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Marginating transitional B cells modulate
neutrophils in the lung during inflammation and
pneumonia
John Podstawka1,2, Sarthak Sinha3, Carlos H. Hiroki1,2, Nicole Sarden1,2, Elise Granton1,2, Elodie Labit3, Jung Hwan Kim1,2,
Graciela Andonegui1,2, Yuefei Lou1,2, Brendan D. Snarr4, Donald C. Sheppard4,5,6, Nicole L. Rosin3, Jeff Biernaskie3,7,8,9, and
Bryan G. Yipp1,2

Pulmonary innate immunity is required for host defense; however, excessive neutrophil inflammation can cause life-
threatening acute lung injury. B lymphocytes can be regulatory, yet little is known about peripheral transitional IgM+ B cells in
terms of regulatory properties. Using single-cell RNA sequencing, we discovered eight IgM+ B cell subsets with unique gene
regulatory networks in the lung circulation dominated by transitional type 1 B and type 2 B (T2B) cells. Lung intravital
confocal microscopy revealed that T2B cells marginate in the pulmonary capillaries via CD49e and require CXCL13 and CXCR5.
During lung inflammation, marginated T2B cells dampened excessive neutrophil vascular inflammation via the specialized
proresolving molecule lipoxin A4 (LXA4). Exogenous CXCL13 dampened excessive neutrophilic inflammation by increasing
marginated B cells, and LXA4 recapitulated neutrophil regulation in B cell–deficient mice during inflammation and fungal
pneumonia. Thus, the lung microvasculature is enriched in multiple IgM+ B cell subsets with marginating capillary T2B cells
that dampen neutrophil responses.

Introduction
The lungs are constantly bombarded by a broad array of infec-
tious and noninfectious stimuli that can lead to inappropriate or
excessive neutrophil inflammatory responses, resulting in se-
vere acute lung injury and acute respiratory distress syndrome
(ARDS; Lloyd and Marsland, 2017; Matthay et al., 2019; Williams
and Chambers, 2014). Therefore, identifying regulatory systems
that mitigate excessive lung inflammation has clinical importance.
Many pathogens, including viruses, bacteria, and fungi, can induce
excessive neutrophilic inflammation causing ARDS, and these
pathogens include novel viruses such as SARS-CoV-2, where lung
injury can bemediated by neutrophil inflammation (Carvelli et al.,
2020; Radermecker et al., 2020; Barnes et al., 2020; Zuo et al.,
2020). Independent of the inciting pathogen, neutrophils are the
primary cell involved in all types of lung injury leading to ARDS,
which highlights the importance of studying the regulatory
mechanisms governing neutrophil dynamics during lung

inflammation and injury. Cross-talk between neutrophils and
other leukocytes has been proposed to reciprocally mediate
regulation, but there are limited examples of this in vivo. We
previously discovered that aged neutrophils have a propensity to
marginate in the lung capillaries and that older neutrophils have
a greater tendency for activation and inflammation (Kim et al.,
2018; Uhl et al., 2016; Zhang et al., 2015); thus, local lung-specific
regulatory mechanisms to restrain neutrophils are critical to the
avoidance of acute lung injury and syndromes such as ARDS.

B cells are essential effectors of the adaptive immune re-
sponse owing to their role in humoral immunity (Cyster and
Allen, 2019; LeBien and Tedder, 2008). Conventional B cells
develop within the bone marrow into immature cells that enter
the peripheral circulation. Maturing naive B cells recirculate
between blood and spleen as IgM+ IgD+ transitional cells (type
1 B [T1B] and type 2 B [T2B]) before homing to germinal centers
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within secondary lymphoid tissues to undergo somatic hyper-
mutation, Ig class switching, and differentiation into plasma or
memory cells (Victora and Nussenzweig, 2012; Boothby et al.,
2019; Su et al., 2004). Limited information exists to characterize
these transitional B cells in the peripheral blood. B cells, in-
cluding T2B cells, have regulatory capacities (Rosser and Mauri,
2015; Rosser et al., 2014;Mauri and Bosma, 2012; Candando et al.,
2014); yet, these aspects of B cell function and behavior remain
ill defined. Recent advances in single-cell genomics and in vivo
imaging have accelerated our understanding of immune cells,
including B cells, in vivo (Papalexi and Satija, 2018; Scharer et al.,
2020; Nehar-Belaid et al., 2020; Laidlaw et al., 2020). Addi-
tionally, intravital imaging has revealed new understandings of
leukocyte behaviors, both in the bloodstream and within tissues,
including lung and lymphoid tissues (Tas et al., 2016; Beck et al.,
2014; Cinamon et al., 2004).

Combining single-cell RNA sequencing (scRNAseq) and
confocal lung intravital microscopy, we genetically defined
IgM+ B cell states and their gene regulatory pathways and
discovered that T2B cells marginate within the lung capillaries
via CD49e and C-X-C motif chemokine receptor 5 (CXCR5)/
C-X-C motif chemokine ligand 13 (CXCL13). Moreover, mar-
ginated B cells dampen neutrophilic lung inflammation via the
resolving molecule lipoxin A4 (LXA4). Additionally, during As-
pergillus fumigatus pneumonia, B cell deficiency (Ighm−/−) or
impaired LXA4 (Alox15−/−) production results in increased
neutrophil recruitment. Therefore, we have uncovered a reg-
ulatory system requiring recirculating peripheral B cells that
attenuates excessive neutrophil recruitment and activation in
the lung in vivo. We have additionally developed a companion
online B cell atlas tool to allow further interrogation of lung
B cell states (http://www.biernaskielab.ca/b_cell or http://www.
biernaskielab.com/b_cell). Together, this knowledge contributes to
new understandings of lung inflammation and pneumonia that could
drive novel therapeutic options for treating diseases such as ARDS
that result from neutrophil-mediated acute lung injury and infection.

Results
The lung capillaries contain marginated intravascular B cells
B cells are a major cellular component of the circulation, and the
lungs contain a large volume of blood within their vast vascular
network; yet, the study of peripheral B cells within the lung
vasculature remains limited. We used flow cytometry to identify
B cells (CD19+) in homogenized whole lungs (Fig. 1 A). B cells
were localized to the lung tissue but not the airways, because
few CD19+ cells were found in bronchoalveolar lavage (BAL)
samples (Fig. 1 A). To anatomically localize the lung B cells
within the tissue, we distinguished intravascular from ex-
travascular B cells using a dual antibody staining technique
(Barletta et al., 2012). Intravenous fluorochrome-conjugated
anti-B220 mAb was administered i.v. 5 min before lungs were
harvested, followed by a fluorochrome-conjugated anti-CD19
mAb added to the lung single-cell suspension for total B cells
(Fig. 1 B). This revealed that most lung B cells were intravascular
(Fig. 1 C). To investigate the positioning and localization of
these intravascular B cells, we used lung intravital confocal

microscopy. To visualize B cells, we crossed mice with homo-
zygous expression of Cre recombinase from Cd19 [B6.129P2(C)-
Cd19tm1(cre)Cgn/J] with a mouse homozygous for the expression of
a fluorescent protein ZsGreen1 from the Rosa26 locus [B6.Cg-
Gt(ROSA)26Sortm6(CAG-ZsGreen1)Hze/J] to generate a B cell reporter
mouse termed “Cd19ZsGreen1” (Fig. 1 D and Video 1). Surprisingly,
B cells sequestered to the endothelium for >30 s, a time point
used in leukocyte recruitment studies to signify firm adhesion
(Yipp et al., 2017). Moreover, 35.5% of lung B cells visualized at
time point 0 adhered for the entire 10 min of imaging, whereas
24.9% transited through the capillary microcirculation within
seconds. Lung neutrophils can firmly adhere to the endothe-
lium in a process termed “margination” (Yipp et al., 2017; Lien
et al., 1987); however, this behavior is not reported in B cells.
Like capillary marginated neutrophils, B cells firmly adhered to
the endothelium like neutrophils did (Fig. 1, E and F; and Video
1). Therefore, the lung microcirculation harbors peripheral
B cells that localize within the vasculature via firm adhesion
consistent with the phenomenon known as margination.

