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Abstract 

Emerging studies have highlighted the importance of tissue-resident B cells in the lungs, for protective 
immunity against respiratory viruses. However, the mechanisms controlling generation and maintenance 
of such tissue-resident B cells at respiratory sites remain obscure. We have previously shown that av 
integrins limit B cell responses to antigens containing Toll-like receptor ligands, and that deletion of B cell 
av integrins, in mice, enhances germinal center (GC)-derived long-lived B cell responses after systemic 
immunization with viral antigens. Here we investigated whether av also regulates B cell responses at the 
respiratory tract during viral infection. Our data show that av integrin restricts tissue-resident B cell 
responses in the airway, and that deletion of B cell av promotes generation of lung-resident IgA B cell 
responses following influenza A virus (IAV) infection. Investigating the mechanism for this, we found that 
loss of B cell av, promotes persistence of GC reactions locally in the lungs, which leads to increases in 
lung-resident IgA+ memory B cells, cross-reactive to antigenic variants. Thus, these studies reveal how IgA 
B cells are maintained in the lungs and point to a new strategy to improve the durability of lung-resident 
IgA B cell responses for IAV vaccine efficacy. 

 

Abbreviations: GC: germinal center; IAV: Influenza A Virus; TLR: Toll-like receptor; SHM: somatic hyper mutation; 
medLN: Mediastinal Lymph Node; cKO: av conditional knockout mice; HA: Hemagglutinin; iBALT: inducible 
bronchus-associated lymphoid tissues.  

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 27, 2024. ; https://doi.org/10.1101/2024.04.03.587969doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.03.587969
http://creativecommons.org/licenses/by-nc-nd/4.0/


2 
 

Introduction 

B cells are crucial in mediating immune responses against rapidly mutating pathogens, such as mucosal 
respiratory viruses, human immunodeficiency virus (HIV), and malaria, as they can generate antibodies of 
varying affinities and reactivities, able to target mutation induced antigenic variants. Furthermore, long-
lived plasma cells and memory B cells can provide long-term protection against re-infection from the same 
pathogen or antigenic variants of the pathogen. While these features of B cell responses have been 
appreciated in the context of systemic immune responses, recent studies are also revealing the 
importance of pulmonary B cell responses against respiratory viruses. For example, antigen-specific lung-
resident memory B cells elicited by influenza virus infection have been shown to be critical for protection 
against secondary infection1. Another study showed that these lung-resident memory B cells are of IgA 
isotype and differentiate to produce the mucosal immunoglobulin, IgA, which possesses unique 
characteristics for mucosal immunity2. However, despite multiple evidence showing the importance of 
lung-resident B cells in protective immune response at the respiratory tract, it is still not clear how they 
develop, are maintained, and how to generate equivalent responses through vaccination.  

Identification of new mechanisms that regulate pulmonary B cell responses could allow us to develop 
strategies to promote these responses. In previous studies, we described a new mechanism of regulation 
of B cell responses by the av family of integrins. av integrins are a family of integrins with diverse roles in 
multiple immune cell populations, such as dendritic cells, macrophages, T cells, and B cells3-10. We 
described a new function for av integrins in regulating B cell responses to Toll-like receptor (TLR) ligands 
and TLR ligand containing antigens, via regulation of intracellular trafficking events11. Although av forms 
5 different integrin heterodimers, our studies indicate that this TLR related role is mediated primarily by 
the avb3 heterodimer11, 12. TLR ligands are integral components of both self-derived and pathogen derived 
antigens and this regulatory role of av integrin limits self-reactive B cell responses in the context of 
autoimmunity. Therefore, loss of B cell av integrins accelerates development of autoimmunity in mouse 
models of TLR ligand driven autoimmunity13. However, loss of av from B cells is also beneficial in the 
context of immune responses to viral antigens. Our studies showed that loss of B cell av from mice leads 
to increases in germinal center (GC) derived antibody response, memory B cells and long-lived plasma 
cells, after systemic immunization with TLR ligand containing virus like particles. More importantly, loss 
of B cell av led to increases in somatic hyper mutation (SHM) of antibodies, relevant for changing the 
affinity and breadth of reactivity of antibodies. These changes in B cell responses were particularly 
beneficial for development of protective immunity against influenza virus, as mice lacking B cell av 
integrins developed more cross-reactive antibodies after systemic immunization with a single strain. B cell 
specific av knockout mice also showed better protection during infection with influenza virus14. Based on 
these findings, we investigated whether the role of av in regulating B cell TLR responses could also be 
relevant to regulate pulmonary B cell responses during infection with respiratory viruses.  

Here we show that av integrins play an important role in regulating tissue-resident B cell responses in the 
lungs. Our data show that B cell av integrin restricts development of lung-resident IgA+ B cells after viral 
infection, through its B cell intrinsic role on processing of TLR signaling. Loss of B cell av, leads to 
persistence of GC reactions occurring in the lungs and this results in increases in IgA+ GC and memory B 
cells that are cross-reactive to antigenic variants of infecting virus. These data firstly clarify that IgA B cell 
responses can be generated through GC reactions occurring in the lungs and secondly, they show that 
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blockade of B cell av provides a new strategy to promote long-lived GC reactions in tissue sites such as 
the lungs for durable immunity against respiratory viruses.  

Results 

Generation of cross-reactive B cell responses in the lungs is regulated by B cell av integrin. 

Our previous studies showed that loss of B cell av integrins led to increased protection of mice after 
infection with influenza virus and we wanted to understand whether this was because of the ability of av 
integrins to regulate systemic B cell responses, as we had shown previously or whether av also had a role 
in regulating tissue resident B cell responses. To determine whether αv integrins regulate B cell responses 
in tissue, we investigated the generation of IAV-specific B cells in the lung during infection. B cell specific 
av conditional knockout mice (referred to as cKO mice) and matched controls were infected with a sub-
lethal dose of H1N1 PR8 IAV, and lungs and mediastinal LNs (medLNs) harvested 14 days later for analysis 
of B cell response (Figure 1A). We used ELISPOT assay to first identify overall changes in antigen specific 
lung B cells.  ELISPOT data revealed that lungs from cKO mice showed increase in influenza hemagglutinin 
(HA) -specific IgG-producing B cells compared to the lungs from control mice (Figure 1B). Notably, while 
this increase was seen with IgG producing cells reactive to HA from H1N1 PR8 strain used for infection, 
the increase in cKO lungs was more pronounced for cells producing IgG reactive to HA from the pandemic 
H1N1 California2009 (Cal09) strain (Figure 1B). This suggested that similar to what we saw with systemic 
immunization, loss of B cell av promotes generation of antigen specific and cross-reactive B cells after 
influenza infection. IAV infection also induced anti-HA IgG-producing B cells, in the medLN (Figure 1C). 
However, in the medLN, we observed no differences between control and cKO mice, in generation of IgG 
producing cells that recognize either PR8-HA or Cal09-HA (Figure 1C), indicating deletion of av from B cells 
increases B cell responses in the lungs after infection. 

