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SUMMARY
Resident memory B (BRM) cells develop and persist in the lungs of influenza-infected mice and humans;
however, their contribution to recall responses has not been defined. Here, we used two-photon microscopy
to visualize BRM cells within the lungs of influenza -virus immune and reinfected mice. Prior to re-exposure,
BRM cells were sparsely scattered throughout the tissue, displaying limited motility. Within 24 h of rechal-
lenge, these cells increased their migratory capacity, localized to infected sites, and subsequently differen-
tiated into plasma cells. Alveolar macrophages mediated this process, in part by inducing expression of
chemokines CXCL9 andCXCL10 from infiltrating inflammatory cells. This led to the recruitment of chemokine
receptor CXCR3-expressing BRM cells to infected regions and increased local antibody concentrations. Our
study uncovers spatiotemporal mechanisms that regulate lung BRM cell reactivation and demonstrates their
capacity to rapidly deliver antibodies in a highly localized manner to sites of viral replication.
INTRODUCTION

Influenza virus is a common airborne pathogen that infects cells

of the respiratory tract. Despite progress in available treatments,

influenza continues to present a significant medical burden and

poses the risk of causing global pandemics similar to the one

seen in 1918, which was responsible for over 40 million deaths

(Saunders-Hastings and Krewski, 2016). While T cells are essen-

tial for clearance of the virus, pre-existing antibodies can provide

sterilizing immunity and prevent spread from initial sites of viral

infection (Chiu et al., 2015; Krammer, 2019; Sallusto et al.,

2010). Pioneering studies conducted more than 100 years ago

demonstrate that transfer of serum from immunized animals

into naive hosts protects them even from lethal doses of influ-

enza strains. Importantly, the most effective results were ob-

tained when the antibodies were delivered directly into the lower

airways (Weltzin and Monath, 1999). These and subsequent

studies not only established the potential of antibodies to pro-

vide immunity against influenza but also demonstrate the impor-

tance of antibodies being localized to potential sites of infection

as amajor factor in achieving optimal results. Better understand-

ing of the mechanisms that increase antibody titers locally within

the lungmay therefore help to guide the development of new and
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more effective vaccine strategies to prevent the spread of influ-

enza variants.

Following primary infection or vaccination, B cells that are spe-

cific for virally derived antigens are activated in secondary

lymphoid organs (SLOs) where they may subsequently mature

the affinity of their antibodies through iterative rounds of activa-

tion-induced cytidine deaminase (AID)-catalyzed somatic hyper-

mutation and selection in germinal centers (GCs) (Bannard and

Cyster, 2017; Victora and Wilson, 2015). A subset of memory B

cells emerges from this pathway and joins naive B cells that re-

circulate between SLOs, continuously scanning the body for

secondary infection (Good-Jacobson and Tarlinton, 2012;

Phan and Tangye, 2017; Shlomchik and Weisel, 2012; Suan

et al., 2017). GC-derived plasma cells (PCs), which also develop

during primary infection may migrate to the bone marrow, where

they occupy defined niches and constitutively secrete antibodies

to maintain serum concentrations (Cornelis et al., 2021; Ulbricht

et al., 2021). However, recent work shows that, in addition to re-

circulating memory B cells, another memory B cell population

expressing high levels of the tissue residency-associated

marker, CD69, accumulates and persists in the lungs of influ-

enza-infectedmice formanymonths after viral clearance (Adachi

et al., 2015; Joo et al., 2008; Onodera et al., 2012). The possibility
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that these cells represent a distinct tissue-resident memory B

(BRM) cell subset was confirmed by elegant experiments using

parabiotic mice that demonstrate the nonrecirculatory nature

of these cells and their ability to survive in the tissue for pro-

longed periods independently of input from the circulation (Allie

et al., 2019; Allie and Randall, 2020). The strategic positioning

of BRM cells near portals of viral entry suggests a superior ca-

pacity to promote rapid increase in local antibody concentra-

tions and to confer long-lasting protection from infection. In

line with this possibility, reactivation of BRM cells in the lungs

has been suggested to lead to a rapid increase in local PC differ-

entiation (Allie et al., 2019; Barker et al., 2021; Joo et al., 2008;

Onodera et al., 2012). However, the cellular andmolecular mech-

anisms that orchestrate this process have not been defined.

Here, we address these questions by investigating the spatio-

temporal regulation of lung BRM cells, during immune phases

and after secondary influenza-viral infection. Our study reveals

the dynamic behaviors and molecular events that regulate

humoral immunity in the lungs, and uncovers an unexpected

migratory step that allows rapid and highly localized production

of antibodies directly within sites of viral infection.

RESULTS

A fate-mapping approach for tracking lung-resident
memory B cells
BRMcells have been detected inside the lung tissue of influenza-

infected mice within areas that are sheltered from the blood, but

the microanatomical sites of their residency are unknown. To

address this question, we established a mouse model to track

lung BRM cells in situ. To label previously activated B cells, we

utilized Aicda(AID)Cre/+ Rosa26tdTomato reporter mice, in which

B cells are irreversibly labeled after activation by expression of

the fluorescent protein tdTomato (Roco et al., 2019; Rommel

et al., 2013). We further crossed the mice to a Prdm1mVenus

(Blimp1mVenus) strain (Ohinata et al., 2008), in which

mVenus expression under the Prdm1 regulator elements permits

detection of PCs. We refer to these triple positive animals as

Blimp1mVenus AIDCre/+ Rosa26tdTomato (‘‘BAT’’) mice (Figure 1A).

Six weeks after influenza infection, we identified a distinct

tdTomato+ mVenusneg GL7 (GC marker)neg pulmonary B cell

population that was sheltered from in vivo labeling following an

intravenous injection of anti-CD45 (i.v. CD45) antibody shortly

before tissue harvest. These cells exhibited a distinct phenotype

compared with naive (B220+ tdTomatoneg mVenusneg GL7neg)

and splenic memory (tdTomato+ mVenusneg GL7neg) B cells,

including elevated surface-protein expression of CD69,

CXCR3, CD80, and PDL2 as well as downregulation of CD62L

(Figures 1B and 1C). An expression profile consistent with this

phenotype was also observed when lung GL7� tdTomato+ B

cells specific for a hemagglutinin (HA) probe (Figures S1A–

S1C) and which express the canonical residency marker

CD69+, were isolated and subjected to RNA-seq (gating scheme

shown in Figure S1D). While all populations shared core B cell

signatures (Figure S1E), differential mRNA gene expression

and principal component analysis (PCA) indicated that specific

differences between them exist (Figures 1D–1F; Table S1),

possibly reflecting the unique positional characteristics and

functions of each population. The localization of the cells in
2 Immunity 55, 1–16, April 12, 2022
parenchymal sites, and the similarity of the above staining and

gene expression characteristics to those of the nonrecirculatory

memory B cell subset described by Allie et al. (2019), support

that they are tissue resident. Consistent with this, these lung

memory B cells showed selective downregulation of mRNA tran-

scripts coding forS1pr1, a key receptor that controls lymphocyte

recirculation by facilitating entry to the blood and lymph (Cyster

and Schwab, 2012) and persisted in the tissue for many months

after primary infection (Figure 1G). As expected from previous

work (Adachi et al., 2015; Allie et al., 2019; Joo et al., 2008; Ono-

dera et al., 2012), GC B cells (i.v. CD45� B220+ Blimp-1� GL7+)

were also present in the lungs of convalescent mice (Figure S1D),

as were PCs co-expressing tdTomato and mVenus (Figures 1G

and S1D). Thus, the above BAT reporter system allows tracing

of lung memory B cells and PCs effectively, with the capacity

to distinguish them from GC B cells.

Resident memory B cells transition from low to high
motility upon rechallenge
To elucidate the distribution and cellular dynamics of lung BRM

cells during the ‘‘memory phase’’ (>6 weeks postinfection), we

performed live imaging of explanted lung sections using two-

photon microscopy (Thornton et al., 2012). Aggregates of

tdTomato+ cells were occasionally identified adjacent to bron-

chovascular bundles (Figures 2A, top left, and S1F). Within these

inducible bronchus-associated lymphoid tissues (iBALT)-like

structures, the cells displayed the typical extensive but confined

motility behavior associated with GC B cell characteristics (Fig-

ure S1F; Video S1; Allen et al., 2007; Hauser et al., 2007;

Schwickert et al., 2007). In agreement, confocal microscopy

analysis indicated these cells expressed the GC B cell marker,

GL7 (Figure S1G). PCswere also confined to large clusters found

primarily around branching points of large airways (Figure 2A,

top center), or contained within the outer perimeter of iBALT-

like structures. In these locations, PCs had a rounded

morphology consistent with the sessile nature of PCs (Allen

et al., 2007; Fooksman et al., 2010; Schwickert et al., 2007;

Zehentmeier et al., 2014; Figure S1F; Video S1). In contrast,

many tdTomato+ mVenus� cells did not aggregate but were

instead distributed sparsely throughout the lung parenchyma in

close contact with alveoli (Figure 2A, top right). In contrast to the

high motility of tdTomato+ mVenus� B cells within iBALT, these

parenchymal BRM cells exhibited limited migratory capacity

and were often seen to perform restricted surveillance behavior,

locally probing alveolar walls (Figure 2A, bottom; Video S2).