The lung intravascular space contains eight subsets of
genetically distinct B cells
No precedent data exist characterizing lung marginating B cells;
therefore, we performed scRNAseq of lung B cells to establish
their identities. Lungs from seven female C57BL/6 mice were
homogenized and pooled, and live leukocytes (CD45+) were
isolated by cell sorting. 12,492 cells met quality control criteria
(Fig. S1, A–C) and were included in subsequent analyses. The
hierarchical tree algorithm using Seurat’s Louvain algorithm
revealed eight distinct B cell subsets (Figs. 2 A and S1 D). The B
lymphocyte marker Ighm was expressed throughout all lung
B cells, whereas Ighd was enriched in four of eight subclusters
(Fig. 2, B and C). Coexpression of IgM and IgD is related to B cell
maturity, with less mature naive B cells having lower levels of
IgD (Hobeika et al., 2016). RNA transcripts of Ighd revealed
comparable frequency and expression levels between clusters 0
and 1 and between clusters 2 and 3 (Fig. 2 C), suggesting shared
states of maturity. Further analysis of cell surface expression of
CD21and CD24 using flow cytometry demonstrated that the two
largest groups of lung B cells were T1B cells (CD45+ CD19+ CD21+

CD24+) and T2B cells (CD45+ CD19+ CD21+ CD24lo; Teague et al.,
2007; Loder et al., 1999; Evans et al., 2007; Benitez et al., 2014;
Fig. 2 D). Therefore, because most lung B cells could be divided
by cell surface markers into T1B and T2B cells with compatible
Ighd levels (Su and Rawlings, 2002; Su et al., 2004), we grouped
clusters 2 and 3 as T1B and clusters 0 and 1 as T2B (Fig. 2 E).
Analysis of the T1B cell cluster RNAseq revealed increased levels
of Ighm, Cd24a, Vpreb3, and Egr1 compared with T2B, which had
higher levels of Crlf3 and Fcer2a (CD23; Fig. 2, F–H). B cells were
also identified with high RNA transcripts of Ighm, S100a6, and
Itgb1, which have been reported in innate B1 B cells (Francés
et al., 2006; Mabbott and Gray, 2014); yet, they had low levels
of transcripts of other B1 markers, such as Cd5, Itgam, and Il10
(Fig. 2 H). Using flow cytometry, we analyzed lung B cells for
established markers of B1a and B1b innate B cells (Haas et al.,
2005), which showed low numbers of B1 cells defined by cell
surface expression of CD5 in the lung compared with the spleen
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(Fig. S2). Importantly, we could not detect CSF2mRNA in any of
our B cell subsets, indicating that these cells do not belong to the
recently identified innate response activator B cells, which can
have regulatory properties (Rauch et al., 2012).

Transcription factors, such as PAX5 (Cobaleda et al., 2007)
and IKAROS (Kwon et al., 2008; Schwickert et al., 2014), and
gene regulatory networks (GRNs) are critical determinants of
cellular fates and behaviors for both early B cell development
and late terminal differentiation into memory and plasma cells
(Laidlaw et al., 2020; Laidlaw and Cyster, 2021). However,
transcriptional regulation pathways are less clear in directing
and controlling transitional B cell states. To understand the
transcriptional regulation of lung B cell subsets, we performed
single-cell regulatory network inference and clustering (SCE-
NIC) analysis (Fig. 3). Regulon specificity scores revealed unique
regulons associated with T1B (Mafk, Ddit3), T2B (Chd2, Sp1), and
B1 B cells (Tcf4, Nap1l1; Fig. 3, A–C). We further interrogated
known B cell developmental transcription factors, such as EBF1
(Kwon et al., 2008), SpiB (Willis et al., 2017), and TCF3 (also
known as E2A), which were dominant regulons of T1B but were

not active in T2B (Fig. 3 D). Interestingly, EBF1 mRNA (yellow)
was abundant throughout all lung B cell clusters; yet, the active
GRN (blue) was confined to the T1 clusters, suggesting additional
levels of cell state regulation (Fig. 3 D). The driving regulons to
establish a T2B fate were found to be Sp1 and Chd2, which had
high GRN activity in T2B cells but not in T1B cells, despite this
early state having mRNA present (Fig. 3 E). Together, these data
reveal important molecularly defined alterations between the T1
and T2 states and provide new pathways that determine B cell
fates. Finally, we discovered novel transcriptional regulons for
B1 B cells that require TCF4 (also known as E2-2) and Nap1l1
(Fig. 3 F). Interestingly, Bhlhe41, a known factor for develop-
ment of innate B1a cells (Kreslavsky et al., 2017), was higher in
mRNA for our B1 defined subset (Fig. 3 F), but the Bhlhe41 reg-
ulon was active throughout all the subsets, suggesting a more
complex role of this transcription factor in the development of
innate B1 cells. Together, our genetic analyses reveal distinct
IgM B cells defined by discrete RNA profiles and GRNs that are
found in the lung, where most B cells are intravascular, and
these subsets are dominated by T1B and T2B cells.

Figure 1. The lung capillaries contain marginated intravascular B cells. (A) Flow cytometry compared B cells (fluorescently conjugated anti-CD19 mAb)
within a whole-lung homogenate with BAL fluid. SSC, side scatter. (B and C) Representative flow cytometry and quantification of intravascular (CD19+/B220+)
versus extravascular (CD19+/B220−) B cells using a two-antibody staining technique (A–C, n = 3 independent experiments with six mice total). (D) Lung
intravital microscopy visualized both intravascular neutrophils (fluorescently conjugated anti-Ly6G mAb) and B cells (Cd19ZsGreen1). Scale bar, 70 µm. (E and
F) The transit times of neutrophils and B cells were quantified using intravital microscopy. Marginated cells were observed in the FOV for up to 600 s. Cells at
time point 0 were followed for their duration in the lung vasculature and expressed as a percentage of the initial total B cell numbers in each FOV (D–F, n = 4
independent experiments using four mice total; each dot represents one FOV). Pooled data are presented as mean ± SD. Exact P values were determined using
Student’s t test. ****, P < 0.0001.
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Figure 2. scRNAseq reveals distinct B cell states within the lung. (A) B cells were analyzed using scRNAseq, and unsupervised clustering was achieved
using a hierarchical tree algorithm using Seurat’s Louvain algorithm and visualized by UMAP. (B) Comparison of Ighm and Ighd transcripts across all B cells.
(C) Ridge plots of Ighd transcripts between clusters 0 and 7. (D) Flow cytometry of lungs demonstrates two main B cell subtypes, T1B and T2B, using
fluorescently conjugated mAbs to detect cell surface expression of CD45, CD19, CD21, and CD24. Data represent n = 3 independent experiments using three
mice total. (E) Reclustering of B cells to map T1B and T2B cell states. (F and G) Relative RNA expression of representative genes associated with B cell states,
including Crlf3, Fcer2a (T2), and Egr1 and Vpreb3 (T1). (H) Violin plots of RNA transcripts grouped by B cell states. For scRNAseq data in A–C and E–H, 4,044
B cells were from seven pooled mice, and sequencing was performed once.
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Figure 3. T1B, T2B, and B1 cells occupy distinct regulatory states. (A) GRN-based clustering color coded by B cell state and projected on a t-distributed
stochastic neighbor embedding (t-SNE) map reveals that T1B, T2B, and B1 have distinct regulatory network structures. (B) GRN density projected onto SCENIC
t-SNE map. (C) Rank-ordered regulon specificity scores for transcriptionally defined B cell states. (D–F) t-SNE map plotting gene expression (yellow), binarized
regulon activity (active, blue; inactive, gray), and kernel density line area under the curve (AUC) histogram plotting inferred transcription factor (TF) activation.
Examples of differentially active GRNs in T1B (D), T2B (E), and B1 (F) states.
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T2B cells localize to the lung vasculature via CD49e-mediated
adhesion
To ascertain the relationship between intravascular firm adhe-
sion observed during intravital microscopy and the IgM subsets
of lung B cells determined by scRNAseq, we used flow cytometry
to compare cell surface molecule expression between non-
perfused (containing circulating and marginated B cells) and
perfused lungs devoid of circulating blood (to enrich adhered
B cells). We assessed cell surface integrins because these are
known to be important in B cell retention in lymphoid tissues
(Lu and Cyster, 2002), and our scRNAseq revealed that the
B1 cluster expressed Itgb1 (CD29, β1 integrin). However, after
flushing out nonadhered B cells, no difference was observed in
the population of B cells expressing CD29, suggesting that the
adhered B cells were not B1 cells (Fig. 4 A). Similarly, CD49d is a
reported adhesion molecule that was also not enriched after
removing nonadhered B cells (Fig. 4 A). The adhesion molecule
CD49e has been reported on early B cells (Jensen et al., 2016);
therefore, we repeated our perfusion assay and found a sig-
nificant increase in the percentage of B cells expressing CD49e,
suggesting enrichment after the removal of circulating non-
adhered B cells (Fig. 4 A). We reexamined the scRNAseq data
for CD49e expression, but we could not identify the RNA. This,
however, does not exclude protein expression. We next used
flow cytometry to assess the cell surface protein expression of
CD49e in defined B cell subsets that showed CD49e expression
on IgD-expressing cells with T2B markers compared with cells
with either T1B or B1 cell markers (Fig. 4, B and C). Using lung
intravital microscopy, we assessed B cell firm adhesion after
the i.v. administration of either a CD49e blocking mAb alone or
in combination with a CD29 blocking antibody or an appro-
priate isotype control antibody. B cells had significantly less
margination, defined by firm adhesion of ≥30 s when CD49e is
blocked compared with control mice, and this resulted in a sig-
nificant increase in transient B cell–endothelial interactions,
termed “tethering” (Fig. 4 D and Video 2). However, the addition
of an anti-CD29 inhibitory antibody did not further reduce B cell
margination, suggesting a limited role of the β1 integrin com-
ponent of VLA5 (CD49e/CD29). Neither the control nor the anti-
CD49e antibody impacted neutrophil margination (Fig. 4 D).
Therefore, B cells marginate within the lung microvasculature
via CD49e-mediated firm adhesion.

