, LOT B314081 
APC Anti-human CD95 Antibody (clone: DX2) :Biolegend, Cat# 305612, LOT B266759 
SuperBright 780 Anti-human CD69 Antibody (clone: FN50) :Invitrogen, Cat# 78-0699-42, LOT 2057235 
PE/Cyanine 7 Anti-human CD138 Antibody (clone: DL-101) :Biolegend, Cat# 352318, LOT B299531 
Alexa Fluor 488 Anti-human CCR7 Antibody (clone: G043H7) :Biolegend, Cat# 353206, LOT B277021 
BV605 Anti-human CD45RA Antibody (clone: HI100) :Biolegend, Cat# 304134, LOT B281355 
Alexa Fluor 700 Anti-human Ki67 Antibody (clone: Ki-67) :Biolegend, Cat# 350530, LOT B240384 
Alexa Fluor 647 Anti-human Bcl-2 Antibody (clone: 100) :Biolegend, Cat# 658706, LOT B316645 
 
BUV395 Anti-human CD4  Antibody (clone: SK3) :BD Horizon, Cat# 563550 
BUV496 Anti-human CD31  Antibody (clone: L133.1) :BD Horizon, Cat# 749833 
BUV563 Anti-human CCR6  Antibody (clone: 11A9) :BD Horizon, Cat# 749362 
BUV615 Anti-human CD161  Antibody (clone: DX12) :BD Horizon, Cat# 751151 
BUV661 Anti-human PD-1  Antibody (clone: EH12.1) :BD Horizon, Cat# 750260 
BUV737 Anti-human CXCR3  Antibody (clone: 1C6) :BD Horizon, Cat# 741866 
BUV805 Anti-human CX3CR1 Antibody (clone: 2A9-1) :BD Horizon, Cat# 749353 
BV421 Anti-human CTLA4  Antibody (clone: BNI3) :Biolegend, Cat# 562743 
V450 Anti-human CD8  Antibody (clone: RPA-T8) :Biolegend, Cat# 561426 
BV480 Anti-human CD25  Antibody (clone: M-A251) :Biolegend, Cat# 566102 
BV510 Anti-human CD45  Antibody (clone: 2D1) :Biolegend, Cat# 368526 
BV570 Anti-human CD127  Antibody (clone: A019D5) :Biolegend, Cat# 351308 
BV605 Anti-human CXCR5  Antibody (clone: RF8B2) :BD Horizon, Cat# 740379 
BV650 Anti-human OX40  Antibody (clone: ACT35) :Biolegend, Cat# 563658 
BV711 Anti-human CD69  Antibody (clone: FN50) :Biolegend, Cat# 310944 
BV750 Anti-human CCR4  Antibody (clone: 1G1) :BD Horizon, Cat# 746980 
BV785 Anti-human CD45RA  Antibody (clone: HI100) :Biolegend, Cat# 304140 
AF488 Anti-human CCR7  Antibody (clone: G043H7) :Biolegend, Cat# 353206 
Spark Blue 550 Anti-human CD3  Antibody (clone: SK7) :Biolegend, Cat# 344852 
BB700 Anti-human CCR2  Antibody (clone: LS132.1D9) :BD Horizon, Cat# 747847 
PerCP-e710 Anti-human TIGIT  Antibody (clone: MBSA43) : Invitrogen, Cat# 50-245-943 
PE Anti-human 4-1BB  Antibody (clone: 4B4-1) :Biolegend, Cat# 309804 
PE-Cy5 Anti-human CCR5  Antibody (clone: 2D7/CCR5) :Biolegend, Cat# 556889 
Pe-Cy7 Anti-human CD40L  Antibody (clone: 24-31) :Biolegend, Cat# 310832 
PE-CF594 Anti-human BCL6  Antibody (clone: K112-91) :Biolegend, Cat# 562401 
Zombie NIR Live/Dead stain :Biolegend, Cat# 423105 
APC Anti-human ICOS  Antibody (clone: C398.4A) :Biolegend, Cat# 313510 
APC Cy7 Anti-human CD14  Antibody (clone: MΦP9) :Biolegend, 557831 
AF647 Anti-human Blimp-1  Antibody (clone: 6D3) :Biolegend, 565002 
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R718 Anti-human FOXP3  Antibody (clone: 259D/C7) :Biolegend, 566936 
APC Fire810 Anti-human CD27  Antibody (clone: QA17A18) :Biolegend, 393214 
PerCP-eFluor 710 Anti-human CD103 Antibody (clone: Ber-ACT8) :Invitrogen, Cat# 50-113-0774, LOT 2088791 
GTCAACTCTTTAGCG-TotalSeq-C0251_anti-human_Hashtag_1_Antibody (clone:LNH-94; 2M2): Biolegend, Cat#394661 
TGATGGCCTATTGGG-TotalSeq-C0252_anti-human_Hashtag_2_Antibody (clone:LNH-94; 2M2): Biolegend, Cat#394663 
TTCCGCCTCTCTTTG-TotalSeq-C0253_anti-human_Hashtag_3_Antibody (clone:LNH-94; 2M2): Biolegend, Cat#394665 
AGTAAGTTCAGCGTA-TotalSeq-C0254_anti-human_Hashtag_4_Antibody (clone:LNH-94; 2M2): Biolegend, Cat#394667 
AAGTATCGTTTCGCA-TotalSeq-C0255_anti-human_Hashtag_5_Antibody (clone:LNH-94; 2M2): Biolegend, Cat#394669 
GGTTGCCAGATGTCA-TotalSeq-C0256_anti-human_Hashtag_6_Antibody (clone:LNH-94; 2M2): Biolegend, Cat#394671 
TGTCTTTCCTGCCAG-TotalSeq-C0257_anti-human_Hashtag_7_Antibody (clone:LNH-94; 2M2): Biolegend, Cat#394673 
CTCCTCTGCAATTAC-TotalSeq-C0258_anti-human_Hashtag_8_Antibody (clone:LNH-94; 2M2): Biolegend, Cat#394675 
CAGTAGTCACGGTCA-TotalSeq-C0259_anti-human_Hashtag_9_Antibody (clone:LNH-94; 2M2): Biolegend, Cat#394677