To identify B cell subpopulations associated with increased B cell responses in the lungs of cKO mice, we 
injected mice with an α-CD45 antibody in the retro-orbital cavity five minutes prior to euthanasia and 
used flow cytometry to identify lung-resident cells that were in the lung parenchyma (gating strategy on 
Supp Fig 1) (lung-resident cells identified as being i.v. CD45-, Supp Fig 2A). Total numbers of lung-resident 
B cells were similar in control and cKO mice after PR8 infection indicating there were no major changes in 
recruitment of B cells to the lungs after infection (Figure 1D). Analysis of major B cell subpopulations 
including GC and memory B cells, indicated slight increases in lung-resident B cells with GC phenotype 
(Fas+, PNA+) in the lungs from cKO mice. As we have seen previously in the peyer’s patches14  we  found 
some basal increase in lung-resident B cells with GC phenotype in the cKO mice, which was further 
increased with infection (Figure 1E). To analyze changes in influenza specific B cells within these 
compartments, we used linear HA tetramers that could identify by flow cytometry both HA-PR8 reactive 
and HA-Cal09 reactive B cells after infection with PR8 (Sup Figure 2B). cKO and control mice showed 
similar numbers of lung-resident PR8-HA-binding GC B cells after infection. There was a slight increase in 
lung-resident PR8-HA binding switched memory B cells (Sw Mem B cells) in the cKO mice (Sup Figure 2C). 
However, the cKO mice showed significantly more Cal09-HA-binding lung-resident GC B cells as well as 
Cal09-HA-binding class-switched lung-resident switched memory B cells (Figure 1F) after infection. We 
saw no difference in either PR8-HA or Cal09-HA-binding lung-resident IgM+ Memory B cells in between 
cKO and control mice (Figure 1F and Sup Figure 2C), indicating the role of av in modulating cross-reactive, 
lung-resident B cells is related to GC derived B cells.  Additionally, we identified PR8-HA or Cal-09 -HA 
specific GC and memory B cells induced by infection in the medLN; however, we did not observe 
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differences in number or relative frequency of these cells from medLN in cKO mice compared with controls 
(Sup Figure 3). Previous studies have indicated that lung-resident B cell responses are more geared 
towards cross-reactive B cell responses15 and our studies show that B cell av integrin regulates generation 
of such cross-reactive B cells specifically in the lungs following infection.  

Loss of B cell av integrin increases the proportion of IgA+ cells in the lungs of influenza infected mice.  

Multiple studies have reported that the generation of IgA-class-switched B cells is critical for effective 
immunity against respiratory viruses. However, it is still not clear whether IgA B cells are generated and 
maintained in the lungs and the mechanisms regulating IgA B cell responses in the lungs are also not 
known. Based on our findings that av integrins regulate lung B cell responses, we asked whether B cell av 
integrin could regulate the induction of lung IgA B cells, following influenza infection.  At day 14 post 
infection, both cKO and control mice generated HA-reactive IgA-producing cells, as seen by ELISPOT 
analysis (Figure 2A).  Interestingly, similar to our findings with IgG, lungs from cKO mice showed 
significantly higher numbers of IgA-producing cells that recognized HA from Cal09 strain compared with 
controls (Figure 2A). This suggests that av regulates generation of cross-reactive IgA B in the lungs 
following infection.  

To understand how loss of B cell av was leading to increases in IgA producing cells, we analyzed the 
phenotype of IgA+ cells by flow cytometry. Few IgA-switched cells were present prior to infection in lungs 
of cKO or control mice. Following infection, IgA-class switched B cells were induced in the GC, PC and 
switched memory B cell compartments in the control mice. Strikingly, IgA+ cells in these compartments 
were all expanded by approximately 2-fold in cKO mice compared with controls (Figure 2 B-G). This 
indicated that loss of av was leading to GC dependent increases in IgA B cell responses. To understand 
whether the increased IgA+ cells in the cKO lungs were mainly tissue localized cells, we also analyzed 
circulating CD45+ cells found in the lungs. These data confirmed that the increase in IgA+ cells in the cKO 
mice was specific to lung-resident cells i.v CD45- cells (Figures 2C, E and G). Moreover, analysis of both i.v. 
CD45- and i.v. CD45+ cells found in the lungs, highlighted that while IgA negative B cells were distributed 
in both the circulating and lung-resident compartments, majority of the IgA+ GC and memory B cells were 
lung-resident (Figure 2C and Sup Figure 4A-E). Furthermore, comparison of IgA+ GC cells in the lungs 
versus medLN showed that IgA+ GC cells were increased in the lungs compared to medLNs in both control 
and cKO mice and this increase was further enhanced in the cKO lungs. (Sup Figure 4F). Moreover, 
comparison of IgA and IgG HA-specific secreting cells in the lungs and medLN also confirmed that IgA 
secreting cells were found predominantly in the lungs and not in the lymph nodes and the increases seen 
in the cKO mice were mainly in the lungs (Sup Figure 4G-H). Thus, these data reveal that IgA isotype B 
cells are primarily lung-resident and are related to GC derived long-lived B cell responses in the lungs. αv 
integrin on B cells modulates the generation of these lung-resident IgA isotype B cells, such that loss of 
av leads to increase in infection induced GC derived IgA+ B cells in the lungs. 

Loss of B cell av integrin promotes infection induced GC reactions locally in the lungs.  

To further investigate whether the loss of B cell av was leading to increases in lung-resident IgA B cells, 
directly through immune reactions occurring in the lungs, we turned to confocal microscopy. Generation 
of inducible bronchus-associated lymphoid tissues (iBALT) in the lungs after influenza infection, has been 
previously described and these structures are known to be associated with GC cells16, 17. Therefore, we 
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investigated whether the increased lung-resident B cell responses in the cKO mice was associated with 
iBALT-GC structures in the lungs.  

We isolated lungs from mice, at day 16 after infection, and performed confocal analysis of lung sections 
(Figure 3A). Confirming our flow cytometry data, we found that the cKO mice lungs had more IgA+ cells, 
compared to the control lungs after infection (Figure 3B). Next, we wanted to know if the cKO mice had 
an increased number of iBALT- GCs, or if the GC structure would be bigger when compared to the control 
lungs after infection. We used GL7 to mark GC cells (Supp Fig 5) and CD19 or B220 staining to identify B 
cells. We identified regions where GL7+ B cells clustered together and defined these as iBALT areas with 
GC cells. These iBALT regions with GC B cells were close to airway structures in lungs from both genotypes. 
However, lungs from control mice showed much smaller clusters of GC cells while the cKO mice showed 
bigger iBALT areas with large distinct clusters of GC cells. (Figure 3C and D). Quantification of either the 
area of iBALT-GCs or of GL7 staining within the iBALT regions both confirmed that the clusters of GC cells 
were larger in the lungs from cKO mice, compared to the lungs of the control mice (Figure 3E-F).  The 
kinetics of GC reactions in the lung tissue is known to be slightly delayed compared to the lymph nodes 
with GC structures arising in the lungs around day 2115, 18 . These microscopy data indicate that loss of B 
cell av integrin leads to earlier occurrence of GC reactions directly in the lungs, leading to generation of 
larger iBALT structures at day 16. 