To more specifically investigate if the B cells that marginated
were transitional B cells, we used a fluorescently conjugated
anti-IgD antibody to mark transitional B cells in our total B cell
reporter mouse (Cd19ZsGreen1; Fig. 4 E and Video 3). IgD+ CD19+

B cells represented an increased population of cells that stayed
attached to the lung vasculature for at least 10 min compared
with IgD− CD19+ B cells. Quantifying and comparing the vascular
interaction times of all imaged B cells showed significantly in-
creased durations of IgD+ B cells in the lung capillaries (Fig. 4, F
and G).

The CXCR5–CXCL13 axis modulates the level of B cell
margination in the lung
Chemokines and their receptors are important for localizing
leukocyte populations (Ansel et al., 2002; Ansel et al., 2000).

CXCR5, a known chemokine receptor on B cells essential for
homing and localization (Denton et al., 2019; Ansel et al., 2000),
was detected at low levels broadly in our lung B cells by scRNAseq
(see the online genetic atlas at http://www.biernaskielab.ca/b_cell
or http://www.biernaskielab.com/b_cell). We used lung intravital
microscopy to assess if marginated B cells in the microvasculature
expressed CXCR5 and found that, in vivo, a subset of intravascular
B cells stained positive for CXCR5 using a fluorescently conjugated
anti-CXCR5 mAb (Fig. 5 A). Moreover, a larger percentage of
marginated B cells stained positive for CXCR5 than total B cells in
the lung vasculature (Fig. 5 B). To determine if CXCR5 is required
for B cell margination within the lung microvasculature, we in-
vestigated Cxcr5−/− mice using lung intravital microscopy and
found fewer marginated but more tethering B cells during ho-
meostasis than in C57BL/6mice (Fig. 5 C and Video 4). Cxcr5−/− did
not impact neutrophil margination (Fig. 5 D). CXCL13 (Ansel et al.,
2002; Cinamon et al., 2004) is the only known cognate chemokine
for CXCR5, so we tested if exogenous CXCL13 could induce B cell
margination in the lung. Indeed, intratracheal (i.t.) CXCL13 sig-
nificantly increased total B cells and CD49e+ B cells as quantified
by flow cytometry (Fig. 5, E and F). Marginated B cells were also
increased in CXCL13-treated mice compared with control animals
as quantified by intravital lung imaging (Fig. 5 G and Video 5).
Importantly, systemic administration of a neutralizing anti-
CXCL13 mAb resulted in a significant decrease in marginated
B cells compared with control isotype antibody-treated mice
analyzed by intravital microscopy, demonstrating that endoge-
nous CXCL13 is required for margination (Fig. 5 H and Video 6).
To further confirm the role of transitional B cells in margination,
we treated Cd19Zsgreen mice with CXCL13 and imaged the IgD+

versus the IgD− B cells before and after CD49e inhibition because
T2B cells had high levels of CD49e expression by flow cytometry.
CD19+ IgD− duration in the lung vasculature was not altered by the
addition of inhibitory anit-CD49e antibodies; however, CD19+ IgD+

B cells had a significant decrease in the duration of time spent ad-
hered to the vasculature (Fig. 5 I). Moreover, the number of mar-
ginated IgD+ B cells induced by CXCL13 was reduced, and transient
tethering increased after i.v. inhibitory anti-CD49e antibody ad-
ministration (Fig. 5 J). Therefore, transitional B cell margination
within the lung microvasculature requires the CXCL13–CXCR5
chemokine axis and CD49e adhesion.

Marginated B cells dampen neutrophil intravascular
inflammation during lung injury
Prepositioning or homing of leukocytes to various tissues is
generally purposeful; however, there are no reports establishing
a purpose for B cells to marginate within the lung microcircu-
lation. T2B cells found in the spleen have established regulatory
properties in the context of joint inflammation (Evans et al.,
2007; Khoder et al., 2014; Rosser et al., 2014); therefore, we
hypothesized that T2B cells marginating in the lung microcir-
culation may perform regulatory functions. Zymosan, a potent
fungal inflammatory stimulus causing airway inflammation and
lung injury (Han et al., 2013; Cone et al., 2003), was used to
investigate the role of marginated B cells during lung inflam-
mation. Zymosan-coated beads were injected i.t. into C57BL/6
mice, which were compared with mice genetically deficient in
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Figure 4. Marginated B cells are marked by CD49e, which mediates endothelial interactions. (A) Flow cytometry compared cell surface molecule
expression on B cells obtained from nonperfused lungs (circulating blood remaining) with perfused lungs (circulating blood removed). (B) Flow cytometry
expression of CD49e using a fluorescently conjugated anti-CD49e mAb. B cells were pregated for prototypical B1a, B1b, and B2 markers, and the percentage of
CD49e-positive B cells is shown per group. FSC, forward scatter. (C) The expression of cell surface IgD was assessed by flow cytometry and compared between
CD49e-positive B cells versus CD49e-negative B cells (A–C, n = 3 independent experiments using a total of six mice). (D) Intravital microscopy was used to
visualize vascular B cells in mice treated i.v. with an inhibitory anti-CD49emAbwith or without an inhibitory anti-CD29 antibody compared with an appropriate
isotype mAb control (pooled FOV replicates shown for n = 3 independent experiments using nine mice in total). (E) Intravital microscopy was performed with
Cd19ZsGreen1 and costained for IgD-positive B cells. Scale bar, 50 µm. (F and G) Vascular interaction times and track duration are shown as frequency dis-
tributions and pooled together to compare IgD-negative and IgD-positive B cells (n = 3 independent experiments with three mice in total). Exact P values were
determined using Student’s t test or ANOVA. *, P < 0.05; **, P < 0.01; ****, P < 0.0001. Pooled data are presented as mean ± SD or box-and-whisker plots
showing median and interquartile range.
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B cells (Ighm−/−). Lung intravital microscopy revealed that in-
travascular B cells were recruited in C57BL/6 mice during
zymosan-induced lung injury after 4 h and 24 h of stimula-
tion compared with PBS treatments, but no B cells were vi-
sualized in Ighm−/− mice (Fig. 6, A and B; and Video 7).
Additionally, the percentage of B cells marginating in the
microvasculature of C57BL/6 mice significantly increased 4 h
and 24 h after lung injury (Fig. 6 C). Neutrophil recruitment
was quantified using lung intravital microscopy, and sig-
nificantly more intravascular neutrophils were observed in

Ighm−/− mice treated with PBS and with 4 h or 24 h zymosan
stimulation compared with C57BL/6 mice (Fig. 6 D and Video
7). Resolution of neutrophil recruitment was observed be-
tween 4 h and 24 h of zymosan-induced lung injury in
C57BL/6 mice, but his did not occur in the Ighm−/− B cell–
deficient mice (Fig. 6, E and F). The margination of neu-
trophils in B cell–deficient mice was not due to significantly
increased circulating neutrophil numbers (Fig. 6 G). Thus,
airway inflammation during lung injury leads to increases in
marginated lung B cells that restrain excessive neutrophil