To study how lung BRM cells become activated, we visualized

them in live explant sections after rechallenge. Within 24 h after

secondary infection, the cells doubled their mean migration

speeds and were seen to displace across longer distances (Fig-

ures 2B–2E; Video S3). Occasionally, we detected cells under-

going the transition from low to high motility, supporting the

notion that these highly migratory cells are derived from local

lung BRM cells, rather than cells recruited from the blood (Figure

2C; Video S3). To further test this hypothesis, we treated mice

with the S1PR1 agonist, FTY720, 2 days prior to rechallenge to

‘‘lock’’ recirculating cells within SLOs (Cyster and Schwab,

2012). Flow-cytometry analysis confirmed that this treatment

sequestered naive and memory B cells from the blood (Fig-

ure S2). FTY720 administration did not inhibit the ability of



Figure 1. Tracking lung-resident memory B cells

(A) Schematic of BAT reporter mice.

(B) FACS plots of naive (B220+ tdTomatoneg mVenusneg GL7neg) and memory (tdTomato+ mVenusneg GL7neg) cells from spleens and lungs of BAT mice 6 weeks

postinfection. In the lung, plots are also pregated on parenchymal cells (in vivo CD45neg).

(C) Frequencies of cells expressing the indicated markers gated as in (B). Data represent one of 3 independent experiments. Statistical analysis was made using

an ordinary one-way ANOVA. Error bars represent SD. **p < 0.01; ***p < 0.001; ****p < 0.0001.

(D–F) Bulk RNA-seq of naive B cells and HA+ memory B cells from lung and spleen derived from BAT mice. Lung B cells were also pre-gated on parenchymal

CD69+ cells. Gating shown in Figure S1D. (D) Heatmap of key migration and residency genes. (E) Full heatmaps of all differentially expressed genes with an

adjusted p value (FDR) < 0.05. (F) PCA plots, applied to the top 500 most variable genes. Shown are data from 3 samples collected in 3 independent experiments

(n = 6 per experiment).

(G) HA specific memory B cell, as defined as in (E and F) and PC numbers (gating shown in Figure S1D) in BAT mice, quantified over time. Data in (G) are pooled

from 6 independent experiments with 4–6 mice per group. See also Figure S1.
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BRM cells to increase their motility after rechallenge, indicating

that theywere derived from a local, rather than a systemic source

(Figure 2D).

The rapid increase in alveolar BRMmotility shortly after rechal-

lenge prompted us to ask whether this effect depends on recog-

nition of cognate antigens, or if other mechanisms are involved.

To address this, we performed experiments similar to those

described above but this time swapped the viral rechallenge

for a mock infection with Qb virus-like particles (VLPs). These

self-assembling protein structures share many molecular char-

acteristics with live virions, but express no shared antigens

with the influenza virus (Bachmann and Jennings, 2010). Live im-

aging at 24 h post-VLP challenge revealed rapid increases in the

motility of alveoli-associated BRM cells, similar to that observed

following rechallenge with the live virus (Figure 2D). This effect

depended on the presence of RNA because it was lost when

we used RNA-free VLPs (Figure 2D). Taken together, our findings

demonstrate that during recall responses, local lung BRM cells

rapidly increase their migration speeds in a manner that is inde-

pendent of antigen specificity but may involve recognition of

danger signals through innate sensing pathways.

Resident memory B cells cluster into foci of infection
early after reactivation
During analysis we noticed that the overall distribution of the

BRM cells changed after rechallenge, forming visible ‘‘patches’’

containing high densities of cells. To quantitatively assess this,

we acquired multiple large tiles of lung sections and analyzed

them using the spatial statistics function Ripley’s K. By

comparing the normalized value of Ripley’s K (L values) of exper-

imental data with those calculated for a simulated random distri-

bution, we obtained a defined measure of cell clustering (Jafari-

Mamaghani et al., 2010; Kiskowski et al., 2009; Ripley, 1977). We

used two-photonmicroscopy for this analysis, to allow detection

of large numbers of cells from 3D imaging volumes (�150 mm).

Prior to rechallenge, themeasured L values of alveolar BRM cells

along a range of radiuses were consistent with a random pattern

of positioning (Figure 3A, left). Upon rechallenge, these values

increased, indicating a shift toward a nonrandom distribution

(Figure 3A, right). To compare these parameters across multiple

mice and conditions, we calculated the L value at a defined radial

distance (200 mm) (Figure 3B). This analysis further indicated a

consistent tendency of activated alveolar BRM cells to redis-

tribute in a nonrandom manner, an effect that was already

evident within 24 h of rechallenge andwhich persisted for at least

4 days. Importantly, pretreatment with FTY720 did not impact

this behavior, indicating that it was independent of circulating

B cell recruitment (Figure 3B).
Figure 2. Lung-resident memory B cells increase motility following rec

(A) Snapshots from two-photon laser-scanning microscopy (TPLSM) of live explan

airway-associated PC clusters (middle), and BRM cells (right). Bottom, a BRM ce

line, alveolus boundaries. Data are representative of 9 videos.

(B) Top, experimental design. Bottom left, snapshots from live imaging 24 h post r

plots displaying tracks of BRM cells from common origin.

(C) Time lapse of BRM cells migrating 24 h post rechallenge. Yellow line, migrati

(D) Mean velocities (left) and displacement (right) of BRM cells in lungs treated a

(E) Frequency of BRM cell migration velocities. Data in (D and E) were pooled fr

analysis in (D) was made using Kruskal-Wallis tests. Error bars represent SD. **p
We next asked whether BRM cell repositioning reflects prefer-

ential association with sites of infection. To test this, we gener-

ated a CFP-expressing influenza strain, leading to the labeling

of infected cells with the fluorescent CFP protein (CFP-S-Flu)

(Powell et al., 2012). Lung sections were collected and analyzed

24 h post rechallenge. Infected foci were defined as sites in

which the density of CFP+ cells was >225 per mm3 and the fre-

quencies of BRM cells within these regions were measured (Fig-

ures S3A–S3C). Applying this analysis across multiple mice and

sections revealed a consistent tendency of alveolar BRM cells to

accumulate in highly infected foci, with an average of 2- to 3-fold

higher density measured in these sites (Figures 3C and 3D). In-

jection of pertussis toxin (PTX), which blocks signaling via Gi

protein-coupled receptors (GPCRs), 2 h after rechallenge

completely inhibited this effect. Under these conditions BRM

cells maintained their homogenous distribution and displayed

similar densities within infected and uninfected regions (Figures

3E–3G). Thus, the relocalization of BRM cells to infected sites is

an active process that is likely regulated by the engagement of

chemotactic receptors.

Plasmacells localizewithin infected alveoli during recall
responses
Memory B cells can quickly differentiate into PCs. We therefore

asked whether the observed accumulation of lung BRM cells

within newly infected regions is associated with changes in PC

distribution. Consistent with our previous observations (Fig-

ure 2A), during the memory phase PCs were largely absent

from the alveoli andwere primarily confined to clusters near large

airways (Figure 4A, left). In contrast, within 4 days of rechallenge,

an additional population of PCs appearedwithin the parenchyma

(Figure 4A, right). We refer to these cells as ‘‘alveolar PCs’’ to

distinguish them from PCs within airway-associated clusters.

Similar to activated BRM cells, alveolar PCs showed preferential

accumulation in infected sites, as indicated by their higher den-

sity in these regions 4 days post rechallenge (Figures 4A–4C).

Furthermore, at this time point, a significant reduction in the Rip-

ley’s K values of the total PC population was observed, reflecting

a partial loss of the tightly ‘‘clustered’’ organization and a shift to-

ward sparsely distributed cells (Figures 4D and 4E). To identify

whether this population was unique to the anamnestic response,

we analyzed PC positioning in mice during primary infection with

influenza. No PCs were observed in the lungs in any site during

the first 4 days postinfection. Within 20 days, PCs appeared in

infected lungs, but they were confined to airway branch points,

similar to their distribution during the memory phase (Fig-

ure S3D). This similarity was further reflected by the Ripley’s K

values of the cells which were comparable with those measured
hallenge

t lungs of BAT >6 weeks postinfection. Top, a typical iBALT-like structure (left),

ll probing an alveolus. Time lapse is shown in minutes:seconds. White dotted

echallenge or resting memory. Yellow, BRM cell migration tracks. Bottom right,

on path of a BRM cell.

s indicated. Each dot represents one tracked cell.

om 4 independent experiments with a total of 4–6 mice per group. Statistical

< 0.01; ***p < 0.001; ****p < 0.0001. See also Figure S2.
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Figure 3. Memory B cells colocalize with infected cells early after activation

(A) Point patterns of BRM cell distribution before and after rechallenging. Plots display clustering L values of observed data versus complete spatial random

simulation (simulation n = 1,000).