Validation All antibodies were validated for specificity by the manufacturer. Staining was validated by negative control samples. 

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Following procurement, organs were transported to the laboratory and maintained in cold media supplemented with 5% FBS, 
penicillin/streptomycin, and glutamine (PSQ). Lymph node (LN) tissues were dissected out from the lung, cleaned of fat and 
connective tissue. Lungs and LN were chopped into pieces, and incubated with IMDM (Fisher) media containing collagenase 
D (Sigma) and DNase (Sigma) for 30 minutes at 37°C. Collagenase digestion was inactivated by addition of 1mM EDTA 
(Fisher). To remove the additional connective tissue, cell suspensions were filtered through 100μM cell strainers and washed 
with DPBS (Fisher Scientific) media containing FBS (GeminiBio) and EDTA (Fisher). For purity of the cell suspension, cells were 
centrifuged through density gradient centrifugation using Ficoll-Paque (Fisher) and washed twice with PBS.  
These cells were first washed with PBS and were re-suspended with LIVE/ DEAD Fixable Blue Dead Cell stain(Thermo Fisher 
Scientific) and incubated at room temperature (RT) in the dark for 20 minutes, followed by washing with FACS-buffer (PBS + 
2%FBS + 0.1 mM EDTA) and subsequently incubated with TrueStain FcX for 10 minutes in the dark. Next, cells were washed 
with FACS-buffer and re-suspended in staining antibodies for 30 minutes in RT, followed by two washes with FACS-buffer, 
and cells were fixed and permeabilized using a Foxp3 Transcription Factor Staining Buffer Set (eBioscience) as per 
manufacturer’s protocols. Lastly, cells were incubated in the dark at 4°C with intracellular antibodies and washed twice in 
permeabilization buffer. Data were collected on 5-laser Cytek Aurora flow cytometer (Cytek Bio).

Instrument 5-laser Cytek Aurora flow cytometer (Cytek Bio)

Software Flowjo: Tree Star, v10.8.1, https://www.flowjo.com/

Cell population abundance All cell population frequencies were clearly indicated. No sorting experiments were performed. 

Gating strategy (B cell gating) 
Lymphocytes were selected based on forward (FSC) vs side scatter (SSC) height (H) properties, then single cell gate was 
applied based on SSC and H vs area (A) properties, followed by selection of CD45+ live cells. B cells were selected by 
expression of CD19, subsets were identified based on expression of IgD vs IgM. IgD+ cells were then divided based on CD27 
expression. Based on expression of CD38 and CD10, IgD+CD27- cells were further divided into transitional and naïve B cells, 
and IgD+CD27+ cells to IgD+GC and NCS memory B cells. IgD-IgM- cells were also delineated based on CD27 expression and 
IgD- GC B cells were gated based on CD38 and CD10 expression. CD27+IgD-IgM-CD10- B cells were further delineated into IgA 
memory and IgG memory B cells. 
(TFH gating) 
Single cells were selected based on forward (FSC) and side scatter (SSC), height (H) vs area (A) properties, followed by 
selection of CD45+ live cells. CD45RA- CD4 conventional T cells were selected by expression of CD4 and lack of CD25, Foxp3 
and CD45RA expression. Subsets were identified based on expression of CXCR5 vs PD-1. 

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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