Figure 5. The CXCR5–CXCL13 axis modulates
the level of B cell margination in the lung.
(A) Intravital lung microscopy revealed B cells
(Cd19ZsGreen1) that were visible for CXCR5 using
i.v. administered, fluorescently conjugated anti-
CXCR5 mAb and that were marginated. For
clarity, B cells were falsely colored blue, and
CXCR5 is red. Asterisks show two examples of
CXCR5-positive B cells (representative images
from n = 3 independent experiments using three
mice; scale bars, 7 µm). (B) CXCR5+ B cells were
compared with total B cells, as was the propor-
tion of CXCR5+ B cells that marginated compared
with total B cells observed in the FOV. (C and
D) Intravital lung microscopy compared B cell
margination and tethering in C57BL/6 versus
Cxcr5−/− mice (C), while D shows marginated
neutrophils. (E and F) Cd19Zsgreen1 mice were
pretreated with exogenous CXCL13 i.t., and flow
cytometry quantified total and CD49e+ lung
B cells. (G and H) Intravital lung microscopy
quantified B cell margination in purified CXCL13-
pretreated Cd19Zsgreen1 mice or in Cd19Zsgreen1

mice that received systemic pretreatment with
an isotype control antibody versus a neutralizing
anti-CXCL13 mAb. (I) CXCL13 i.t. treated
Cd19ZsGreen1 mice were costained for IgD, and
B cells were quantified by track duration before
and after administration of inhibitory anti-
CD49e antibodies. (J) B cells were phenotyped
for margination and tethering before and after
anti-CD49e antibody administration. For imag-
ing experiments, n = 3 individual experiments
were performed. Pooled FOV replicates are
shown for B–D, G, and H. I and J represent n = 3
independent experiments using six mice in total.
Exact P values were determined using Student’s
t test, except where groups were compared
using the Mann-Whitney test. *, P < 0.05; **,
P < 0.01; ***, P < 0.001; ****, P < 0.0001.
Pooled data are presented as the mean of n
values ± SD or as box-and-whisker plots showing
median and interquartile range. Statistical testing
was performed using the n values.
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inflammation and participate in inflammatory resolution in
the lung.

Marginated B cells restrain excessive neutrophilic
inflammation via LXA4
Lung injury can also occur secondary to systemic stimulation
as opposed to direct airway stimulation. Therefore, we used a
model of a pathogenic hyperinflammatory state with intense
intravascular neutrophilic recruitment, swarming, and cluster
formation resulting from systemic i.v. zymosan administration
(Lee et al., 2018). Using lung intravital microscopy, we observed
a significant increase in neutrophil recruitment, swarming, and
cluster formation after administration of i.v. zymosan beads in
C57BL/6 mice (Fig. 7, A and B; and Video 8). However, C57BL/6
mice pretreated with i.t. CXCL13, which increases marginated
B cells, attenuated intravascular neutrophil clustering (Fig. 7, A
and B; and Video 8). Ighm−/− mice were then assessed for in-
travascular neutrophil responses to i.v. zymosan-coated beads.
Ighm−/− animals also generated neutrophil intravascular clus-
ters, similar to tissue swarming and clusters (Lämmermann

et al., 2013); however, unlike in C57BL/6 mice, CXCL13 did not
attenuate clustering in B cell–deficient mice (Fig. 7, C and D).
Neutrophil clustering requires the proinflammatory lipid me-
diator leukotriene B4 (Lämmermann et al., 2013; Lee et al., 2018),
and this process can be reversed in vitro by specialized pro-
resolving mediators (SPMs) such as LXA4 (Lee et al., 2018;
Lämmermann et al., 2013; Reátegui et al., 2017). In addition,
B cell–enriched tissues such as the bonemarrow and tonsils have
high levels of LXA4 (Ramon et al., 2014). We tested if murine
B cells contributed to LXA4 generation in vitro. Isolated splenic
B cells maintained in culture wells had low levels of LXA4 de-
tected by ELISA (Fig. 7 E). Leukotriene A4 (LTA4) or resolvin D1
(RvD1) plus arachidonic acid (AA) can drive LXA4 generation
(Samuelsson et al., 1987; Fredman et al., 2014). In vitro, RvD1 +
AA, but not LTA4 alone, significantly increased the levels of
soluble LXA4 in isolated B cells (Fig. 7 E). To establish that lung
B cells contributed to LXA4 production, we tested the in vivo
levels of pulmonary LXA4 in untreated mouse lung homogenates
from C57BL/6 mice and compared them with Ighm−/− mice using
ELISA. Indeed, among unstimulated mice, B cell–deficient mice

Figure 6. Marginated B cells increase during direct zymosan-induced lung injury and restrain excessive neutrophil recruitment. (A) Lung intravital
microscopy was performed on either C57BL/6 or Ighm−/− mice that were treated with PBS i.t. as a control or with 106 zymosan-coated beads i.t. Neutrophils
and B cells were visualized using i.v. fluorescently conjugated anti-Ly6G mAb and fluorescently conjugated anti-CD19 mAb. Scale bar, 70 µm. (B and C) Total
visualized B cells and marginated B cells were quantified in C57BL/6 mice, and no B cells were visualized in Ighm−/− mice. (D–F) Neutrophils were quantified
and compared between mice that received PBS control or 4 h or 24 h of zymosan i.t. (G) Peripheral blood neutrophil counts were compared. For A–G, n = 3
independent experiments using nine mice in total. All individual imaging FOV replicates are shown for B–F. B and C were analyzed using one-way ANOVA and
Tukey’s post hoc test. D–G were analyzed using Student’s t test based on n. Pooled data are presented as mean of n ± SD. *, P < 0.05; **, P < 0.01.
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had significantly less lung homogenate LXA4 than C57BL/6 mice
(Fig. 7 F). Furthermore, we quantified the lung levels of LXA4

in mice treated with CXCL13 and found a significant increase
compared with control (Fig. 7 G). We next tested if exogenous
LXA4 could dampen excessive neutrophilic inflammation
in vivo. We observed that LXA4 administration attenuated
neutrophil intravascular clustering in vivo during systemic zy-
mosan stimulation (Fig. 7, H and I). Finally, we treated C57BL/6
and Ighm−/− mice with i.v. zymosan-coated beads and compared
the amount of LXA4 generated in whole-lung homogenates using
ELISA. Congruent with our findings that B cells produce LXA4

in vitro, we found a significant increase in LXA4 only in mice
with B cells but limited LXA4 generation in the B cell–deficient
mice (Fig. 7 J). Therefore, lung B cells contribute to generating

LXA4, which dampens excessive neutrophilic pulmonary in-
flammation during systemic stimulation.

B cells attenuate pulmonary neutrophil inflammation during A.
fumigatus pneumonia
Neutrophils are essential for host defense, but overexuberant
lung responses can be detrimental, so tight regulation is im-
portant. We investigated if B cells and LXA4 attenuated neu-
trophil inflammation during A. fumigatus pneumonia in vivo
(Snarr et al., 2020). Compared with C57BL/6 mice, Ighm−/− mice
had significantly elevated lung vascular neutrophils during
fungal pneumonia, which were attenuated with exogenous LXA4

(Fig. 8, A and B). Furthermore, mice deficient in LXA4 produc-
tion (Alox15−/−) showed significantly elevated lung vascular