Finally, to assess whether these lung GC reactions lead to generation of IgA B cells, we quantified the area 
of IgA+ cells within the iBALT-GC areas and also calculated the overlap of IgA and GL7 signal within these 
areas (Figure 3D and G-H). The area of IgA+ cells within the iBALT was significantly increased in cKO lungs 
compared to the control group (Figure 3G).  Lungs from cKO mice also showed a significant increase in 
IgA+ GL7+ cells within the iBALT areas compared to the control lungs (Figure 3H). These data thus establish 
that IgA + B cells arise from GC reactions in the lungs and loss of B cell av promotes the generation of GC 
reactions the lungs which leads to the increase in IgA+ B cells in the lungs of these mice after infection. 

Loss of B cell av integrin promotes sustenance of lung-resident IgA memory B cells through 
persistence of GC reactions in the lungs. 

We were curious whether these early increases in lung-resident GC B cells, seen in the cKO mice could 
sustain B cell responses over time, thus we measured the proportions of lung-resident GC and memory B 
cell responses at day 35 post PR8 IAV infection (Figure 4A). In control mice we identified a very small 
proportion of lung-resident GC B cells at day 35 after infection, by flow cytometry. However, these lung-
resident GC B cells were present at significantly higher percentage in cKO mice, at this time point after 
infection (Figure 4B). Within this GC compartment, we were able to identify a small percentage of IgA-
expressing B cells which were mainly present in the cKO lungs and not in the controls (Figure 4B). cKO 
mice also had a significant increase in the percentage of lung-resident memory B cells compared with 
controls (Figure 4C). Within the memory B cell compartment the cKO mice had highly elevated numbers 
of IgA+ Mem B cells, whereas in control mice, these had returned to levels similar to the uninfected mice 
(Figure 4C). The overall frequency of plasma cells was also low at this time point; however, we still 
detected a slight increase in percentage of IgA+ PCs in the cKO mice, compared to the controls (Figure 
4D).  

To confirm whether loss of av promotes changes in kinetics of GC and memory B cells in the lungs of mice 
after infection, we compared the data from lungs harvested at day 14 or day 35 after infection, analyzing 
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numbers of cells per lung. This confirmed a sustained increase in lung-resident GC B cells over time in the 
lungs of cKO mice (Figure 4E).  While the numbers of GC B cells declined in both control and cKO lungs 
from day 14 to 35 after infection, this decline was less drastic in the cKO lungs, and the lungs from cKO 
mice showed significant increase in numbers of GC B cells compared to lungs from control mice at day 35 
post infection. On the other hand, the IgA+ memory B cells showed a sharp increase in the cKO lungs from 
day 14 to 35 after infection while the control mice showed only a small induction of IgA+ memory B cells 
at both time points after infection (Figure 4E). These data indicate that the persistent increase in GC cells 
in the cKO lungs leads to sustained output of IgA+ memory B cells.  

As the proportion of HA-specific cells was lower at this late time point than at day 14 following infection, 
we made use of conformationally intact HA tetramers 19, 20rather than the linear HA probes used in Figure 
1, to more sensitively identify HA-specific B cells in this analysis. We verified that these tetramers could 
be used to identify antigen-specific cells by flow cytometry (Sup Figure 6A).  These data showed that, 
antigen specific (PR8-HA+) or cross-reactive (Cal09-HA+) GC B cells were still present in cKO mice at this 
time point, whereas none could be detected in controls (Figure 4F). We also found a small percentage of 
PR8-HA specific Mem B cells and IgA MemB cells, present only in the cKO mice (Sup Figure 6B) and there 
was a very low percentage of Cal09-HA+ Mem B cells in mice of both genotype at this time point (Sup 
Figure 6C).  

To further understand the characteristics of the small number of antigen-specific cells expanded in the 
cKO lungs, we performed a cluster analysis (Figure 4G). Using the Cytofkit package from Biocunductor21, 
we performed a PhenoGraph clustering analysis, based on the makers used for flow cytometry staining 
and identified 11 statistically distinct clusters within the HA-reactive lung-resident IgD- activated B cell 
compartment. We found 4 of these clusters (11, 4, 2 and 7) had a higher frequency of cells in the cKO 
mice, compared to controls. Interestingly, all of these 4 clusters showed both higher IgA expression and 
increased staining for Cal09-HA, compared to other clusters (Figure 4G). Moreover, these 4 clusters also 
showed increased expression of GC-associated markers (Fas or PNA), compared to other clusters (Figure 
4G). On the other hand, the clusters that had a higher frequency in the control mice compared to the cKO 
(cluster 6, 9, and 8) showed increased PR8-HA staining and IRF4 expression (Figure 4G) indicating increase 
in plasma cells recognizing infecting virus. Thus, loss of av promotes sustained increase in GC B cells of 
IgA isotype with increased cross-reactivity.  

It was difficult to perform a similar cluster analysis on memory B cells as our memory B cell gating was 
based on identification cells that are not naïve, GC or plasma cells. To perform a similar cluster analysis 
on memory B cells we decided to re-challenge the mice as we predicted this would lead to expansion of 
antigen-specific memory B cells and provide positive markers for memory B cells, such as CD73. We 
analyzed memory B cells at day 4 post re-challenge, when the memory response should be at peak. We 
performed PhenoGraph cluster analysis within the lung-resident IgD- memory B cells and identified 
clusters showing increased frequency of cells in the cKO mice, which were cluster 8, 1, 6 and 7.  These 4 
clusters were highly positive for Cal09-HA and the marker CD73 (Figure 4H). There was only one cluster 
showing high IgA expression, cluster 8. This was one of the clusters with increased frequency of cells in 
the cKO mice and showed high CD73 expression as well as increased staining for Cal09-HA. CD73 is a 
marker associated with GC derived memory B cells22, therefore these findings indicate that the loss of B 
cell av leads to sustained increase in GC B cells in the lungs after influenza infection, which leads to 
increases in cross-reactive IgA memory B cells.  
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To confirm that the sustained increase in lung-resident IgA+ GC B cells and IgA memory B cells in the cKO 
mice, is due to ongoing GC reactions in the lungs, we also investigated the persistence of iBALT structures. 
At day 36 post infection, we continued to see increases in IgA+ cells in the lungs from cKO mice (Figure 
5A). At this time point, iBALT-GC areas in the lungs of control mice had a similar size to the cKO, agreeing 
with the kinetics of later development of GC structures in the lungs from control mice (Figure 5A-B). 
However, GL7 staining intensity within these areas was clearly higher in the lungs from cKO mice (Figure 
5A and C), indicating continued accumulation of GC clusters in the lungs of cKO mice. We observed 
minimal IgA+ cells in the GC areas in the control lungs (Figure 5A) and quantification confirmed that both 
the area of IgA+ cells (Figure 5D) and the percentage of IgA+ and GL7+ cells (Figure 5E) within the iBALT-
GC structures continued to be higher in the cKO lungs compared to the control. Additionally, confirming 
our flow cytometry data, we also observed Cal09-HA+ cells within the GC areas in the cKO lungs, but these 
were not seen in the control lungs (Figure 5F-G). Together, these data establish that av deletion from B 
cells leads to prolonged germinal center reactions in the lung upon intranasal infection with influenza 
virus, and this increase in germinal center reactions promotes increase in IgA memory B cells cross-
reactive to antigenic variants of the antigens from the infecting virus.  