(B) L values at r = 200 of BRM cells. Data are pooled from 3–5 independent experiments per group. Each circle represents the mean L value calculated for one

mouse (± SD), based on multiple images tiles collected from each mouse.

(C) BRM cells 24 h post rechallenge with CFP-S-Flu. Dotted lines demarcate border between highly infected and uninfected areas. Cells are highlighted using

Imaris-created spots.

(D) BRMcell density in infected and uninfected sites 24 h after rechallenge. Each pair of points represents the averageBRMcell density in onemouse, obtained by

averaging data from multiple large tiles per animal.

(E) A representative image from mice treated with PTX 2 h after CFP-S-Flu rechallenge.

(F) L value plot of BRM cells in PTX-treated rechallenged mice.

(G) BRM cell density in infected and uninfected areas of PTX-treated, rechallenged lungs.

Data are pooled from 4 (C and D) or 3 (E and G) independent experiments. Statistical analyses were made using Mann-Whitney test (B) and paired t tests (D and

G). Error bars represent SD. *p < 0.5; **p < 0.01. See also Figure S3.

ll
OPEN ACCESS Article

Please cite this article in press as: MacLean et al., Secondary influenza challenge triggers resident memory B cell migration and rapid relocation to
boost antibody secretion at infected sites, Immunity (2022), https://doi.org/10.1016/j.immuni.2022.03.003
during thememory phase (Figure 4E). Thus, the alveolar localiza-

tion of PCs is unique to secondary responses, consistent with

their development requiring the presence of pre-existing mem-

ory B cells. Moreover, treatment with FTY720 did not block alve-

olar PC differentiation, supporting the notion that they are

derived from local cells (Figure 4E).
6 Immunity 55, 1–16, April 12, 2022
The above findings led us to hypothesize that, during second-

ary infections newly generated PCs primarily localize to infected

alveoli, and while memory phase PCs remain largely confined to

airway-associated clusters. To explore this possibility, we quan-

tified the density of cluster-associated and alveolar PCs before

and after reinfection. We found that while the concentration of



Figure 4. Plasma cells appear within infected alveoli within 4 days of rechallenge

(A) TPLSM images of infected and uninfected BAT mice 4 days post rechallenge with CFP-S-Flu. PCs are highlighted using Imaris-created spots (yellow).

(B) Alveolar PC density in infected or uninfected areas 4 days after rechallenge with CFP-S-Flu. Data are pooled from 4 independent experiments.

(C) Left, confocal microscopy of alveolar PCs near infected cells. Right, zoom of indicated boxed region.

(D) L values of observed PC positioning comparedwith spatial random simulation. Data show the results of one experiment out of 5 performed (at least onemouse

per group per experiment).

(E) PC L values at r = 200.

(F) Densities of alveolar and clustered PCs. Each circle represents the mean densities measured in one mouse, obtained by averaging data from multiple large

tiles per animal.

Data in (E) and (F) are pooled from 3–5 independent experiments. Statistical analyses weremade using a paired t test (B), one-way ANOVA (E), andMann-Whitney

U test (F). Error bars represent SD. **p < 0.01;****p < 0.0001.
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alveolar PCs increased by �7-fold after rechallenge (Figure 4F,

left), the density of PCs within clusters did not change signifi-

cantly (Figure 4F, right). Of note, while BRM cells and lung PCs

comprised IgM-, IgG-, and IgA-switched cells (Figure S3E; Allie

et al., 2019; Oh et al., 2021), the frequencies of the IgG-switched
fraction preferentially expanded during the initial wave of PC

generation, potentially indicating a preferential differentiation of

BRM cells with this isotype (Figures S3F and S3G).

Thus, we propose that during the early phase of the recall

response, the main wave of newly generated PCs localizes to
Immunity 55, 1–16, April 12, 2022 7



Figure 5. Alveolar plasma cells are derived

from memory B cells

(A) Experimental outline for (A–C).

(B) TPLSM images of CD19�/� mice transferred

with BAT B cells as described in (A) before and

after rechallenge. PCs are highlighted using

Imaris-created spots (yellow).

(C) PCs L values at r = 200.

(D) Alveolar PC density in infected or uninfected

sites. Right, data represented as the fold-change

difference.

(E) Left, experimental outline. Right, PCs L values

in untreated resting memory mice or rechallenged

mice treated with anti-CD40L.

Statistical analysis were made using an unpaired t

test (C), a paired t test (D), and a Mann-Whitney U

test (E). Error bars represent SD. *p < 0.05; **p <

0.01; ***p < 0.001. See also Figure S4.
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infected alveoli. Given that PCs are remarkably efficient antibody

factories capable of producing up to�1,000 antibody molecules

per second (Khodadadi et al., 2019), this process may represent

a powerful mechanism that dramatically increases local antibody

concentrations at sites of infection and thereby facilitate virus

neutralization prior to systemic recall antibody responses

increasing to the required degree.

Alveolar PCs develop from BRM cells independently of
naive B cell input
Our findings so far favored the possibility that alveolar PCs are

generated in situ from lung BRMcells. To further test this hypoth-

esis and to formally exclude a requirement for input from newly

activated naive B cells, we developed an adoptive transfer

approach to follow memory B cell responses. For this, we in-
8 Immunity 55, 1–16, April 12, 2022
jected CD19+ B cells into CD19�/� hosts,

in which endogenous B cells fail to estab-

lish mature GCs (Carter andMyers, 2008).

This strategy allowed us to reduce

competition between transferred and

endogenous B cells and to track the

response of transferred polyclonal B cells

to infection over time. As expected,

CD19�/� hosts that were reconstituted

with CD19+ B cells (derived from BAT)

(Figure 5A) developed a population of

lung BRM cells that persisted >70 days

after primary infection and displayed

characteristic alveolar surveillance

behavior (Video S4), whereas PCs were

distributed in clusters near large airways

(Figure 5B, left). Consistent with our previ-

ous results, within 4 days of secondary

infection, PCs appeared throughout the

alveoli (Figure 5B, right) leading to

reduced clustering values as measured

by Ripley’s K (Figure 5C). As before, these

cells preferentially accumulated at in-

fected sites (Figure 5D). Importantly,

CD19�/� reconstituted mice that were in-

fected with influenza 49 days earlier did
not respond to secondary challenge with the irrelevant antigen

sheep red blood cells (Figures S4A and S4B), confirming that

transferred naive CD19+ B cells did not persist within these

hosts, and consequently that the secondary influenza responses

were indeed memory B cell dependent. We conclude that the

development of alveolar PCs is independent of input from newly

activated naive B cells.

Within the alveoli, PCs at days 1–4 postinfection were sessile.

However, on rare occasions a few migratory PCs were detected

near GC-like structures (Video S5). This raised the possibility that

alveolar PCs may arise from local GCs prior to relocating to in-

fected sites. To address this, we depleted pre-existing GC B

cells prior to rechallenging the mice and assessed the effect

on alveolar PC formation. BAT mice were infected with influenza

and 28 days later were treated with anti-CD40L antibody every



Figure 6. Depletion of alveolar macrophages leads to loss of resident memory B cell mobilization and plasma cell differentiation in

infected lungs

(A) Experimental setup for (A–C).

(B) Plots of BRM cell tacks migrating from a common origin.

(C) Mean velocities and displacements of BRM cells. Data are pooled from 4 independent experiments with a total of 3–4 mice per group.

(D) BRMdensity in uninfected and infected sites of mice treated as in (A) and infected with CFP-S-Flu. Right, data represented as the fold-change difference. Data

are pooled from 4 independent experiments.

(E) PCs 4 days post rechallenge in PBS- andCLL-treatedmice. Left, representative images using TPLSM. Right, L values of PCs at r = 200. Plots are pooled from 4

independent experiments.

(legend continued on next page)
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other day for 10 days (Figure 5E). As previously reported (Allie

et al., 2019), this treatment led to loss of GC B cells in the lungs

and other sites (Figure S4C). On day 36, half of the mice were

subject to a viral rechallenge and their lung PC distribution was

compared with that of nonrechallenged mice 4 days later (Fig-

ure 5E). Despite the absence of GC B cells, alveolar PCs were

readily detected within these mice, and their Ripley’s K L value

dropped compared with the unchallenged animals (Figure 5E).

Taken together, these result show that while the development

of alveolar PC depends on the presence of pre-existing memory

B cells, reactivation of the GC reaction is dispensable for this

process.

Alveolar macrophages orchestrate the localization and
activation of lung BRM cells during secondary
responses
Alveolar macrophages are located in the airway lumen, where

they can interact with newly inhaled virions and infected cells.