Figure 7. Manipulating the effects of mar-
ginated B cells restrains excessive neutro-
philic inflammation in a model of systemic
inflammation induced lung injury. (A and B)
Lung intravital microscopy quantified neutrophil
inflammation and cluster formation in control
versus CXCL13 i.t. treated C57BL/6 mice before
and after i.v. administration of zymosan-coated
beads. Neutrophils (i.v. fluorescently conjugated
anti-Ly6G mAb) and neutrophil clusters have
been falsely colored white. Scale bars, 200 µm.
(C and D) Neutrophil cluster formation and
surface area were assessed using lung intravital
microscopy in B cell–deficient mice (Ighm−/−)
treated with or without exogenous CXCL13 i.t.
before and after zymosan-coated bead adminis-
tration. For A–D, n = 3 independent experiments
using 12 mice in total; pooled FOV replicates are
shown. Exact P values were calculated using
one-way ANOVA with Tukey’s post hoc test.
Scale bars, 200 µm. (E) Isolated B cells were
cultured, and supernatants were tested for LXA4
levels using ELISA. Adjusted levels were deter-
mined by subtracting the control wells without
B cells added. n = 3 independent experiments
using nine mice total. Exact P values were de-
termined using Student’s t test. (F and G) ELISA
quantified LXA4 levels in lung homogenates for
C57BL/6 and Ighm−/− mice (F) and mice treated
with CXCL13 (G). n = 4 independent experiments
using eight mice total. Exact P values were de-
termined using Student’s t test. (H and I) Intra-
vital lungmicroscopy quantified cluster formation
in mice receiving zymosan-coated beads i.v. alone
or with i.v. LXA4. Neutrophil clusters have been
falsely colored white. Scale bar, 200 µm. Pooled
FOV replicates are shown for n = 3 independent
experiments using six mice total. Exact P values
were determined using Student’s t test. (J) ELISA
quantified LXA4 levels in lung homogenates for
C57BL/6 and Ighm−/− mice 1 h after administra-
tion of i.v. zymosan-coated beads. n = 4 inde-
pendent experiments using eight mice total.
Exact P values were determined using Student’s
t test. Pooled data are presented as mean ± SD.
*, P < 0.05; **, P < 0.01; ****, P < 0.0001.
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neutrophils during A. fumigatus pneumonia (Fig. 8, A and C).
Finally, the induction of neutrophil apoptosis is a mechanism
of inflammatory regulation during pneumonia; therefore, we
tested if altering B cell margination impacted neutrophil apop-
tosis. We previously described that aged neutrophils were in-
duced by physical contact with B cells in the lung to undergo
programmed cell death (Kim et al., 2018). CXCL13 administra-
tion increased B cell–neutrophil interactions, which were di-
minished with the anti-CXCL13 inhibitory antibody and in the
Cxcr5−/− mouse (Fig. 8, D–G). Lung neutrophils can be MHCII
positive after physical interaction with B cells (Kim et al., 2018),
consistent with our current finding that MHCII neutrophils in
the lung were apoptotic and that apoptotic neutrophils increased
in mice treated with CXCL13, owing to increased B cell–neutrophil
interactions (Fig. 8, H and I). Therefore, B cells and LXA4 attenuate
lung neutrophil inflammation during pneumonia, and B cells in-
duce neutrophils to undergo apoptosis, an important mechanism
to resolve inflammation.

Discussion
Pulmonary neutrophilic inflammation is both protective and
pathological, depending on the disease; however, the regulation
of lung neutrophilic inflammation remains underappreciated.
Here, we discovered that eight unique populations of IgM+

B cells can be found in the lung, largely represented by T1B and
T2B cells. T2B cells were directly observed to marginate, which
is an unexpected finding, considering that marginating lung
neutrophils have been investigated for decades without inves-
tigators reporting a similar phenomenon in B cells (Martin et al.,
1987; Doerschuk et al., 1987). Indeed, limited evidence exists to
document the life and behavior of IgM+ peripheral B cell pop-
ulations such as T2B cells. Our data demonstrate that T2B cells
specifically home to and populate the lung microcirculation via
CD49e and CXCR5 and can dampen neutrophilic inflammation
by producing resolving molecules such as LXA4.

The findings that B cells localizing in the lung capillaries
participate in dampening excessive inflammation and aid in
resolving acute inflammation via lipoxins were unexpected.
Indeed, in previous reports, the in vivo cellular source of pro-
resolving molecules involved transcellular communication
pathways between granulocytes and platelets and could be
generated by inflammatory exudates, apoptotic neutrophils, and
M2 macrophages (Papayianni et al., 1995; Fiore and Serhan,
1990; Chiang et al., 2005; Dalli and Serhan, 2012); yet, the
cellular sources are less clear in B cell–rich tissues such as
tonsils, marrow, and spleen (Duffney et al., 2018). B cells were
not known to be producers of lipoxins, but they can respond to
lipoxins via the LXA4 receptor, also known as N-formyl pep-
tide receptor 2 (Ramon et al., 2014; Ramon et al., 2012). Here,
researchers found that LXA4 increased antibody production
in activated splenic B cells (Ramon et al., 2012), but LXA4

treatment of memory B cells significantly decreased both IgM
and IgG production (Ramon et al., 2014). The relevance of
these observations was not clear, although it was suggested
that this could keep B cells in check and potentially govern
immune responses in organs affected by autoimmune diseases.

Additionally, in allergic asthma, LXA4 diminishes IgE-producing
pathological B cells, highlighting the potential for SPM thera-
peutically (Kim et al., 2016). A limitation in our study is that,
despite our total B cell–deficient mouse having diminished lung
LXA4 and our in vitro isolated B cells producing LXA4, we do not
have direct experiments showing that T2B cells are the specific
source of lung LXA4. In addition, it remains possible that
T2B cells also participate in a transcellular LXA4 mechanism
involving other cells within the lung. Additional future attention
needs to be directed at determining if LXA4 administration can
alter clinically relevant endpoints during pneumonia. Further
studies will illuminate the contribution of B cell margination and
immunoresolving activity to infectious diseases, vaccine devel-
opment, inflammatory lung diseases such as asthma and chronic
obstructive pulmonary disease, autoimmunity, and B cell cancers.

Excessive pulmonary neutrophilic inflammation has been
observed in B cell–deficient models (Kozakiewicz et al., 2013;
Maglione et al., 2007). Additionally, B cells regulate hepatic
neutrophil inflammation during leishmaniasis (Smelt et al.,
2000), and B cells can limit neutrophil migratory ability
(Kondratieva et al., 2010). Interestingly, a clinically relevant
biomarker for several lung diseases is the neutrophil/lympho-
cyte ratio. Patients have worse outcomes in both conventional
ARDS and COVID-19–related ARDS if they have a high neutro-
phil/lymphocyte ratio specifically driven by lymphopenia that
includes reduced peripheral circulating B cells (Qun et al.,
2020; Qin et al., 2020; Li et al., 2019). The pathological mech-
anistic relationship between low peripheral lymphocytes and
neutrophil-mediated lung injury has not been elucidated in
human disease, but it remains plausible that it could be related
to a decrease in lymphocytes with regulatory capacities, in-
cluding T2B cells.

Our scRNAseq analysis revealed eight distinct clusters of
B cells. Although we categorized clusters 0 and 1 as T2B cells and
2 and 3 as T1B cells, it is possible that four transitional B cell
states exist or that these are intermediate states between T1 and
T2. The other large subset of B cells identified in the lung had
genetic signatures compatible with B1 cells. However, it was
more challenging to find B1 cells by classical cell surface receptor
markers or by the prototypical cytokine, IL-10. A temporal dis-
connect between RNA levels and protein is possible, but this
remains untested in our models. Furthermore, the functional
characteristics of these cells as true B1 cells has not been de-
termined. The remaining B cell subsets are also not yet defini-
tively characterized, and further exploration of these cells is
warranted. We have created an online lung B cell genetic atlas
that will assist researchers in further elucidating these inter-
esting B cell subsets (http://www.biernaskielab.ca/b_cell or
http://www.biernaskielab.com/b_cell).

In summary, the lung microvasculature is a specialized niche
for neutrophils that must tightly balance host defense and ex-
cessive inflammation to protect against lung injury (Kim et al.,
2018; Wu et al., 2016; Woodfin et al., 2011; Colom et al., 2015).
Here, we have uncovered a regulatory system where peripheral
IgM+ transitional B cells serve to dampen excessive neutrophil
activity in the lung. To date, no specific therapy is clinically
useful to treat neutrophil-mediated lung injury or ARDS. Our
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Figure 8. B cell regulation of lung neutrophils during fungal pneumonia. (A–C) Lung intravital microscopy was performed in mice infected with A. fu-
migatus (24 h), and neutrophils were imaged and quantified. Scale bars, 100 µm. (B) C57BL/6 mice were compared with Ighm−/− mice with and without LXA4
administration (5 µg i.v. at the time of infection). (C) C57BL/6 mice were compared with Alox15−/− mice. A–C represent 3–4 independent experiments using 14
total mice. (D) Neutrophil (i.v. fluorescently conjugated anti-Ly6G mAb, red) and B cell (Cd19Zsgreen1, blue) physical interactions were observed using lung
intravital microscopy and highlighted as colocalization (white in the right panel). Scale bars, 70 µm. (E) Untreated Cd19Zsgreen1 mice were compared with
CXCL13 i.t. pretreated mice. (F and G) B cell neutrophil interactions were quantified and compared between Cd19Zsgreen1 mice treated with i.v. isotype control
antibody versus a neutralizing anti-CXCL13 mAb (F) or between C57BL/6 versus Cxcr5−/− mice (G). (H) The acquisition of MHCII from B cells to neutrophils and
the initiation of neutrophil apoptosis using annexin V staining was evaluated using flow cytometry. (I)MHCII+ annexin V+ lung neutrophils were quantified by
flow cytometry and compared between control and exogenous CXCL13 i.t. treated mice. For imaging experiments, D–G pooled FOV replicates are shown, and
n = 3 independent experiments were performed per condition using a total of 18 mice. In H and I, n = 5 independent experiments using 10 mice in total. Exact P
values were determined using Student’s t test to compare two groups or ANOVA to compare three groups. Pooled data are presented as mean ± SD. *, P <
0.05; **, P < 0.01.
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findings define new potential targets that can be manipulated
pharmacologically to alter and attenuate diseases with excessive
neutrophil lung inflammation, such as infectious pneumonia,
that result in severe lung injury.