B cell αv integrin regulates IgA class-switch recombination in a B cell intrinsic manner 

Our previous studies showed that av integrins have a B cell intrinsic role in limiting TLR signaling, and this 
regulates the ability of B cells to differentiate in response to TLR ligands and TLR ligand containing 
antigens. To confirm whether this increase in differentiation of IgA isotype B cells in the lungs of cKO mice 
is also related to this B cell intrinsic role of av, we used in vitro cultures for differentiation of B cells with 
TLR ligand stimulation. To specifically investigate B cell isotype switching related to influenza infection, 
we used TLR7 ligand stimulation. Total B cells isolated from either lung (i.v. CD45- lung-resident) or spleen 
were stimulated with TLR7 ligand R848 and the IgA+ cells generated in culture were analyzed by flow 
cytometry. This analysis showed that R848 stimulation alone was sufficient to drive differentiation of lung 
B cells into IgA isotype B cells in culture. Differentiation to IgA B cells was increased in the cultures with 
lung B cells from cKO mice compared to cultures from lung B cells from control mice (Figure 6A), indicating 
that enhanced TLR signaling due to loss of B cell av promotes increases in IgA B cell differentiation. The 
percentages of IgA+ cells generated in these cultures were low and we also found that cultures from 
spleen B cells with R848 alone, did not significantly induce IgA differentiation (Figure 6B) therefore we 
turned to more elaborate cultures to assess in more detail the role of av integrins in regulating IgA B cell 
differentiation. 

We adapted an in vitro culture system previously described23, 24 to generate sufficient antibody-secreting 
cells (ASCs) that have class-switched to IgA. To ascertain whether the effect of av on IgA class switching 
was specific to tissue residency, we isolated total B cells from either lung (i.v. CD45- lung-resident), spleen 
or medLN.  We verified that the starting cells were not IgA+ and initiated the culture system by subjecting 
these B cells to signals they would likely encounter during activation in vivo. To further establish whether 
the regulation of TLR signaling by the av integrin on B cells is involved in IgA B cell differentiation, we 
chose TLR9 ligand CpG for the initial activation signal. Following this two-day activation period we next 
simulated the cells with signals that B cells would encounter in their interactions with T cells during 
germinal center-like reactions. The B cells were plated over feeder cells that secreted the B cell survival 
cytokine B cell activating factor (BAFF) and expressed the T cell costimulatory molecule CD40L. To this 
culture we added IL-21 and signals known to control IgA class-switch recombination, retinoic acid and 
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TGFb. Following three days in this Phase I culture, we transitioned the B cells into a three-day Phase II 
culture over the feeder cells in the presence of IL-21 alone to drive the differentiation of ASCs. Following 
this eight-day culture system we assessed the phenotype of the B cells by flow cytometry (Figure 6C).  

Flow cytometry showed that cultures from both control and cKO lungs led to generation of IgA+ cells 
induced by culture conditions. However, cultures of cKO B cells, from the lungs led to significant increase 
in percentage of IgA isotype plasma cells (IRF4+ cells), compared to cultures from control B cell cultures 
(Figure 6D).  ELISA on culture supernatants further confirmed an increase in IgA antibody secretion in the 
cKO lung B cell cultures, compared to the control cultures (Figure 6E). Additionally, we found that cultures 
of B cells from medLNs also led to development of IgA isotype plasma cells, but the increase in IgA+ cells 
in the cKO compared to control cultures was smaller (Figure 6F). The spleen cultures from cKO mice 
showed a better increase in IgA+ cells compared to the medLNs although the fold increase in this case 
was still less than what was seen in the lung B cell cultures (Figure 6F-G).  

Thus, these data indicate that enhanced TLR signaling due to loss of B cell av promotes increases in IgA B 
cell differentiation. While the effect of av regulation of IgA B cell differentiation is most pronounced in 
the B cells from the lung microenvironment, given appropriate stimulation this can also be observed in B 
cells from other tissues such as the spleen and medLN.  

Discussion 

Recent studies have shown that natural infection of the respiratory tract by influenza virus induces 
memory B cells that are lung resident1, major producers of broadly-reactive antibodies15 and the 
protective antibodies of the IgA isotype1, 2. These lung-resident cells are known to contribute significantly 
to increased protection from secondary infection, but they are not generated by systemic immunization 
strategies. Despite these important findings, we still do not know the mechanisms regulating lung B cell 
responses, specifically it is not clear how the lung IgA B cell responses arise and how they are maintained.  
Understanding the signals that regulate the generation of these lung-resident B cell populations will be 
critical to developing better intranasal immunization strategies to combat influenza and other mucosal 
respiratory viruses. Our data indicate that av integrin restricts development of lung-resident IgA memory 
B cells, through its B cell intrinsic role on regulation of TLR signaling. Therefore, deletion of av integrins 
from B cells promotes beneficial B cell responses in the lungs during viral infection. Loss of B cell av 
promotes a sustained increase in GC reactions occurring locally in the lungs (Figures 3 and 5), which drive 
increases in cross-reactive lung-resident IgA memory B cells (Figure 4), after infection with influenza virus. 
These data show that IgA+ B cells in the lungs can be generated and maintained through GC reactions 
occurring in the lungs and manipulating av integrins could provide a way to promote durable IgA memory 
B cell responses in the lungs against respiratory viruses. Although we have previously shown a role for av 
in promoting GC reactions after systemic immunization, the significance of these findings is that the loss 
of B cell av promotes GC reactions in tissue sites, such as lungs, where it is difficult to induce such 
responses.  

GCs are sites of affinity maturation of B cells, where B cells undergo successive rounds of proliferation, 
SHM and selection, through antigen presentation to T follicular helper (Tfh) cells25. Studies on influenza 
and other viral infections have revealed increasing SHM in the GCs not only increases the affinity of B cells 
and resulting antibodies to the immunizing antigen, but continued SHM also increase the breadth of 
responses to viral proteins, allowing generation of antibodies able to target multiple strains26, 27. We have 
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previously shown that the absence of B cell av integrins leads to increase in antigen- and TLR signal-
induced GC reactions. As a result, B cells from mice lacking B cell av, show increases in SHM in the IgG 
antibody heavy chain after systemic vaccination with virus-like particles14. These studies also showed that 
after immunization with H1N1 PR8 strain, mice lacking av on B cells exhibit increased antibody response 
to HA from the PR8 strain, as well as to the heterologous Cal09 strain, indicating higher levels of mutations 
in the av-deficient B cells allowed them to expand the diversity of epitopes recognized. Thus, the increase 
in lung-resident GCs, memory B cells and plasma cells recognizing Cal09-HA in the cKO mice, following 
PR8 IAV intranasal infection, correlates with our previous findings and we predict this is related to the 
increased GC reactions occurring locally in the lungs. While we have not investigated cross-reactivity to 
further divergent influenza strains, based on the increase in GC reactions, we predict we would see an 
increase in the breadth of reactivity of antibodies produced in the lungs of cKO mice towards multiple 
antigenic variants of influenza virus. Moreover, previous studies have indicated that lung GC reactions 
lead to memory B cells with greater cross protective potential compared to B cells from spleen15 and our 
studies show that blockade of av on B cells could be used to promote this feature.  