To test whether these cells are involved in regulating the recruit-

ment of BRM to infected sites, we infected BAT mice with influ-

enza and 6 weeks later injected clodronate-loaded liposomes

(CLLs) intranasally. As previously reported (Leemans et al.,

2001), this approach removed the majority of alveolar macro-

phageswithout depleting parenchymal phagocytes (Figure S5A).

Control (PBS-loaded liposomes) or CLL-treated mice were re-

challenged and BRM cell movement was monitored in live

explant lung sections using two-photon microscopy (Figures

6A–6C). While BRM cells in the lungs of control mice demon-

strated the expected increases in migration velocities and cell

displacement after rechallenge, this effect was completely lost

in animals depleted of alveolar macrophages (Figures 6B and

6C). Under these conditions, the distribution of alveolar BRM

cells remained unchanged, with no detectable accumulation at

infected sites (Figure 6D). This effect also correlatedwith a partial

but significant impairment in the accumulation of PCs within

alveolar regions, with very few PCs being detected outside of

clusters in CLL-treated mice 4 days post rechallenge (Figure 6E,

left). As expected, the L values for PCs in CLL-treated mice re-

mained relatively high (Figure 6E, right). Consistent with these

observations, we found that the total IgG1 PC numbers derived

from the lungs of CLL versus control treated mice at day 4 post

rechallenge were reduced (Figure 6F).

These above findings indicated that alveolar PC generation

may be a mechanism to quickly increase antibody concentra-

tions in the lung. However, we were conscious that antibodies

are also produced by pre-existing long-lived PCs in other tis-

sues/lung regions. To formally test whether alveolar PCs make

a measurable contribution to local antibody concentrations,

mice received intravenous injection of hamster IgG before the

relative abundance of anti-influenza antibodies in the serum

and bronchoalveolar lavage (BAL) of CLL-treated and control re-
(F) Lung PCs analyzed by flow cytometry 4 days post rechallenge of mice treate

experiments.

(G) Left, experimental design. Right, ELISA of anti-influenza (flu) ratios between c

and BAL of PBS and CLL-treated rechallenged mice. Each circle represents on

indicate matched data from individual animals.

Statistical analysis were made using Kruskal-Wallis tests (C), a paired t test (D, left

Error bars represent SD. *p < 0.05; **p < 0.01; ****p < 0.0001. See also Figure S5
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challengedmicewasmeasured 4 days post rechallenge. Tracing

transferred hamster IgG allowed us to quantify local versus tran-

suded IgG from the serum (Alley et al., 1980; Burnett, 1986).

Because hamster IgG concentrations plateaued in the lungs

within 6 h of transfer (Figure S5B), subsequent measurements

were made at this time point. The relative abundance of anti-

influenza IgG and hamster IgG and in the BAL and serum were

determined (Figure 6G). We detected an average increase of

�12-fold in the ratio of anti-influenza IgG:hamster IgG in the

BAL compared with the serum derived from the same animal,

indicating that significant local production of anti-virus IgG oc-

curs within the lung parenchyma. In contrast, in the CLL-treated

animals, a more modest change was measured with an average

increase of �5-fold in BAL over serum (Figure 6G).

These observations suggest that alveolar macrophages are

likely necessary for recruitment of BRM cells to infected sites,

a migratory step that correlates with rapid differentiation of

PCs and localized increase in virus-specific antibodies within

infected lungs.

CXCR3 mediates BRM cell accumulation in
infected sites
We next aimed to define the mechanisms that facilitate BRM cell

accumulation in sites of viral entry. Since alveolar macrophages

die shortly after infection, we hypothesized that they act up-

stream to other leukocytes, which actively secrete chemotactic

cues that attract BRM cells. To address this, we performed sin-

gle-cell RNA-seq analysis on total lung leukocytes before and

1 day after rechallenge in control and CLL-treated mice. We

aimed to identify inflammatory chemokines that are induced

after rechallenge in an alveolar macrophage-dependent manner

and which may attract BRM cells.

After quality control and removal of doublets and contami-

nating cells, 13,172 cells were retained for downstream analysis,

comprising 4,387 control, 5,574 rechallenged, and 3,211 CLL-

treated and rechallenged cells. Fourteen well-defined clusters

were identified (Figures 7A, S6A, and S6B). As expected (Alon

et al., 2021; Kulikauskaite andWack, 2020), rechallenge induced

marked increases in neutrophil, mono.Mac and NK cell numbers

while alveolar macs, DC, gd T cells, and ILC2 cells were reduced

in frequency (Figure S6C). Comparison of chemokine and cyto-

kine gene expression in the CLL-treated and untreated rechal-

lenged animals identified 10 genes with significantly lower

expression following CLL treatment in at least one cell type (Fig-

ures 7B and 7C). Of those, the most significant reduction was

observed in Cxcl10 expression by neutrophils and mono.Mac.

In addition, expression of Cxcl9, which similarly to CXCL10 acti-

vates CXCR3, was also significantly reduced in neutrophils.

These results were confirmed by qPCR analysis (Figure 7D).

Further analysis showed that interferon gamma (IFNg), a potent

inducer of Cxcl10 and Cxcl9, was lower in NK and CD8 T cells
d with CLL or PBS liposomes as in (A). Data represent one of 3 independent

oncentrations of anti-influenza and hamster antibodies measured in the serum

e mouse. Data are pooled from 3 independent experiments performed. Lines

plot), unpaired t tests (E and F), and Mann-Whitney U test (D, right plot, and G).

.
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in CLL rechallenged mice (Figures 7B and 7C), suggesting that

alveolar macrophages may be necessary for optimal activation

of this pathway. Gene-set-pathway analysis further supported

this hypothesis, indicating that CLL treatment resulted in an

impaired IFNg response by myeloid cells (Figures S7A and S7B).

BRM cells express genes that encode several inflammatory

GPCRs (Figure S7C) including CXCR3, which is activated by

CXCL9 and CXCL10. While this receptor has been shown to be

dispensable for recruitment of B cells into infected lungs (Denton

et al., 2019), its impact on BRM cell localization within the tissue

is unknown. To address this, we treatedmice with CXCR3 block-

ing antibodies 1 day prior to rechallenge with CFP-S-Flu and

determined the distribution of BRM cells in infected and unin-

fected areas, as before. Blocking CXCR3 led to a reduction in

accumulation of BRM cells in infected sites, leading to a modest

1.2-fold increase of density in these regions after reinfection

(compared with >2-fold increase in the control group) (Figures

7E and 7F). A similar effect was observed when IFNg was

neutralized (Figure 7G), consistent with it being a potent inducer

of CXCL9 and CXCL10 expression (Groom and Luster, 2011;

Luster et al., 1985). Thus, we conclude that activation of the che-

mokine receptor CXCR3 plays an important role in mobilizing

BRM cells to sites of infection.

DISCUSSION

A hallmark of adaptive immunity is that antibody and T cell recep-

tor repertoires are ‘‘educated’’ based on prior experiences, a

process that involves selective expansion and long-term

maintenance of antigen-experienced clones, or memory cells.

However, in recent years, added layers of complexity have

been revealed, and it has become clear that adaptive immune

populations are capable of remembering not only the nature of

the antigens they encountered but also the specific sites in which

the infection is likely to occur, such that susceptible areas are re-

inforced with protective clones (Iwasaki, 2016; Masopust and

Soerens, 2019; Mueller and Mackay, 2016). While this type of

localized immunity has proven highly effective in the case of

resident memory T cells, far less is known about the humoral

components of the response.

Here, we explored the spatiotemporal regulation of BRM cells

within live peripheral tissue. Using a reporter mouse to monitor

BRM cells and PCs by two-photon microscopy, and by employ-

ing robust quantitative approaches to define dynamic changes in

the distribution of these cells within infected lungs, we traced key
Figure 7. Migration of resident memory B cells to sites of infection is r
(A–C) scRNA-seq of lung leukocytes prior to rechallenge and 1 day post rechalle

clusters of total cells detected under all 3 conditions combined. (B) Dot plots show

at least one cell type in the CLL versus PBS treated rechallenge mice. Genes in wh

to 10�3). Significant differences are indicated by asterisks (Wilcoxon tests, >1.53

chemokines and cytokines of interest under all conditions combined.

(D) Heatmap of qPCR data from the indicated cell subsets sorted frommice treated

expression from 3 biological replicates is shown. Statistical symbols indicate

‘‘rechallenged’’ groups.