Materials and methods
Mice
Male and female 7–12-wk-old C57BL/6, B6.129P2(C)-Cd19tm1(cre)

Cgn/J, B6.Cg-Gt(ROSA)26Sortm6(CAG-ZsGreen1)Hze/J, and B6.129S2-
Ighmtm1Cgn/J mice were obtained from The Jackson Laboratory
and were provided access to food and water ad libitum. The
Cd19ZsGreen1 mouse model was generated by crossing homozygous
B6.129P2(C)-Cd19tm1(cre)Cgn/J mice with homozygous B6.Cg-
Gt(ROSA)26Sortm6(CAG-ZsGreen1)Hze/J mice, resulting in fluorescent
B cell reporter Cd19ZsGreen1 mice. LXA4-deficient mice, termed
“Alox15−/−” (B6.129S2-Alox15tm1Fun/J) were purchased from The
Jackson Laboratory. All mice were housed in the environmentally
controlled specific-pathogen-free facility at the University of Cal-
gary. Siblingmice were housed together by sex and used between 6
and 12 wk of age. Male and female mice were used equally among
experiments. All animal protocols were approved by the University
of Calgary Animal Care Committee (protocol no. AC18-0071).

Lung intravital microscopy
Mice were anesthetized by i.p. injection of ketamine
(100 mg/kg) and xylazine (10 mg/kg). Anesthetized mice were
cannulated at the internal jugular veins to allow i.v. injection
of antibodies, reagents, and additional anesthetics before and
during imaging. Mice were placed on mechanical ventilation via
a tracheal catheter. The left lung was exposed by removing two
or three ribs. A vacuum chamber with a glass slide fitted on top
was used to gently stabilize a portion of the lung for imaging
(Looney et al., 2011). Anti-Ly6G (clone 1A8; BioLegend), anti-
CD19 (clone 6D5; BioLegend), and in some cases anti-CD31
(clone MEC13.3; BioLegend) antibodies conjugated with either
Alexa Fluor 647 or 594 fluorochrome were injected i.v. (7 µl per
mouse) to visualize polymorphonuclear neutrophils and the
vasculature, respectively. 1 µg of anti-IgD antibody conjugated
with Alexa Fluor 647 (clone 11-26c.2a) was administered to
image transitional B cells. A resonant scanner confocal micro-
scope (Leica SP8) was used for all pulmonary imaging. A 25×/
0.95 water objective lens was used for imaging for all videos
and still images. A tunable multiline white light laser was used
to simultaneously excite the required fluorochromes.

In specific experiments, 50 µg purified anti-CD29 (clone
HMβ1-1) or anti-CD49e (clone HMα5-1) mAb or Armenian
hamster IgG isotype control antibody was added i.v. after 10 min
of intravital imaging from which information about B cell and
neutrophil populations in the untreated lung would be collected.
In specific experiments, 30 µg purified anti-CXCL13 or rat IgG2a
isotype control was added via i.p. injection 12 h before intravital
imaging to allow time for physiological changes to occur in re-
sponse to the neutralizing effect of antibody on the chemokine.
Videos were acquired and recorded ∼10 min after the adminis-
tration of fluorochrome-conjugated antibodies specific to the
cells of interest. Videos (each 10 min in length) from three

different fields of view (FOVs) were recorded at identical time
points, thereby representing intraexperimental replicates, us-
ing the resonant scanner confocal microscope (Leica SP8).
Videos were processed using either Leica LAS AF or Volocity
6.30. Analysis of cell amount, behavior, and interactions was
performed using Volocity 6.30 or Imaris 9.7 software.

Processing of single-cell suspensions and flow cytometry
Single-cell suspensions of the sample tissues were processed in
the following manner. For collecting BAL samples, mice were
sacrificed, and P90 tubing was inserted into the trachea attached
to a 20-gauge needle and 1-ml syringe. The airway was washed
with 5 ml PBS total in 1-ml increments. For processing lung
tissue into a single-cell suspension, the lungs were first flushed
by running 10 ml saline through the right ventricle to exsan-
guinate the pulmonary circulation. The lung tissue was then
harvested and minced with surgical scissors in 5 ml PBS on
ice and poured into a gentleMACS tissue dissociator tube. The
minced lung was then processed with the gentleMACS tissue
dissociator. The lung homogenate was passed through a 100-µm
filter into a 50-ml Falcon tube with 10 ml PBS, centrifuged at
2,000 rpm at 4°C for 5 min, and resuspended in 10 ml PBS. The
spleen was surgically extracted from the abdominal cavity. The
spleen was then passed through a 100-µm filter into a 50-ml
Falcon tube with 10 ml PBS, centrifuged at 2,000 rpm at 4°C for
5 min, and resuspended in 10 ml PBS. The samples were treated
with 1× RBC Lysis Buffer (BioLegend) for 3 min. After the
samples were washed three times with PBS, the tissue samples
were incubated with anti-CD16/32 (Fc Block; Bio X Cell) for
30 min on ice. After the samples were transferred to a 96-well
plate, the samples were stained with Zombie Aqua (1:1,000 di-
lution in PBS) for 20 min at room temperature for live/dead cell
differentiation. After the samples were washed twice with PBS,
antibody cocktails were added to the corresponding wells and
stained on ice for 30 min. All antibodies were used at 1:200 di-
lution. After the samples were washed three times with FACS
wash, the cells were resuspended in 200 µl FACS wash and
processed using a BD FACSCanto flow cytometer. If needed, after
staining, the samples were washed with 1× annexin V binding
buffer (BioLegend) and were resuspended with 100 µl of the 1×
annexin V binding buffer. 5 µl Alexa Fluor 647–conjugated an-
nexin V (concentration varies by lot number) was added to the
cell suspension and incubated in the dark at room temperature
for 15 min. 400 µl of the 1× annexin V binding buffer was added
to the cell suspension and processed using a BD FACSCanto flow
cytometer. Analysis was performed using FlowJo software.

Cell isolation and FACS sorting
Cells were maintained at room temperature throughout our
single-cell sample preparation. Intact lungs were dissected from
seven females and placed in a FACS tube with 4 ml of 1× PBS. A
gentleMACS Dissociator 2.01 was used to mechanically liberate
lung cells, and the cell suspension was filtered through a 70-µm
cell strainer. The cell strainer was rinsed with an additional 6 ml
of 1× PBS to recover remaining cells. Tissue samples were
centrifuged at 2,000 rpm for 5 min, and supernatant was dis-
carded. To eliminate erythrocyte contamination in the single-cell
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suspension, 2 ml RBC lysis buffer was added for 3 min. RBC lysis
buffer was diluted by adding 10 ml PBS. The resulting cell sus-
pension was centrifuged at 2,000 rpm for 5 min, and superna-
tant containing the medium plus enzyme was discarded. Cells
were resuspended in 500 µl PBS, and 12.5 µl Fc Block was added
for 15 min to block Fc receptors before being exposed to
anti–CD45-PE–cyanine 7 (Cy7) antibody. After another round of
centrifugation at 2,000 rpm for 5 min, the cell pellet was first
stained with 7-aminoactinomycin D viability dye (5 µl per
200µl) for 7min in the dark and thenwith 1 µl anti–CD45-PE-Cy7 in
200 µl of final volume for 20 min. Unbound antibodies were rinsed
off by centrifuging cells at 2,000 rpm for 5 min and discarding the
supernatant. Cells were resuspended in 300 µl PBS + 2% BSA, then
filtered through a 100-µm cell strainer. 7-Aminoactinomycin D−

CD45+ viable immune cells were sorted in PBS + 2% BSA. The per-
centage of CD45+ cells was determined by flow cytometry and varied
between 92 and 97%. After centrifugation at 2,000 rpm for 10 min,
40,000CD45+ single cellswere resuspended in 50µl PBS + 2%BSA+
1 µl RNase inhibitor solution.