Apart from SHM and affinity maturation of antibodies, GC reactions are key also for the development of 
long-lived memory B cells and plasma cells, critical for protective immunity against multiple pathogens28. 
However, these GC reactions are a prominent feature of secondary lymphoid organs. While GC structures 
had been described in the lungs after infection, the importance of these tissue-resident GC structures for 
protective immunity and sustained memory response is still being established. Previous studies have 
shown that upon influenza infection, structures with similar compartmentalization and cellular 
composition to secondary lymphoid organs, termed iBALT, are ectopically generated in the lungs of mice 
and support GC B cell proliferation17, 29, even in the absence of secondary lymphoid organs30. Although the 
presence of iBALT in healthy adult humans has been controversial 31, a recent study has shown that these 
iBALT associated GC structures are present in lungs from children and are involved in the immune 
response to respiratory viruses16. A previous study has also shown that type I interferon induced CXCL13 
production by lung fibroblast populations is important in driving the establishment of these iBALT-GC 
reactions18.  However, it is still not known whether these lung GC structures support the generation of IgA 
isotype B cells, and whether IgA memory B cells in the lungs are derived from GC reactions in the lungs. 
Our studies establish that IgA B cells in the lungs can arise from GC reactions occurring in the lungs (Figures 
3 and 5) and that B cell intrinsic av signal is important in regulating this process. 

We have previously shown that the loss of B cell av enhances responses from innate B cell populations 
such as B1 B cells, Marginal zone B cells, as well as extrafollicular B cells4, 13. These B cell populations can 
all be involved in the immune response against respiratory viruses32 and likely lead to early IgA production 
at the respiratory tract.  However, our data show a clear connection between IgA+ B cells and GC reactions 
in the lungs, related to more sustained IgA production in the absence of B cell av. Our flow cytometry 
analysis showed an increase in IgA+ B cells that are cross-reactive to Cal09-HA and show markers of GC 
cells in the cKO mice at 35 days after infection (Figure 4).  Similarly, our microscopy data also showed a 
clear increase in GC structures and IgA+ B cells within these structures in the lungs of cKO mice, compared 
to the lungs from control mice (Figures 3 and 5).  These data, together with the flow cytometry data 
showing that majority of IgA+ B cells are found in the lungs and are non-recirculating (Figure 2 and Sup 
Figure 4), indicate that IgA+ GC and memory B cells are generated in the iBALT areas in the lungs, and 
deletion of B cell av integrin promotes these B cells by sustaining GC reactions in the lungs. After re-
infection we find an increase in CD73+ IgA+ and Cal09-HA+ memory B cells in the lungs of cKO mice 
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compared to the lungs of control mice (Figure 4). CD73+ memory B cells are thought to be GC-derived, 
and while we cannot rule out the possibility that these memory B cells could be generated from GC 
reactions in the medLN, based on our data demonstrating relative lack of IgA+ B cells in the medLNs (Sup 
Figure 4), we predict that the increase in cross-reactive IgA memory B cells in the lungs of cKO mice are at 
least in part due to increased GC reactions in the lungs. 

It is likely that influenza infection is also leading to increases in the IgG isotype B cells in the medLN and 
spleen in the cKO mice, which could contribute towards protective immunity. We have specifically focused 
on the IgA isotype B cells in this study because the relevance of GC reactions in the development of IgA 
isotype B cells in respiratory sites, such as the lungs, is still not clear. TGFb dependent mechanisms are 
known to be important for the generation of IgA B cells in subsets of germinal center B cells in the 
intestinal mucosa33, but the mechanisms regulating IgA class switching in the lungs have not been 
explored. Similarly, the role of TLR signaling in class switching in the lungs is also not clear. While TLR 
signaling may not be a requirement for generation of IgA B cells, our data suggest that enhancing TLR 
signaling is enough to increase class switching to IgA isotype B cells, and this is particularly relevant for 
the B cells from the lung microenvironment. This could be related to specific aspects of B cells that have 
interacted with TLR ligand signals in lung mucosa. In previous studies, we have shown that loss of av from 
B cells leads to increase in Aicda gene expression, related to TLR signaling12, 14. This increased expression 
could explain increases in both class-switching and SHM observed in the av cKO B cells. It is also possible 
that increases in TLR signaling in the av-deficient B cells allow for better antigen presentation and 
generation of memory B cells, as these cells require antigen encounter in the lungs1. Our data suggest that 
the lung microenvironment is equipped with special regulatory mechanism to limit IgA class switching, 
and this mechanism could be also promoted in other tissues such as the spleen through enhancing TLR 
signaling. These lung specific regulatory mechanisms could be utilized to specifically promote immune 
responses against respiratory pathogens. Moreover, our studies indicate that av blockade could also be 
used to promote IgA responses through systemic immune response.  

The increase in lung GC reactions in the cKO mice leads to questions about their functional capacity for 
protection. The marked increase in CD73+ IgA memory B cells in the cKO mice, suggests that these GC 
reactions result in an expanded memory response and thus likely confers better protection. Nonetheless, 
we were not able to address the contribution of IgA memory B cells in leading to protection after challenge 
studies, as we observed higher numbers of both IgG and IgA secreting cells in the lungs of cKO mice. Future 
studies are required to address the protective capacity of IgG versus IgA antibodies in driving protection 
and are beyond the scope of this study. However, our previous studies have demonstrated that the B cell 
specific av knockout mice show better protection after a lethal intranasal infection, indicating the 
protective capacity of the lung-resident B cell responses in these mice14. Moreover, it has been proposed 
that HA-specific IgA, rather than IgG responses generated in the lung, are responsible for cross-strain 
protection from different IAV subtypes34, indicating the key role of IgA antibodies in protection from 
respiratory mucosal viruses. Thus, we predict that the increased GC derived IgA responses in the cKO mice 
plays a major role in conferring superior protection compared to the IgG B cells in the event of a mucosal 
challenge. In further studies, we are exploring intranasal immunization strategies that would induce a 
similar expanded GC reaction in the cKO mice, which would allow us to harness the beneficial features of 
loss of B cell av for vaccine studies.  
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Memory B cells capable of neutralizing multiple strains of the same pathogen have been identified in 
humans after influenza or HIV infection, but efforts to develop vaccines that induced broadly protective 
memory B cell response to pathogens have not yet been successful. Similarly, multiple recent studies have 
shown the advantages of IgA inducing intranasal vaccines for blocking infection and transmission of 
respiratory viruses compared to systemic vaccines2 35, 36. But it has proven challenging to develop 
intranasal vaccines that lead to long-lived protection at the respiratory tract. Strategies that can promote 
GC reactions in the lungs could be beneficial to drive both broadly reactive and long-lived IgA memory B 
cells that are lung-resident. In this context, blockade of B cell av could be used to improve efficacy of 
intranasal respiratory virus vaccines, as they could enhance multiple aspects of protective immune 
response against respiratory viruses, including, tissue-resident GC reactions, IgA isotype B cells, breadth 
of reactivity of B cells to evolving strains, and lung-resident memory B cell responses. Drugs and antibodies 
targeting the av family of integrins have been tested therapeutically in other disease settings such as 
cancer, and therefore could be utilized for av-blockade on immune cells. Thus, these studies using the B 
cell specific av-deficient mouse model have allowed us to understand unique mechanisms in the lung 
microenvironment that control lung-resident IgA memory B cell responses and identified new strategies 
to promote immune responses directly at the respiratory tract for more effective respiratory virus 
vaccines. 