(E) Experimental setup for (E–G). Animals received one of the two blocking treatm

(F and G) BRM cell density (left), and fold difference of BRM cell densities betwee

CXCR3 (F), or anti-IFNg (G). Data in (F) and (G) are pooled from 4–7 independent

plots) and Mann-Whitney U tests (right plots). Error bars represent SD. *p < 0.05

See also Figures S6 and S7.
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steps that lead to local production of antibodies.We showed that

prior to rechallenge, BRM cells were randomly distributed

throughout the lungs where they appear to be in a relative state

of rest while probing local alveoli. However, upon rechallenge,

these cells quickly increased their migration capacity and relo-

cated to sites of infection, where they differentiated into

antibody-secreting PCs. Localization to sites of infection was in-

dependent of recruitment of recirculating B cells or antigen spec-

ificity but required the presence of alveolar macrophages and

innate signals. Single-cell RNA-seq and QPCR analysis of re-

challenged lungs revealed a likely role for alveolar macrophages

in orchestrating this process, in part by promoting local produc-

tion of IFNg by infiltrating NK cells, subsequently leading to in-

duction of inflammatory chemokines, including CXCL9 and

CXCL10. This, in turn, promoted CXCR3-dependent accumula-

tion of BRM cells within sites of infection where they quickly

differentiated into PCs. Since alveolar macrophages are not ma-

jor producers of CXCR3 ligands, we propose that they are

necessary for triggering, rather than directly instructing, BRM

cell responses in the lung. This hypothesis is compatible with

previous demonstrations that alveolar macrophages are an

important source of cytokines during influenza infection, but

that this response lasts �1 day, after which these cells die and

are replaced by infiltrating monocytes (Aegerter et al., 2020; Ku-

likauskaite and Wack, 2020).

While our work establishes a major role for CXCR3 in regu-

lating BRM mobilization and activation, other inflammatory che-

mokine receptors may also contribute to this effect. This possi-

bility is supported by our observation that depletion of alveolar

macrophages prevented BRM cell mobilization more effectively

than blocking CXCR3. Moreover, we found that alveolar macro-

phage depletion was also associated with reduced expression of

Ccl4,Ccl5, andCcl3, transcripts encoding inflammatory chemo-

kines that engage the chemotactic receptors CCR1 and CCR5,

both of which are expressed in BRM cells. Expression of

Cxcl9, and Cxcl10 in rechallenged mice was most impacted in

neutrophils and monocytes when alveolar macrophages were

depleted, suggesting a possible contribution of these cell sub-

sets to BRM cell accumulation within infected sites. Alterna-

tively, it remains possible that other cell types, including nonhe-

matopoietic populations that line the lung parenchyma and have

not been included in our single-cell RNA analysis, contribute to

this process. Additional work is needed to test these hypotheses

and identify the cellular mechanisms that drive BRM cell recruit-

ment to infected foci.
egulated by CXCR3
nge of PBS or CLL-treated mice (treated as in Figure 6A). (A) UMAP showing

ing the expression of chemokines and cytokines significantly downregulated in

ich most significant changes are observed are at the top (p ranges from <10�23

change, BH adjusted p < 0.05). (C) UMAPs showing the expression of selected

as in (A), showing results of one of two independent experiments. The average

results of one-way ANOVA, comparison between ‘‘rechallenged CLL’’ and

ents options shown.

n infected and uninfected areas (right), in rechallenged mice treated with anti-

experiments. Statistical analysis (F and G) was done using a paired t test (left

; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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An important advantage of our approach is that it allowed us to

simultaneously visualize BRM cells and PCs. We find that within

2–3 weeks of primary infection, PCs were detected in the lungs.

At this early time point, the cells were largely confined to airway-

associated clusters ideally positioned to secrete antibodies into

the BAL. This distribution remained unchanged throughout the

memory phase. Given that the number of PCs within the lung

was stable for up to 200 days postinfection, it is likely that these

PC clusters contain long-lived cells that provide continuous pro-

tection through antibody secretion. However, this initial layer of

protection may not be sufficient to prevent all infections. Under

these conditions, BRM cells were locally reactivated and rapidly

differentiated into PCs, which associated directly with infected

alveoli. This result uncovered a previously unappreciated and

important feature of BRM cells: the ability to deliver antibodies

in a highly localized manner to sites of viral replication. PCs

possess substantial secretory capacity, producing up to

�1,000 antibodies per second (Khodadadi et al., 2019), and

therefore the presence of even just a few cells at sites of high viral

load may provide substantial protection by inhibiting or slowing

viral spread. Such a strategy may be particularly relevant for de-

fense against pathogens such as influenza virus that are limited

to one organ due to tissue tropism and for which systemic distri-

bution of antibodies may therefore not provide a significant

advantage.

Several lines of evidence support the notion that alveolar PCs

differentiate directly from lung BRM cells. In our mouse model,

expression of tdTomato indicates either previous or active upre-

gulation of AID, a hallmark of B cell activation. Our finding that

tdTomato+ mVenus+ alveolar PCs developed in the absence of

ongoing GC responses suggests that tdTomato expression in

these cells was induced during earlier events, i.e., at the time

of the primary infection when humoral memory was being estab-

lished. Moreover, while primary infection led to the development

of airway-associated PCs, alveolar PCs were only detected after

rechallenge, further supporting their arising frommemory, rather

than naive, newly activated B cells. This conclusion is further re-

inforced by our adoptive transfer experiments of B cells into

CD19�/� hosts. In this system, naive transferred B cells did not

survive for prolonged periods of time after infection, as indicated

by their inability to respond to immunization with a new antigen.

Yet, when the mice were reinfected with the same pathogen, the

differentiation of donor-derived alveolar PCs was intact, demon-

strating their memory-derived origin. Finally, we showed that in

all the settings above, the development of alveolar PCs could

come from a local source without the recruitment of circulating

B cells, as indicated by the fact that FTY720 treatment had no ef-

fect on BRM cell movement or alveolar PC development.

Together, these results support the notion that alveolar PCs

can arise from pre-existing memory B cells that reside in

the lung.

While our study uncovers a local mechanism to expedite the

recruitment of local memory B cells directly to infected regions,

this does not exclude the possibility that memory B cells re-

cruited from the blood also contribute to the generation of

alveolar PCs. In line with this possibility, recirculating memory

B cells were shown to use CXCR3 to localize to the female repro-

ductive tract of mice infected with genital herpes virus, where

they subsequently differentiate into PCs (Oh et al., 2019).
Notably however, in this tissue, neither BRM cells nor long-lived

PCs develop. Instead, increases in local antibody concentrations

during rechallenge entirely depend on recruitment of B cells from

the circulation. It is possible that the development of BRM cells

evolved specifically in the lung to provide enhanced protection

from seasonally circulating airborne pathogens that are likely

to be encountered again over the course of several months.

Alternatively, BRM cells may represent a broader phenomenon

that can be induced in other mucosal barriers, with some tissues

being restrictive.

Most current vaccines aiming to elicit anti-influenza immunity

are delivered peripherally in the hope that sufficiently high con-

centrations of neutralizing antibodies are induced to penetrate

the lung and confer protection. In recent years, significant prog-

ress in understanding the 3D nature of how broadly neutralizing

antibodies bind conserved influenza virus epitopes has led to

substantial progress in the field, leading to the development of

immunizing antigens that mimic stable structures and drive anti-

body responses against them (Corti et al., 2017; Krammer, 2019;

Neu et al., 2016; Wrammert et al., 2008; Wu and Wilson, 2018).

Yet, a major limitation to this approach remains that the titers

generated through immunization are often too low to prevent

infection (Coughlan and Palese, 2018). It is therefore highly plau-

sible that combining strategies that induce cross-reactive anti-

bodies with approaches that increase their concentrations near

or at sites of viral entry will be beneficial (Iwasaki, 2016). Our

study shows that natural mechanisms that support secretion of

antibodies in a highly localized manner evolved in the lung and

provides insights into the underlying pathways that facilitate

this process. We anticipate that, in the near future, more studies

exploring the factors that promote BRM cell retention and main-

tenance in the lung will help to exploit this mechanism for the

development of better vaccines.

Limitations of the study
We have shown that BRM cells accumulate in infected sites and

that CXCR3 was a major chemokine receptor that contributed to

this process. However, whether CXCR3 ligands act either

through directional chemotaxis or by generally increasing

motility and thereby facilitating access to retention factors at in-

fected sites, was not clear from our imaging studies because we

did not see direct evidence of directional movement of cohorts of

cells. Thismay reflect inherent limitations of relatively short imag-

ing periods focused on small areas, where capturing synchro-

nized cell movement is challenging. Additionally, while we found

that depletion of alveolar macrophages led to impaired BRM cell

activation, we have not established a direct role for these cells in

regulating these events. Development of selective approaches

to genetically target alveolar macrophages, and comprehensive

analysis of the changes that are induced within these cells during

the early phase of secondary infection, are needed to identify the

roles and mechanisms by which they orchestrate BRM cell re-

sponses. Finally, more work is needed to definitively identify

the key cellular sources of the chemotactic ligands that facilitate

BRM cell positioning within infected regions. It should be noted

that because our single-cell RNA-seq analysis focused on

changes that occurred in leukocytes 24 h post rechallenge, the

contribution of nonhematopoietic cells could not be investigated

and the potential upregulation of chemotactic ligands at earlier
Immunity 55, 1–16, April 12, 2022 13
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time points (e.g., prior to alveolar macrophage decline), was not

evaluated.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
Male and female mice aged 8-16 weeks were used for all experiments. C57BL/6 (B6, CD45.2+) or B6 Ly5.2 (CD45.1+) mice were

purchased from Charles River. CD19 KO mice were on a B6 background and were generated by intercrossing CD19 Cre+/+ (Rickert

et al., 1995) mice to obtain CD19Cre/Cre mice. Mice expressing GFP under the human ubiquitin promoter (Ub-GFP, 004353; Tg(UBC-

GFP)30Scha/J), MGI:2158677), AID-Cre (007770; B6.129P2Aicdatm1(cre)Mnz/J), Rosa26-stop-tdTomato (007914; B6.Cg-

Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J), and Rosa26-stop-YFP (006148; B6.129X1-Gt(ROSA)26Sortm1(EYFP)Cos/J) were

from Jackson Laboratories. Prdm1mVenus (BLIMP1mVenus) mice were described previously (Ohinata et al., 2008). (Riken Accession

CDB0460T, http://www2.clst.riken/jp/arg/TG%20mutant%20mice%20list.html) BAT mice experiments were performed using

marrow chimeras, in which lethally irradiated C57BL/6 mice were reconstituted with bone marrow from BLIMP1mVenus AIDCre/+

Rosa26stop-tdTomato animals. We used this approach to allow generation of large cohort of triple positive mice, needed for the study.