Single-cell transcriptomics of healthy rodent lungs
To isolate immune cells comprising healthy lung tissue, 40,000
single, viable CD45+ cells were barcoded using 10X Genomics
Chromium Single Cell 39 Reagent Guidelines version 3 Chemis-
try as per themanufacturer’s protocol. Quality control and cDNA
quantification were performed using DNA Tape Station D1000.
Sequencing was performed over two rounds on an Illumina
NovaSeq 125 Cycle S2 dual lane flow cell run. We recovered
12,492 cells sequenced to 91,931 reads/cell (89% sequencing
saturation) with an estimated doublet rate of ∼8%. Read align-
ment to the prebuilt mm10 reference genome was performed
using cellranger count (10X Genomics; Zheng et al., 2017). The
resulting gene–barcodematrix was imported into Seurat version
3 (Stuart et al., 2019) for quality control, dimensionality reduc-
tion, cell clustering, and differential expression analysis (Fig. S1,
A and B). 3 Ms4a1/Cd20+ B cell clusters identified during the
first round of clustering were systematically subclustered at 10
clustering resolutions (0–1 at 0.1 intervals). Manual B cell an-
notations were also corroborated by automated SingleR version
1.0.6 mapping using two separate murine reference sets (Fig. S1
C). Optimal clustering resolution of 0.5, determined using
clustree v.0.4.2 (Zappia and Oshlack, 2018), generated eight
B cell subclusters (Fig. S1, E and F). T1B and T2B states (each
comprising two distinct subclusters) were identified by querying
canonical state-specific markers Vpreb3, Egr1, and Cd24a for T1
and Fcer2a and Ighd for T2. The B1 subcluster was identified by
querying S100a6 and Itgb1 (Fig. S1 F). The remaining three
subclusters were annotated by their highest expressed signature
determined using the FindMarkers function in Seurat. To enable
intuitive exploration of B cell profiles, aweb portal interface (http://
www.biernaskielab.ca/b_cell or http://www.biernaskielab.com/b_
cell) was created using the RShiny (version 1.1.0), shinyLP (ver-
sion 1.1.2), and shinythemes (version 1.1.2) packages.

GRN reconstruction
SCENIC analysis (Aibar et al., 2017) was used to reconstruct
transcription factor networks active in distinct B cell states.

Analysis was performed using recommended parameters de-
scribed in SCENIC’s vignette (https://github.com/aertslab/
SCENIC) with the mm9 RcisTarget database. To determine es-
sential regulators of B cell states, the regulon specificity score was
calculated (by reimplementing pySCENIC’s regulon_specificity_-
scores function) and plotted as a rank-ordered scatterplot using
ggplot2. Kernel density line histograms showing area under the
curve score distribution across different B cell states were plotted
with ggplot2 version 3.1.1 using the regulon activity matrix (an
output of the SCENIC workflow). GRNs of all transcription factors
identified can be queried at http://www.biernaskielab.ca/b_cell or
http://www.biernaskielab.com/b_cell. scRNAseq data are avail-
able in the Gene Expression Omnibus (accession no. GSE156311),
which automatically makes a Sequence Read Archive deposit.

Flow cytometry investigation of extravascular and
intravascular pulmonary B cells
To label vascular B cells with a specific marker to differentiate
vascular versus tissue B cells, mice were first anesthetized, and a
right internal jugular i.v. catheter was inserted to administer
2 µg anti-B220 allophycocyanin-Cy7 fluorescent antibodies. The
antibody was allowed to circulate for 5 min before euthanasia
(Barletta et al., 2012). Lung tissue was then harvested, homog-
enized, and stained with anti-CD19 fluorochrome-conjugated
antibodies.

B cell isolation
Negative selection using a magnet (STEMCELL Technologies)
was used to purify B cells from the spleen. The commercially
available negative selection kit (EasySep Mouse Pan-B Cell Iso-
lation Kit) includes a cocktail designed for isolating all B cells
that contains biotinylated antibodies against non–pan B cells
(CD4, CD8, CD11c, CD49b, CD90.2, Gr-1, TER119). After allowing
the antibodies to bind and label the target cells, the cell sample
was incubated with streptavidin-coated magnetic particles
(RapidSpheres). The labeled cells were extracted from the so-
lution by attaching to the magnet while the desired B cells were
poured off into a new tube. RBC lysis was performed to remove
RBCs from the B cell isolations.

Tissue handling for LXA4 ELISA
Splenic B cells were isolated as described above. Isolated B cells
were resuspended in PBS and added to a 96-well plate (5 × 105

cells per well) and incubated at 37°C for 1 h. If required, the
B cells were incubated with literature-reported precursors for
the synthesis of LXA4 (10 µM LTA4 for 40 min or 1 nM RvD1 for
15 min + 10 µM AA for 40 min; Cayman Chemical). After incu-
bation, the samples were cooled to room temperature because
the LXA4 ELISA kit is temperature sensitive. After cooling, the
supernatants from the samples were collected and analyzed for
the presence of LXA4 using an LXA4 ELISA kit (Neogen). The
lungs were processed into single-cell suspensions as described
above. However, when passing the lung tissue through the 100-
µm filter, instead of adding 10 ml PBS, the lung samples were
adjusted to a final concentration of 100 µg/200 µl with PBS. The
supernatants of the tissue homogenate samples were collected
and analyzed for the presence of LXA4 using an LXA4 ELISA kit.
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Zymosan beads and neutrophil clustering
i.v. injections of zymosan-coated fluorescently conjugated beads
(Alexa Fluor 488) were used to investigate differences in neu-
trophil clustering in the lung capillaries. After anesthetizing the
mouse with ketamine/xylazine as described above, the jugular
vein was cannulated with a catheter, and the mouse was either
immediately injected with zymosan-coated fluorescently conju-
gated beads (107 beads) for the LXA4 ELISA or was injected with
zymosan beads after 10 min of intravital lung imaging where the
dynamics of unstimulated neutrophil populations were captured.
For the LXA4 ELISA, the lung samples were collected and processed
1 h after zymosan bead injection. For intravital lung imaging, neu-
trophil clustering in the lung capillaries was assessed before zy-
mosan bead injection or 1 h after zymosan bead injection.

Assessing the impact of LXA4 on neutrophil clustering
To assess the impact of LXA4 on neutrophil clustering, 1 µg LXA4

(CaymanChemical)was injected i.v. in conjunctionwith the zymosan
beads. As previously described, neutrophil clustering was assessed
before zymosan bead injection or 1 h after zymosan bead injection.

CXCL13 injections
To assess the impact of exogenous CXCL13 on B cell margination
and associated outcomes, the mice received i.t. injections of
CXCL13 (BioLegend). After the mouse was anesthetized and
placed in a supine position, 10 ng/g CXCL13 was injected i.t. in
50-µl resuspensions of PBS. After 12 or 48 h, the murine lungs
were assessed using intravital lung microscopy or flow
cytometry.

Fungal strain and pneumonia infection
A fluorescently transgenic A. fumigatus strain, Af293, was pre-
viously generated (Campoli et al., 2013). Af293 conidia were
grown on yeast-peptone-dextrose agar plates for 7 d at 37°C, at
which point the conidia were harvested by gentle washing with
PBS + 0.05% (vol/vol) Tween-20. Conidia were counted using
a hemocytometer, and CFU count was verified by performing
serial dilutions and plating on yeast-peptone-dextrose agar for
24 h. For infections, mice were anesthetized with isoflurane and
i.t. infected with 5 × 107 Af293 conidia in 50 µl PBS + 0.05% (vol/
vol) Tween-20 (Snarr et al., 2020). LXA4 was injected i.v. (5 µg)
at the time of infection.