Materials and Methods 

Mice 

avfl/fl mice were backcrossed to C57BL/6J mice as previously described11, 14. The animals were bred and 
maintained on the C57BL/6 background. avfl/fl mice were crossed with CD19 cre transgenic mice to 
generate B cell specific av knockout mice, referred to as conditional KO (cKO) mice (CD19cre/+ avfl/fl).  Mice 
with a single CD19Cre allele, CD19cre/+av +/+   were used as controls. For in vitro experiments C57BL/6 mice 
were used as controls. All mice for this study were age and sex-matched and were 9-14 weeks old at the 
time of infection or vaccination. Mice were housed in a specific pathogen-free facility. All procedures were 
approved by the Institutional Animal Care and Use Committee at Seattle Children’s Research Institute. 

Influenza infection  

Live PR8 IAV was purchased from Charles River Laboratories and stored in one-use aliquots at -80°C. Just 
prior to infection, PR8 was thawed and diluted in PBS. Mice were anesthetized with Isoflurane (Patterson 
Veterinary) and infected with PR8 IAV in 25µL in the nostrils. Mice were weighed and monitored for signs 
and symptoms of disease for the duration of the study. 

HA tetramer preparation 

The B cell HA tetramers were either  a gift from Dr. Emily Gage37 or from Dr. Kanekiyo Masaru’s lab at NIH. 
Tetramers with an AviTag were biotinylated with the BirA biotin-ligase kit (Avidity) according to 
manufacturer’s instructions. Following biotinylation, BV711- (BioLegend) or PerCpCy5.5- (BioLegend) 
conjugated streptavidin was added in 5 serial steps with a 10-minute incubation period each to the 
unlabeled tetramers. Labeled tetramers were prepared the day before the experiment.  

Antibodies 
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α-IgD-BV786, α-B220-BUV395, α-CD45-BUV395, α-CD19-BUV737 were purchased from BD Horizon. Α-
CD3-BV510, α-CD11c-BV510, α-F4/80-BV510, α-CD138-BV421, α-Fas-BV605, Streptavidin (SA)-
PerCPCy5.5, SA-BV711 and α-IgM-PerCPCy5.5 were from BioLegend. α-CD45-APC, α-IRF4-PeCy7 and α-
IRF4-AF700 were purchased from Invitrogen. α-IgA-Biotin, α-IgA-PE and α-IgM-PeCy7 were from Southern 
Biotech. α-Gr1-BV510 and PNA-FITC were from Miltenyi Biotechnologies and Vector Labs, respectively.  

Flow cytometry 

5 minutes prior to euthanasia, mice were injected with 1µg α-CD45-BUV395 or α-CD45-APC in the retro-
orbital cavity. Lungs and mediastinal lymph nodes (medLN) were collected from euthanized mice. Lung 
tissue was digested with 1.5mg/mL collagenase (Milipore Sigma) and 10µg/mL DNAse I (Milipore Sigma) 
in Mg2+, Ca2+ free Hank’s balanced salt solution (HBSS, Gibco) with 10% fetal bovine serum (FBS, Sigma) 
for 1 hr at 37°C or 30 min in a shaking incubator at 1000 rpm. Lungs and medLN were then ground into a 
40µm filter to generate a single cell suspension. For some experiments lung B cells were isolated using 
CD19 positive magnetic bead separation (STEMCell). Cells were counted using AccuCheck count beads 
(ThermoFisher) or Muse Cell Analyzer (Luminex) according to the manufacturer’s instructions. Cells were 
then stained with fixable LiveDead Aqua (ThermoFisher) to identify dead cells, after which cells were 
stained with PR8-HA and Cal09-HA B cell tetramers and surface antibodies for 20 minutes at room 
temperature. To identify intracellular antigens, cells were then fixed and permeabilized with the 
Transcription Factor kit (BioLegend) according to manufacturer’s instructions. Events were analyzed on 
an LSRII flow cytometer (BD Biosciences) or an LSR Fortessa (BD Biosciences) and analyzed using FlowJo 
(v.10, TreeStar). See Supplemental Figure 1 for gating strategies. 

ELISpot 

ELISpots were performed on single cell suspensions of lung or medLN cells, prepared as described above. 
MAIPS ELISpot plates (Millipore) were pre-coated with 3µg/mL PR8-HA or Cal09-HA (SinoBiological) 
diluted in PBS. Serial dilutions of cells were plated over wells and incubated over night at 37°C. Spots were 
developed using α-mouse IgG or α-mouse IgA alkaline phosphatase (AP) Abs (Southern Biotech) followed 
by BCIP/NBT AP substrate (Vectors Labs). Spots were imaged and counted using an ImmunoSpot analyzer 
(Cellular Technology Limited). 

Histology and Immunofluorescence 

Lungs were perfused with PBS and then inflated and embedded in OCT, and frozen at -80C (as described 
in38). Frozen sections (8µm) were fixed in acetone at -20C, air dried and blocked with 1% normal goat 
serum (Jacskon ImmunoResearch) and 1% BSA (Sigma) in PBS with 0.1% Tween-20 (Sigma). Slides were 
stained with Hoescht, α-CD19-AF647, α-GL7-FITC and α-IgA-PE. Images were acquired with a Zeiss LSM 
900 confocal microscope. Image processing and analysis were performed with FIJI (ImageJ) software39, 
with a personalized macro where the iBALT structure was manually delimited by the polygon tool, and 
then the image was converted to a mask by default threshold to measure the area of IgA and GL7 positive 
staining by the “analyze particle” function. IgA+GL7+ positive area percentage was calculated by applying 
the image Calculator “AND” function over IgA and GL7 masks, then measuring the resulting area by 
analyze particle function and calculating the percentage of the resulting area over the whole GL7 positive 
area.  
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In vitro plasma cell culture 

All mice were injected retro orbitally with 1µg αCD45-BUV395 5 minutes prior to euthanasia.  B cells from 
spleen, medLN or lung were isolated using negative magnetic bead separation (STEMCell). Cultures with 
R848 only were performed on lympholyte-M (Cedarlane) separated lung B cells and B cells from spleen 
isolated using negative magnetic bead separation. B220+ B cells were then sorted for i.v. CD45- 
populations using an Aria FACS sorter (BD Biosciences). Plasma cells were differentiated from naive B cells. 
Briefly, cells were suspended in Iscove’s modified Dulbecco’s medium (IMDM, cytiva) supplemented with 
10% FBS (Sigma), 2mM Glutamax (Gibco), 55μM β-mercaptoethanol (Gibco), 100U/mL penicillin (Gibco) 
and 100μg/mL streptomycin (Gibco) and activated with 1µg/mL CpG (Invivogen) for two days. Cells were 
then seeded over irradiated 40LB feeder cells, a generous gift from Dr. Daisuke Kitamura24, expressing 
mouse CD40L and BAFF. To induce class switch to IgA, cells were incubated with 2ng/mL TGF-β 
(BioLegend), 100nM retinoic acid (RA, Sigma) and 40ng/mL IL-21 (Peprotech) for three days, followed by 
three days in IL-21 alone.  