To generate chimeras, 8-12w old C57BL/6 mice were lethally irradiated (11Gy) in two dosages separated by 4h, followed by injection

of >5x106 Blimp1mVenus AIDCre/+ Rosa26stop-tdTomato bone marrow cells per mouse.

Animals were bred and maintained under specific pathogen-free (SPF) conditions in accredited animal facilities at Kennedy Insti-

tute of Rheumatology, University of Oxford and experiments were in accordancewith theUKScientific Procedures Act (1986) under a

Project License (PPL) authorized by the UK Home Office.

Viruses
For infections using non-fluorescent influenza virus, we used the A/HK-x31 (x31, H3N2) strain. The reporter strains expressing GFP

(GFP-S-Flu; [S-eGFP/N1(PR8)]) or CFP (CFP-S-Flu; [S-eCFP/N1(PR8)]) were generated using the Cambridge strain of A/Puerto Rico/

8/34 (Powell et al., 2012, 2019). The viruses used were cloned and propagated in-house.

METHOD DETAILS

Influenza infection, rechallenge with VLPs and immunization
For primary infection, mice weighing >20g were anaesthetised using isoflurane and intranasally administered with 2x104 PFU of X31

influenza A virus in PBS. Mice were monitored for 14d following infection and all displayed characteristic weight loss. For rechallenge

experiments, high-dose challenge was performed using 1x106 PFU of the X31 or CFP-S-Flu strain. For VLP challenge of influenza-

immune animals, Qb-VLPs were diluted in PBS to give a final i.n. dosage of 50mg in 50ul. For immunization with sheep red blood cell

(SRBC), 3ml SRBC (Fisher Scientific UK Ltd) were washed in 20ml PBS twice, then resuspended in 5ml and given subcutaneously in 4

sites (50ml/site).

Influenza hemagglutinin (HA) production and biotinylation
cDNA encoding X31 H3 was generated by PCR. This sequence was codon-optimised and synthesised by GeneArt, introducing the

Y98F mutation to reduce non-specific binding to sialic acid (Frank et al., 2015). This codon corresponded to residue 114 in our virus

H3 haemagglutinin. This HAY114F sequence was ligated into a retroviral plasmid containing a thrombin cleavage site, foldon trimeri-

zation sequence, Bir biotinylation site and His tag for purification (as described in Figure S1A). The entire construct was then trans-

ferred into pQCXIX (Clontech) containing an IRES-eGFP expression cassette.

Retroviral particles were packaged in GP-293T cells by co-transfection with pVSVg, and 293T cells were transduced. GFP+ 293T

cells were sorted to establish a stable HA-secreting cell line. For HA purification, supernatants from cultures of these cells were

diluted 1:1 in binding buffer (PBS, 0.05% sodium azide, pH8) and incubated with Ni-NTA beads (Qiagen) overnight. Beads were

then applied to a centrifuge column (Pierce) and washed in buffers containing imidazole (10mM, 20mM in PBS pH8) before elution

(250mM imidazole, PBS). Fractions were pooled and dialysed in PBS using a 10kDa dialysis cassette (Bio-Rad).

For biotinylation, HA was incubated with biotin at a 1:4.5 molar ratio (HA:biotin) with 0.5M EDTA and 0.1M sodium bicarbonate for

2h. Excess biotin was removed by dialysis as above. Staining concentrations were optimised for each preparation of HA-bio, but

optimal labelling was typically of the range of 30-50ng/106 lymphocytes.

VLP production
RNA sufficient and RNA-free Qb-VLPs were produced in E. coli and purified by chromatography by A. Cruz-Gomes as previously

described (Gomes et al., 2017; Kozlovska et al., 1993). For RNA removal, Qb-VLPs were buffer-exchanged by diafiltration to

20mM HEPES, pH7. VLPs were concentrated to 2mg/ml and incubated with 1mg/ml RNAse A at 37�C for 3h. Degraded RNA and

RNase was removed by diafiltration against 20mM HEPES followed by PBS. After diafiltration, RNA removal was confirmed by

running a native 0.8% agarose gel with nucleic acid stain, followed by coomassie stain to confirm RNA degradation.

Generation of CFP-S-Flu
Single-cycle fluorescent reporter strain of influenza A virus was prepared as previously described (Powell et al., 2012, 2019). Briefly,

plasmids encoding eCFP with SapI restriction sites were synthesised by GeneArt and cloned into the pPoll vector. 293T cells were

transfected with Lipofectamine 2000 (Invitrogen), in the presence of expression plasmid pCDNA3.1, which contained expression of
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full-length HA. This permits viral coating of HA and secretion from 293T. The resulting viral particles were used as seed to infect a

stable H3-expressing MDCK-SIAT1 cell line, thus generating viral particles which carry the genes for all IAV proteins except HA,

which is replaced by eCFP, but that are coated with cell-derived H3 to allow single cycle infection. Stocks of this CFP-S-Flu were

produced by infecting HA-expressing SIAT1 cells in DMEM (0.1%BSA, 1%P/S) and 2h later adding 1mg/ml TPCK-treated trypsin

(Sigma T-1426). The virus supernatant was collected after 48h of incubation at 37�C.

Flow cytometry, in vivo labeling, and cell sorting
In vivo labelling was performed as described previously. Mice were intravenously injected with 2.5mg PE/Pacific Blue-conjugated

anti-CD45 or anti-CD19 in PBS. After 4min mice were euthanized and lungs perfused with 10ml cold PBS through the right ventricle.

Lungs were removed and roughly dissected with scissors before digestion in 1mg/ml collagenase D (Roche) and 10mg/ml DNAseI in

RPMI for 45min at 37�C. Tissue was homogenised through a 70mm mesh and for experiments assessing BRM, lymphocytes were

enriched by Ficoll-Paque density centrifugation (GE Healthcare). Cell suspensions were incubated with FC block in FACS buffer

(2% FBS, 0.1% Sodium Azide, 1mM EDTA in PBS) for 15min and then stained in FACS buffer using predetermined optimal antibody

concentrations for 30min. Cells were then washed and labelled with secondary labelling agents for 20min. For intracellular staining of

antibody isotypes, Cytofix/Cytoperm Staining Buffer Kit (BD Biosciences) was used as per manufacturer’s instructions. Data acqui-

sition was performed using a BD Fortessa X20 (BD Biosciences) and analysed using FlowJo v10.8 (Tree Star Inc.). For BRM cell

phenotypic characterisation (Figures 1B and 1C), data acquisition was performed on a Cytek Aurora (Cytek Bioscienes). For cell sort-

ing, samples were prepared as above and sorted using a FACSAria III (BD Biosciences).

Bulk and single cell RNA-seq analysis
For bulk RNAseq analysis, BAT mice were infected with X31 influenza. 45 days later, lung BRM cells (defined as i.v. CD45- B220+

CD69+ GL7- AID-tdTomato+ HA+), splenic memory B cells (B220+ GL7- CD38+ AID-tdTomato+ HA+) and splenic naı̈ve B cells

(B220+ GL7- CD38+ AID-tdTomato-) were sorted from samples derived from mice that have been in vivo labelled and perfused,

andwhich have been subjected to the same digestion and processing procedures, as described above. In each experiment, 200 cells

of each population were sorted from a pool of cells derived from 6 mice. Cells were collected directly into lysis buffer (total n=18).

Three experiments were performed. In the first two experiments two technical replicates were included. In the third experiment a

single technical replicate was performed.