Quantification and statistical analysis
In vivo image analysis
The following video processing using Leica software was per-
formed before analysis with Volocity. Blur function was used to
smooth images on individual frames of the videos, and bright-
ness/contrast was adjusted in a linear fashion. B cell–neutrophil
interactions were determined by using the colocalization
analysis function in Volocity. The count of interactions was then
recorded manually. The B cell and neutrophil transit time and
the crawling, tethering, and adhesion behavioral characteristics
were manually analyzed. “Crawling” was defined as continuous
interaction between a polarized neutrophil or B cell and the
vascular wall and does not remain stationary. “Tethering” was
defined by discrete instances when B cells or neutrophils arrest

their circulatory movement for <30 s. “Adhesion”was defined as
a cell that remained static for at least 30 s. “Transit time” was
defined as the duration that the cells of interest left the stan-
dardized FOV of the pulmonary capillaries, beginning at set time
points (time 0 s) and stopping at set endpoints (600 s).

Statistics
The data were represented as mean ± SD values or as box-and-
whisker plots showing median and interquartile range. Each
dataset was first tested for normality using the Shapiro-Wilks
test. Normal data were analyzed using parametric tests, and
nonnormal data were analyzed using nonparametric tests. For
computing the statistical differences between two groups of
normal data, a two-tailed Student’s t test was performed, and the
Mann-Whitney test was used for nonparametric data. One-way
ANOVA and Tukey’s multiple comparisons post hoc test were
used when comparing the statistical differences between more
than two groups. Paired analysis was used when assessing
changes in B cell and neutrophil behavior over time in the same
mouse after administering a blocking antibody (anti-CD49e).
The data were analyzed using GraphPad Prism 7.03 for Win-
dows. For all experiments, n is used to distinguish independent
experiments. For some imaging experiments, the imaging rep-
licates are shown as pooled data; however, all replicates were
averaged in each independent experiment, and statistical testing
was conducted according to independent experimental n values
and not according to the replicate’s numbers.

Online supplemental material
Fig. S1 shows the quality control metrics and B cell annotations
of the scRNAseq analysis. Fig. S2 shows how the B cell subsets in
the lung were characterized using flow cytometry to distinguish
B1a, B1b, and B2 B cell subsets. Video 1 shows, using intravital
confocal lung imaging, B cells marginating in the lung capillar-
ies. Video 2 shows, using intravital confocal lung imaging, that
B cells require CD49e formargination in the lung. Video 3 shows,
through intravital confocal lung imaging, that IgD+ B cells
marginate in the lung vasculature. Video 4 shows, using intra-
vital confocal lung microscopy, that CXCR5 deficiency reduces
B cell margination. Video 5 shows, using lung intravital confocal
microscopy, that exogenous CXCL13 enhances B cell margination
in the lung. Video 6 shows, using intravital confocal lung mi-
croscopy, that endogenous CXCL13 maintains B cell margination.
Video 7 shows, using intravital confocal lung microscopy, that
B cells resolve focal neutrophil inflammation in vivo. Video 8
shows, using intravital confocal lung microscopy, that B cells
and LXA4 act to diminish intense neutrophil inflammation.

Data availability
Further information and requests for resources and reagents
should be directed to and will be fulfilled by Bryan G. Yipp
(bgyipp@ucalgary.ca).
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Figure S1. scRNAseq quality control metrics and B cell annotations. (A) Unique molecular identifier (UMI), unique gene, and mitochondrial counts for each
individual cell. (B) Pearson correlation of UMI counts with percentage of mitochondrial genes and number of unique genes detected for each individual cell.
(C) Automated annotations of all Cd45+ immune cells using established SingleR databases (mouse RNAseq and ImmGen) confirmed the B cell identity of
outlined clusters. NK, natural killer. (D) Subclustering of B cells was performed over a range of resolutions from 0 to 0.8 in steps of 0.1 to determine an optimal
clustering resolution. (E) UMAP plot revealing eight distinct B cell clusters (at resolution 0.5). (F) Heatmap of the top five marker genes (determined by
nonparametric Wilcoxon rank-sum test) for each of the six B cell states described in Fig. 2.
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Video 1. B cells marginate in the lung capillaries. Related to Fig. 1. Intravital lung imaging was used to assess CD19+ B cell (Cd19ZsGreen1; green) and Ly6G+

neutrophil (fluorochrome-conjugated anti-Ly6G antibody; blue) marginated behavior in the lung capillaries. The red arrows point to examples of marginated
B cell behavior. Transit time was quantified from the B cells and neutrophils present at time 0. Experiments were repeated three times (n = 3). Playback speed
is 12 frames/s, 20 min actual imaging time.

Video 2. B cells require CD49e for margination in the lung. Related to Fig. 4. Intravital lung imaging was used to evaluate the role of CD49e on CD19+ B cell
(fluorochrome-conjugated anti-CD19 antibody; green) marginated behavior in the lung capillaries. The mice were treated with either an i.v. injection of the
isotype control antibody (left) or anti-CD49e blocking antibody (right). Videos were recorded 30 min after antibody injection. Experiments were repeated three
times (n = 3). Playback speed is 12 frames/s, 10 min actual imaging time.

Video 3. IgD+ B cells marginate in the lung vasculature. Related to Fig. 4. Intravital lungmicroscopy was used to investigate if transitional B cells marginate
in the lung vasculature. Cd19ZsGreen1 mice (white in video) were costained with anti-IgD fluorescently conjugated antibody (red). Experiments were repeated
three times (n = 3). Playback speed is 24 frames/s, 10 min actual imaging time per segment.

Video 4. CXCR5 deficiency reduces B cell margination. Related to Fig. 5. Intravital lung microscopy was used to investigate the role of CXCR5 in B cell
margination. B cells were stained with anti-CD19 antibody. C57BL/6 mice are compared with Cxcr5−/− animals. Playback speed is 10 frames/s, 10 min actual
imaging time.

Figure S2. Characterizing B cell subsets in the lung. (A and B) Flow cytometry was used to analyze lung CD5+ B cells (A) and to compare the quantitative
counts (B) between spleen and lung (unpaired Student’s t test, n = 3 independent experiments using three mice in total). (C–E) Flow cytometry was used to
identify B1a, B1b, and B2 B cell subsets in the spleen (C) and lung (D) and to compare the two organs (E). Unpaired Student’s t test; n = 5 independent
experiments using five mice in total. Data is mean ± SD. SSC, side scatter. ***, P < 0.001.
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Video 5. CXCL13 enhances B cell margination in the lung. Related to Fig. 5. Intravital lung microscopy was used to investigate the role of exogenously
provided CXCL13 on CD19+ B cell (Cd19ZsGreen1; green) margination in the lung capillaries. 12 h after i.t. CXCL13 injection, B cell marginated behavior was
assessed. Ly6G+ neutrophils (fluorochrome-conjugated anti-Ly6G antibody; blue) were also labeled. Experiments were repeated three times (n = 3). Playback
speed is 12 frames/s, 10 min actual imaging time.

Video 6. Endogenous CXCL13 maintains B cell margination. Related to Fig. 5. Intravital lung microscopy was used to investigate the role of endogenous
CXCL13 on CD19+ B cell (Cd19ZsGreen1; green) margination in the lung capillaries. B cell margination was assessed 12 h after i.p. injection of either the isotype
control antibody (left) or anti-CXCL13 neutralizing antibody (right). Experiments were repeated three times (n = 3). Playback speed is 12 frames/s, 10min actual
imaging time.

Video 7. B cells resolve focal neutrophil inflammation in vivo. Related to Fig. 6. C57BL/6 or Ighm−/− mice were i.t. treated with zymosan-coated beads
(106) or sterile PBS. Lung intravital microscopy was performed at 4 h and 24 h after stimulation, and neutrophil recruitment and B cell margination were
assessed. Playback speed is 30 frames/s, 10 min actual imaging time per segment.

Video 8. B cells and LXA4 act to diminish intense neutrophil inflammation. Related to Fig. 7. Intravital lung imaging was used to assess the role of B cell
margination and LXA4 on zymosan bead (white/yellow)-induced neutrophil (fluorochrome-conjugated anti-Ly6G antibody; blue) clustering. The PBS + zy-
mosan beads, CXCL13 pretreatment + zymosan beads, and zymosan beads + LXA4 images of dynamic neutrophil clustering support the differences in neu-
trophil clustering highlighted in Fig. 7. Playback speed is 12 frames/s, 10 min actual imaging time per segment.
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