ELISA 

Enzyme linked immunosorbent assays (ELISAs) were performed on the supernatant of cultured cells (see 
in vitro plasma cell culture for culture details). Immulon 2HB plates (ThermoFisher) were pre-coated with 
2µg/mL of goat-α-mouse Ig(H+L) (Southern Biotech) diluted in PBS. Serial dilutions of supernatant were 
plated and left overnight at 4°C. The plates were developed using α-mouse IgA-AP Abs (Southern Biotech) 
followed by 4-Nitropenyl phosphate disodium salt hexahydrate substrate tablets (Sigma). Absorbance was 
measured using a Spectramax 190 luminometer (Molecular Devices) at 405 nm.  

Statistical analysis 

Raw data from control and cKO PR8-infected groups were analyzed by Mann-Whiney U test or 2-way 
ANOVA using GraphPad Prism (v.9.3.1). p<0.05 were considered statistically significant. 
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Figure 1. Generation of cross-reactive B cell responses in the lungs is regulated by B cell av integrin. αv+/+ CD19Cre+ (control) and 
αvfl/fl CD19Cre+ (cKO) mice were infected i.n. with 100 plaque-forming units (PFU) of live PR8 IAV. 14 days later all mice received a 
retro-orbital (r.o.) injection with 1µg anti-CD45 antibody (Ab) (α-CD45-BUV395) five minutes prior to euthanasia. (A) Schematic 
for experimental procedure. (B-C) IgG-secreting cells in the lung (B) or mediastinal lymph node (medLN) (C), that recognize either 
PR8-HA or Cal09-HA enumerated by ELISpot. Cells per lung were calculated by multiplying the frequency of live cells by the total 
number of live lymphocytes counted. (D) Flow cytometry analysis and quantification of live cells gated as B cells that are lung-
resident cells i.v. CD45-. (E) B cells were gated into sub populations based on surface markers. Cells were first gated as live lung-
resident cells (i.v. CD45-unlabeled) and Plasma cells (PCs) were gated as IgD- IRF4+ CD138+ cells. B cells were gated as CD19 and 
CD138 (CD19+ CD138+/-), IgD+ cells were excluded from the analysis, germinal center cells (GCs) were gated as IgD- IRF4- CD138- 
Fas+ PNA+ and Sw memory B cells were gated as IgD- IRF4- CD138- Fas- PNA- IgM- IgA-. Cells per lung were calculated by 
multiplying the frequency of each population, as determined by flow cytometry, by the number of total live cells recovered from 
the tissue harvest.    (F) Antigen-specific germinal center (GC, left), class-switched memory B cells (Sw Mem B cells, middle) and 
IgM+ memory B cells (right) from the lung were enumerated by flow cytometry from the i.v. CD45- population (see Supplemental 
Figure 1 for gating strategy). Each dot represents an individual mouse (n= 2-4 mice for uninfected group and n=7-12 mice for 
infected groups). Data are means ± SEM either representative experiment from 3 independent experiment (B and C) or the 
combination (D - F) of two independent experiments. *p<0.05, **p<0.01 by Mann-Whitney U-test between the two PR8-infected 
groups. 
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Figure 2. Absence of B cell av integrin promotes IgA B cell response in the lungs after influenza infection. αv+/+ CD19Cre+ (control) 
and αvfl/fl CD19Cre+ (cKO) mice were infected i.n. with 100 plaque-forming units (PFU) of live H1N1 PR8 IAV. After 14 days of 
infection all mice received r.o. injection with 1µg α-CD45-BUV395 five minutes prior to euthanasia. (A) IgA-secreting cells in the 
lungs that recognize PR8-HA (left) or Cal09-HA (right) as detected by ELISPOT. Cells per lungs were calculated by multiplying the 
frequency of live cells by the total number of live lymphocytes counted. (B-F) Representative flow plots of the expression of IgA 
on GC B cells (top), PCs (middle) and mem B cells (bottom) (See Supplemental Figure 1 for gating strategies) are shown in (B) (D) 
and (F). Live lung-resident cells (i.v. CD45-) were gated on CD19 and CD138 to identify B cells (CD19+ CD138+/-), IgD+ cells were 
excluded from the analysis. Plasma cells (PCs) were gated as IgD- IRF4+ CD138+, germinal center cells (GCs) were gated as IgD- 
IRF4- CD138- Fas+ PNA+ and IgA memory B cells were gated as IgD- IRF4- CD138- Fas- PNA- IgM- IgA+. Quantification from flow 
analysis is shown in (C) (E) and (G). Cells per lung for IgA+ GCs (C), IgA+ PCs (E) and IgA Memory B cells (G) is shown in the control 
and cKO, uninfected and infected mice (left) and the frequency of each population comparing the cell number of resident (CD45-
unlabeled) vs circulating (CD45-labeled) cells in the control and cKO mice (right). Each dot represents an individual mouse (n= 
2mice for uninfected group and n=6-7 mice for infected groups). Data are means ± SEM from one representative experiment 
from 3 independent experiments. *p<0.05 by Mann-Whitney U-test between the two PR8-infected groups.  
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Figure 3.  Loss of  B cell av integrin enhances the induction of iBALT in lungs after viral infection. αv+/+ CD19Cre+ (control) and 
αvfl/fl CD19Cre+ (cKO) mice were infected i.n. with 100 plaque-forming units (PFU) of live PR8 IAV. Lungs were harvested after 16 
days post infection (dpi).  (A) Schematic of mice infection and tissue collection for lung tissue staining. (B-C) Representative 
confocal images of lungs from uninfected control mouse and infected control or cKO mice. Images representing one single plane 
at 5x magnification. Scale bar 500 µm. (B) Lung staining for Hoechst (nucleus, Blue) or IgA (red). Airways surrounded by IgA 
staining are shown by arrows. (C) Lung staining for Hoechst (nucleus, gray), GL7 (green), and CD19 (magenta). Arrows represent 
GL7 positive and CD19 positive structures corresponding to iBALTs. (D) Representative confocal images of lungs from control or 
cKO mice 16 dpi. Images representing one single plane at 20x magnification labeled with Hoechst (nucleus, Blue), IgA (red), GL7 
(green), and CD19 (magenta) showing iBALTs. Scale bar 100 µm. (E) Scatter plot with a bar graph showing the average size (µm2) 
of GL7+CD19+ iBALT structures by manually quantifying the area of these structures. Every dot is the size of 1 iBALT structure 
(35-65 structures) from 22-28 different fields of sections viewed at 10x from 3 different mice per genotype. (F and G) Bar graph 
showing mean and SEM of the area (µm2) of (F) GL7 and (G) IgA positive staining inside the structures (N= 35-65) as defined in E. 
(H) Bar graph showing mean and SEM of the percentage of IgA+GL7+ staining within iBALT structures. Sections (N=7-9) viewed at 
20x from 3 different mice per group. **p<0.01, ****p<0,0001 by Mann-Whitney U-test. 
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Figure 4. Absence of B cell av integrin leads to sustained increase in cross-reactive IgA+ GC and memory B cells in the lungs. αv+/+ 