Library construction was performed as previously described, using a Smart-seq2 protocol adapted to low cell numbers (Radtke

and Bannard, 2018). 19 cycles of preamplification were used for all samples. cDNA purification was performed using Ampure XP

beads (Beckman Coulter). Libraries were analyzed with a High Sensitivity Analyser (Agilent) and cDNA tagmentation was performed

with the Nextera XT DNA Sample Preparation kit (Illumina). Libraries were quantified using PicoGreen (Illumina), sized using the High

Sensitivity Analyser and equal amounts of tagmented cDNA from each library were pooled. Sequencingwas performed on an Illumina

NextSeq500 using FC-404-2005 NextSeq 500/550 High Output Kits v2 (75 cycles).

QC analysis was preformed with the fastQC package (http://www.bioinformatics.babraham.ac.uk/projects/fastqc). Reads were

then aligned using STAR (Dobin et al., 2013) against the mouse genome assembly (GRCm38 (mm10) UCSC transcripts). Gene

expression levels were quantified as read counts using the featureCounts function (Liao et al., 2014) from the Subread package

(Liao et al., 2013)(The Subread package: a toolkit for processing next-gen sequencing data. http://subread.sourceforge.net Source-

Forge package version 1.4.5.) with default parameters. The read counts were used for the identification of global differential gene

expression between specified populations using the edgeR package (Robinson et al., 2010). RPKM valueswere also generated using

the edgeR package. Genes were considered differentially expressed between populations if they had an adjusted p-value (FDR) of

less than 0.05. The Gene Ontology analysis was performed using the goseq R package (Young et al., 2010) accounting for gene

length bias and GO categories were considered significantly enriched if they had an FDR less than 0.05. Inter- and intragroup vari-

ability was assessed by principal component (PC) analysis applied to the filtered and variance stabilised transformed (VST) count

data generated using the DESeq2 package (PCA plots applied to the top 500 most variable genes), and by Spearman’s correlation

(rs) values between samples calculated from TMM-normalised and filtered count data (gene counts were filtered for features detected

at least 50x across all samples). Technical replicates were treated as separate libraries for PC analysis and collapsed for differential

expression and correlation analyses. Data have been deposited in NCBI’s Gene Expression Omnibus and are available under GEO

Series accession number GSE183135 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE183135).

For single cell RNAseq, B6mice were infected with X31 influenza and were allowed to reach a memory phase (day 42 post primary

infection). The mice were divided into 3 groups (n=3). One group was assessed without rechallenge. The second group was pre-

treated with PBS liposomes intranasally on days 6 and 3 before being rechallenged with X31 influenza. The third group was pre-

treated as above with CLL liposomes followed by rechallenge with X31 influenza. One day after rechallenge, the mice were in vivo

labelled with CD45 for 4min prior to tissue collection. Lungs were processed, stained and sorted as described above. Approximately

20,000 cells per sample pool were loaded onto the 10XGenomics ChromiumController (Chip K). Gene expression, feature barcoding

and BCR sequencing libraries were prepared using the 10x Genomics Single Cell 5’ Reagent Kits v2 (Dual Index) following manufac-

turer user guide (CG000330 Rev B). The final libraries were diluted to�10nM for storage. The 10nM library was denatured and further

diluted prior to loading on the NovaSeq6000 sequencing platform (Illumina, v1.5 chemistry, 28bp/98bp paired end for gene expres-

sion and feature barcoding, 150bp paired end for BCR libraries).
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Sequence readsweremapped usingCellRangermulti (version 6.0.0) with the 10xmouse reference transcriptome (version 2020-A).

Cells were demultiplexed using GMM-Demux (version 0.2.1.3) (Xin et al., 2020). The data were analysed in two stages: an ‘‘initial’’

analysis with permissive thresholds was used to help identify and remove low quality cells, contaminants and doublets before a

‘‘final’’ analysis was performed. For the initial analysis we selected cells with >200 genes and <10% mitochondrial reads

(n=19,146 cells), pre-processed the data with SCANPY (Wolf et al., 2018) (version 1.8.1), integrated the cells from the different sam-

ples with Harmony (Korsunsky et al., 2019) and identified and characterised the cell clusters using pipeline_scxl.py (https://github.

com/sansomlab/tenx) (COVID-19 Multi-omics Blood Atlas (COMBAT) Consortium et al, 2021). This analysis identified (i) two clusters

of apoptotic (or otherwise of low quality) B and T cells marked by very low expression of ribosomal genes and other ubiquitously ex-

pressed cytoplasmic RNAs (such as Tpt1, Tmb4X) together with high expression of nuclear lncRNAs (such as MALAT1) and higher

expression of mitochondrial genes, (ii) a small cluster of doublets that expressed markers of both B and T cells and (iii) a cluster of

contaminating thymocytes (Rag1, Rag2, CD4/CD8 double positive T cells) that was largely (80.2%) comprised of cells from a single

replicate (CLL-treated rechallenged replicate 3). For the final analysis we selected demultiplexed singlet cells (GMM-Demux confi-

dence >=0.8) with > 200 genes and < 5% mitochondrial genes. Based on the initial analysis we additionally filtered out, (i) all of the

cells from the heavily thymocyte-contaminated replicate (CLL-treated rechallenged replicate 3), (ii) n=125 cells from other replicates

that were also present in the thymocyte cluster and (iii) any remaining cells that had been identified as low-quality/apoptotic B and

T cells (n=838 cells). To remove doublets, we next excluded cells with scrublet (Wolock et al., 2019) scores>mean + three standard

deviations (n=292 cells) and then removed any remaining cells that had been identified as B-T doublets in the initial clustering analysis

(n=96 cells). The data from the sanitised set of cells (n=13,172 cells) was total count normalised and log1p transformedwith SCANPY

(Wolf et al., 2018) (version 1.8.1). Highly variable genes (HVG) were identified within each sample separately (n_top_genes=2000, fla-

vour=’’Seurat_v3’’, using counts) and then combined, retaining only the subset that was discovered in at least 2 samples (n=2906

genes). The effect of total UMI number was regressed out and the data scaled. The data were integrated with the python SCANPY

implementation of Harmony (‘‘harmony_integrate’’) using n = 30 principal components (‘‘key’’ parameter set to the sample identifier).

The integrated data was then analysed using pipeline_scxl.py (https://github.com/sansomlab/tenx). An exact neighbor graph was

computed with Scikit-learn (as implemented in scVelo; Bergen et al., 2020) using n=30 Harmony components, n=20 neighbours

and the euclidean distance metric. This neighbor graph was used to compute the UMAP and for Leiden clustering across a range

of resolutions. The final cluster assignments were prepared by combining/merging the assignments from the different clustering res-

olutions to parsimoniously describe the major cell types/subtypes present in the different regions of the manifold for subsequent

analyses. Conserved cluster markers were identified as those that were commonly identified for the clusters in each of the three con-

ditions (Seurat FindMarkers, Wilcoxon test, BH adjusted p < 0.05). For composition andwithin-cluster differential expression analysis

the dendritic cell (DC) clusters were merged into a single DC cluster. As cell numbers for individual replicates precluded a pseudo-

bulking-based approach, exploratory within cluster differential expression analysis between the cells of the ‘‘rechallenged’’ and

‘‘CLL-treated rechallenged’’ conditions was performed using the Seurat (Hao et al., 2021) FindMarkers function (Wilcoxon test,

BH adjusted p < 0.05). The set of secreted cytokines/chemokines that was significantly down-regulated in the ‘‘rechallenged +

CLL’’ cells vs the ‘‘rechallenged’’ cells was obtained by intersecting the differential expression results with the sets of genes present

in the KEGG ‘‘cytokine-cytokine receptor interaction’’ (mmu04060) and ‘‘chemokine signalling pathway’’ (mmu04062) genesets

(excluding genes known to encode surface receptors or intracellular signalling molecules). Over-representation of Gene Ontology

Biological Processes amongst the differentially expressed genes was computed using one-sided Fisher’s exact tests as imple-

mented in gsfisher (https://github.com/sansomlab/gsfisher/) using a background gene universe comprised of genes detected in

at least 10% of the cells of at least one cluster in one of the conditions. Geneset scores were computed using the AUCell algorithm

(Aibar et al., 2017) and were visualised without thresholding.

CITE-seq (Stoeckius et al., 2017) counts were normalized following a background aware library-size approach (As described in

https://github.com/Bioconductor/OrchestratingSingleCellAnalysis v1.0.6). First, we estimated the background signal for each anti-

body as the lower mode of a fitted bimodal distribution using the ‘‘inferAmbience’’ function implemented in the ‘‘DropUtils’’ R library

(Lun et al., 2019). Then, the library size factor for each cell was calculated as the median of the ratios of the features read outs in

relation to the estimated backgrounds. Themedian-based library size factors were then used for scaling normalization and log-trans-

formation with the ‘‘logNormCounts’’ function of the R ‘‘scuttle’’ library (McCarthy et al., 2017). Normalization was performed inde-

pendently for each sample batch to account for differences in background staining levels between the batches.

Data have been deposited in NCBI’s Gene Expression Omnibus and are available under GEO Series accession number

GSE194058 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE194058).