CD19Cre+ (control) and αvfl/fl CD19Cre+ (cKO) mice were infected i.n. with 100 plaque-forming units (PFU) of live PR8 IAV. After 35 
days of infection, all mice were injected r.o. with 1µg α-CD45-APC five minutes prior to euthanasia. (A) Schematic for experimental 
procedure. (B) Representative flow plot of the lung-resident germinal center cells (GC: B220+ IgD- IRF4- Fas+ PNA+) from a control 
and cKO mice at 35 days post infection. Bar graph shows the frequency of lung-resident (i.v CD45 negative) GCs, GCs IgA+ cells as 
determined by flow cytometry. (C) Frequency of the lung-resident (i.v CD45-) class-switched (Memory) (B220+ IgD- IRF4- Fas- 
PNA- IgM-) and IgA+ Memory cells and (D) Lung-resident plasma cells (PCs, B220+ IgD- IRF4+) and IgA+ plasma cells, as determined 
by flow cytometry. Each dot represents an individual mouse (n=3-5 mice for uninfected group and n=6-10 mice for infected 
groups). Data are mean ± SEM of two representative experiments combined from 4 independent experiments. *p<0.05, **p<0.01, 
***p<0.001 by Mann-Whitney U-test between the two PR8-infected groups. (E) Cell per lung for GC B cells or IgA+ memory B 
cells calculated at day 0 (N= 6 – 9), 14 (N= 9 – 12) and 35 (N= 8 – 18) is shown, **p<0.01 by Mann-Whitney U-test between the 
two PR8-infected groups. (F) Frequency of GCs PR8-HA+ and GCs Cal09-HA+ determined by flow cytometry. (G) t-SNE plot of HA-
specific lung-resident IgD- B cells (i.v CD45- B220+ IRF4+/- IgD- PR8-HA+/Cal09-HA+) from lungs of infected control (top) and cKO 
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mice (bottom) with the PhenoGraph clusters (left). Fold increase of the cell proportion per cluster in the cKO vs the control mice 
(middle). Histograms of the expression of the markers included in the analysis for each cluster, red boxes include the clusters 
with an increased frequency in the cKO mice compared to the control (right). (H) Mice were infected i.n. with 100 plaque-forming 
units (PFU) of live PR8 IAV and re-challenged at day 31 with 50 PFU live PR8. All mice received r.o. injection with 1µg α-CD45-APC 
five minutes prior to euthanasia. t-SNE plot of lung-resident IgD- memory B cells (iv CD45- B220+ IRF4+/- IgD-, Fas- PNA-) from 
infected control (left) and cKO mice (right) with the PhenoGraph clusters. Fold increase of the cell proportion per cluster in the 
cKO vs the control mice (middle). Histograms of the expression of the markers included in the analysis for each cluster, red boxes 
include the clusters with an increased frequency in the cKO mice compared to the control (right). Analysis is based on n= 6 mice 
per group in both sets of cluster analysis. 
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Figure 5:  Absence of av B cell integrin leads to persistence of GC reactions in the lungs after influenza infection. αv+/+ CD19Cre+ 

(control) and αvfl/fl CD19Cre+ (cKO) mice were infected i.n. with 100 plaque-forming units (PFU) of live PR8 IAV. Lungs were 
harvested after 36 days post infection (dpi).  (A) Representative confocal images of lung sections of one single plane from infected 
control (top) and cKO mice (bottom) at 20x magnification, scale bar 200 µm. Lung staining for Hoescht (grey), CD19 (magenta), 
GL7 (green) and IgA (red). Arrows represent GL7 positive structures corresponding to iBALTs. The insets highlight iBALTs, scale 
bar 50 µm. (B – E) Bar graph showing mean and SEM of the GC area in µm2 (B), GL7 mean fluorescence intensity (MFI) within the 
iBALT structures (C), IgA area inside the GC in µm2 (D) and percentage of IgA staining overlapping with GL7 within the iBALT (E). 
Quantifications made from 9-12 different fields of sections viewed at 10x from 3 different mice per genotype (N= 12-27). (F) 
Representative confocal images of iBALT regions, stained for Cal09-HA (top) and GL7 (bottom) of lungs from infected control (left) 
and cKO (right) mice at 20x magnification. (G) Bar graph of the normalized intensity of Cal09-HA staining from 6 – 8 different 
fields of sections viewed at 20x from 3 different mice per genotype. **p<0.01, ***p<0.001 by Mann-Whitney U-test.  
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Figure 6: B cell av integrin regulates TLR signaling dependent IgA B cell differentiation. (A-B) Frequency of IgA-expressing B cells 
after 4 days of culture of (A) lung and (B) spleen B cells with R848 only as determined by flow cytometry.  (C) Schematic of the 
experimental procedure. C57BL/6 (control) and αvfl/fl CD19Cre+ (cKO) mice were injected r.o. with 1µg α-CD45-APC five minutes 
prior to euthanasia. Lung, spleen and medLN were then collected and sorted for i.v.CD45-unlabeled resident cells and plated for 
a total of 8 days. Cells were activated with CpG (1 μg/mL) for 2 days and then added TGFb (2ng/mL), Retinoic acid (100nM) and 
IL-21 (40 ng/mL).  (D) Frequency of IgA-expressing live cells within lung-resident B cells after culture as determined by flow 
cytometry. (E) Secreted IgA as measured by ELISA of the supernatant of lung-resident B cells after TGFb, RA and IL-21 culture. (F) 
Representative flow plots of lung, spleen and medLN resident B cells after the entire 8-day culture protocol. Cells were gated 
from live lymphocytes. (G) Relative increase in the frequency of IgA+ live cells, in the cKO vs the control cultures comparing 
cultures from lung and spleen B cells after the 8-day culture protocol. Each dot represents biological replicate from independent 
experiments. Each dot represents culture with cells from individual mice from one representative experiment shown out of 2 
independent experiments. Bar graphs show mean and SEM, *p<0.01, **p<0.001, ***p<0.0001 by Mann-Whitney U-test (E) or 2-
way ANOVA (A, B and D).  
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