Quantitative PCR
Quantitative PCR was performed on lung alveolar macrophages (i.v. CD45- F4/80+ CD11c+ SiglecF+), monocytes (i.v. CD45- F4/80-

CD11c-, Ly6g- Ly6c+) and neutrophils (i.v. CD45- F4/80- CD11c- Ly6g+ Ly6c-) and dendritic cells (i.v. CD45- F4/80- Ly6G- MHCIIhi

CD11c+), sorted directly into lysis buffer with 2-ME (Qiagen RNeasy Plus Micro Kit). Reverse transcription was performed with

High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, 4368814). Quantitative PCRwas performed using the following

taqman assays: GAPDH (Mm99999915), Cxcl9 (Mm00434946), Cxcl10 (Mm00445235), Ccl3 (Mm00441259), Ccl5 (Mm01302427)

and Ccl4 (Mm00443111). Data acquisition was performed on an Applied Biosystems Viia 7 Real-Time PCR System. All gene expres-

sion were normalized to an internal housekeeping gene (GAPDH) mRNA and calculated as 2�(CThk�CTgene)*10,000.
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Adoptive cell transfer
CD19ko mice were adoptively transferred i.v. with�10x106 B cells purified B cells isolated from BAT splenocytes using Magnisort B

cell Enrichment Kit (Affymetrix eBioscience) as per manufacturers protocol.

Live explant imaging
Live imagingwas performed as previously described (Lelkes et al., 2014; Thornton et al., 2012). Briefly, micewere euthanizedwith i.p.

pentobarbitone and then perfused with 10ml cold PBS through the right ventricle. Mice were then injected with 1-1.5ml of�30-35�C
1% low-melt agarose in PBS into the lungs via a tracheal incision. Individual lobeswere dissected and stored in RTRPMI before being

sectioned at 450mm on a vibratome (Campden Instruments Ltd.). Sections were mounted on plastic coverslips using Vetbond tissue

glue (3M), placed in RT RPMI and immediately imaged.

During two-photon imaging an explant setup was established to maintain sample viability at 37�C under continuous flow of RPMI

perfused with oxygen and carbon dioxide. Explants were imaged on an upright Zeiss LSM 880 microscope, equipped with two Mai

Tai lasers (690-849nm, 850-990nm), using a primary excitation wavelength of 930nm, with an Apochromat 20x1.0 DIC VIS-IR D=0/

0 (UV) objective lens. Series of planes of%3mm z-spacing spanning a depth of 80-110mmwere recorded every 15-30s. Videos were

made and analysed using Imaris (Bitplane, v9.2.1).

Imaging of static lung sections using TPLSM
All quantitative assessments of BRM cell or PC distribution, including calculations of clustering L values and cell densities in unin-

fected and infected sites, were done by analysing large tiles of static lung sections using TPLSM. Samples were prepared similarly

to the described above for explant live imaging. However, instead of mounting the freshly cut tissues in a perfusion chamber, the

samples were placed in room temperature PBS without perfusion. This maintained the overall architecture of the samples during

imaging, but prevented cell movement, allowing acquisition of large tiles.

Immunofluorescence staining and confocal microscopy
For immunofluorescence, mice were euthanized with pentobarbitone, and lungs were inflated with optimal cutting temperature com-

pound (OCT, TissueTek), as described (Lelkes et al., 2014; Thornton et al., 2012). Individual lobeswere dissected and fixed in 1%PFA

in PLP buffer (1mM sodium periodate, 0.2M L-lysine, pH7.4) for 24h. Lung lobes were washed and immersed in 30% sucrose for

cryoprotection before embedding in OCT. 16-20mm sections were taken on a cryostat (Leica Biosystems). Sections were blocked

with serum and FC block for 30min. After staining, slides were washed in PBS andmounted using fluoromount-G (Cambridge Biosci-

ence Ltd.). Confocal microscopy was performed on an upright Zeiss LSM880.

Image acquisition and analysis
Image files obtained from confocal or two-photonmicroscopes collected in Zen Blackwere analysed using Imaris software (Bitplane,

v9.2.1). Cells were tracked in Imaris using the surface function. All tracks weremanually examined and verified. Migratory parameters

were calculated using Imaris (Bitplane) and MATLAB (MathWorks), as described before (Allen et al., 2007). Displacement was

calculated for 30min tracks.

For calculation of Ripley’s K statistic, images were collected from large tiles of static lung sections (Z=80-150mm) using TPLSM.

The Imaris’ Spots function was used to define BRM cells and PCs. Spots weremanually verified before being exported and usedwith

image metadata to supply an R script with cell coordinates and image boundaries that allowed the generation of spatial point pat-

terns. The spatstat package in R was used to calculate Ripley’s K and L values using Kest and Lest functions. In all plots displaying L

values, each circle represents the mean L value calculated for one mouse (+/-SD), based on multiple imaged tiles collected from

each mouse.

For determination of infection foci, images were collected from large tiles of static lung sections (Z=80-150mm) using TPLSM. We

used the Spots function in Imaris to generate points based on the fluorescent signal from CFP-S-Flu. Spot coordinates and image

parameters were exported for use in the spatstat package in R, where the quadratcount function was used to assess the density of

infected cells across the tiled fluorescent image, and areas with infected cells at a density of >225cells/mm3 were classified as in-

fected. Subsequently, BRM and PC densities within these regions were quantified using a similar approach. Plots displaying den-

sities in uninfected vs. uninfected sites show pair of points that represent the average density of BRM cells or alveolar PCs in one

mouse, obtained by averaging data from multiple large tiles per animal. In plots displaying ratios of densities of cells in uninfected

and infected sites, each circle represents themean densitiesmeasured in onemouse, obtained by averaging data frommultiple large

tiles per animal.

In all cases when quantifying cell positioning in large tiles, at least 2 tiled images per animal were analysed andmeanswere plotted.

FTY720 administration
FTY720 (Stratech, cat. S5002) was administered intravenously at 1mg/kg in PBS 2 days prior to rechallenge, as previously described

(Matloubian et al., 2004). For experiments requiring analysis at day 4 post infection, treatment was administered a second time at day

2 after rechallenge.
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Cell depletion, antibody treatments and PTX administration
Depletion of alveolar macrophages was performed by intranasal CLL administration, as previously described (Leemans et al., 2001).

Mice were anaesthetised and 45ml of Clodrosome� (Liposoma BV) was administered two times each on d-6 and d-3 before influenza

rechallenge.

Anti-CD40L (clone MR1, BioXCell) was administered in a regimen that successfully diminished lung GC B cells, as previously re-

ported (Allie et al., 2019). Briefly, 250mg anti-CD40L was delivered intravenously to X31-immune mice every 2 days for 10 days (day

28-38 post infection). Anti-CXCR3 (500ug, Cxcr3-173, BioXCell) was given once i.v. 24h before rechallenge. Anti-IFNg (100ug,

XMG1.2, BioXCell) was administrated i.v. 24 hours before rechallenge and 1h following rechallenge.

In experiments using pertussis toxin (PTX, Quadratech Diagnostics Ltd.), influenza-immune mice were rechallenged with CFP-S-

Flu and 2hrs later PTX was administered intravenously at a dose of 400mg/kg as previously reported to impact the in vivo migration of

B cells (Fooksman et al., 2010).

ELISA
Influenza-specific IgG was detected by coating Nunc-immmuno MaxiSorp 96-well plates (Fisher Scientific, 10394751) with heat-in-

activated X31 influenza overnight at 4C. Hamster IgGwas captured with anti-hamster (MAH1.12, R&D SystemsMAB011). Wells were

blocked with 3% BSA in PBS+0.05% Tween20 at RT for 1hr, then samples were incubated at RT for 2h. For standardisation, mouse

IgG (Sigma, I5381) and hamster IgG (BioXCell, YBE0260) was used. Secondary staining was performed using biotinylated goat anti-

mouse-IgG followed by SA-HRP, or anti-Hamster-HRP(Jackson ImmunoResearch). Ultra-TMB-ELISA Substrate (Sigma, 34028) was

used for development and optical densities were quantified using a SpectroSTAR Nano microplate reader (BMG Labtech).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical parameters including number of mice and number of replicates are described in figure legends. Error bars represent the

mean±SD throughout. Where normal distribution could be determined, comparisons between groups were made using unpaired

Student’s t-tests (Figures 5C, 6E, 6F, S1C, S2B, S2D, and S4C). When comparing infected and un-infected areas from the same

mice we used paired Student’s t-tests. For multiple comparisons Ordinary One-way ANOVA was used in Figures 1C, 4E, and 7D,

while Kruskal-Wallis test was used in Figures 2D and 6C. Wilcoxon tests were used in comparisons in Figure 7B. In all other cases

statistical comparisons were performed using Mann-Whitney U tests.

Graphpad Prism 8 (GraphPad software Inc.) was used to perform statistical analysis and for graphical representation of data. P

values were calculated and represented as follows: *(p < 0.5); **(p < 0.01); ***(p < 0.001);

****(p < 0.0001).
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