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SUMMARY

Lung-resident memory B cells (lung-BRMs) differentiate into plasma cells after reinfection, 

providing enhanced pulmonary protection. Here we investigated the determinants of lung-BRM 

differentiation upon influenza infection. Kinetic analyses revealed that influenza nucleoprotein 

(NP)-specific BRMs preferentially differentiated early after infection and required Tfh cell help. 

BRM differentiation temporally coincided with transient IFN-γ production by Tfh cells. Depletion 

of IFN-γ in Tfh cells prevented lung-BRM differentiation and impaired protection against 

heterosubtypic infection. IFN-γ was required for expression of the transcription factor T-bet by 

germinal center (GC) B cells, which promoted differentiation of a CXCR3+ GC B cell subset 

that were precursors of lung-BRMs and CXCR3+ memory B cells in the mediastinal lymph node. 

Absence of IFN-γ signaling or T-bet in GC B cells prevented CXCR3+ pre-memory precursor 

development and hampered CXCR3+ memory B cell differentiation and subsequent lung-BRM 

responses. Thus, Tfh cell-derived IFN-γ is critical for lung-BRM development and pulmonary 

immunity, with implications for vaccination strategies targeting BRMs.
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eTOC BLURB

Lung-resident memory B cells (lung-BRMs) provide superior protection against respiratory 

viruses. Arroyo-Díaz et al examine the requirements for lung-BRM development and reveal that 

IFN-γ production by Tfh cells is essential for the differentiation of memory B cell precursors that 

give rise to lung-BRMs and subsequent protection against heterosubtypic influenza infection.
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INTRODUCTION

Lung-resident memory B cells (lung-BRMs) are a population of non-circulating memory 

B cells that develop in response to pulmonary challenges and permanently reside in 

the lungs 1–6. Phenotypically, lung-BRMs are class-switched, somatically hypermutated, 

and characteristically express CXCR3 1,5,7,8. The expression of CXCR3 is not required 

for the development nor the homing of lung-BRM cells into the lung 4,9. However, it 

allows lung-BRMs to rapidly localize to the infected areas of the lung after secondary 

infection, where they differentiate into plasma cells and secrete antibodies (Abs) that provide 

superior local protection against homologous and heterologous viruses 1–5,7,10. Highlighting 

the critical role of lung-BRMs, despite comparable titers of circulating Abs and similar 
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systemic memory B cell responses, the lack of lung-BRMs substantially delays protection 

against secondary heterosubtypic influenza infection in systemically relative to intranasally 

vaccinated mice. 1,7. Thus, CXCR3+lung-BRMs have a critical role as first layer of defense 

against respiratory viruses.

CXCR3 is a transcriptional target of T-bet, a transcription factor that fine-tunes T-cell 

function and differentiation 11. T-bet can also contribute to the differentiation and function 

of memory B cells, as T-bet expression in germinal center (GC) B cells is required for the 

generation of antigen-experienced memory B cells with enhanced capacity to differentiate 

into antibody secreting cells (ASC) after rechallenge 12,13. Whether T-bet plays a role in 

lung-BRM development remains elusive.

Memory B cells can derive from the GCs or have a GC-independent origin 14–17. Correlating 

with a GC-dependent pathway, GC B cells poised to become memory B cells (pre-MEMs) 

have been identified at the edge of the light zone18–21. Influenza-specific BRMs are 

GC-derived memory B cells that initially arise from the GCs in the lung-draining lymph 

node and then home to the lung, establishing permanent residency therein 1,4,8,10. Most 

lung-BRMs seed the lungs within the first three weeks of infection 1,7. After this time, 

ablation of GCs 1 or blockade of lymphocyte egress 4 from the secondary lymphoid organs 

negligibly affects the accumulation of influenza-specific BRMs in the lung. Therefore, 

influenza-specific BRMs are GC-derived memory cells that are preferentially generated 

during the initial phase of the primary response.

GC formation depends on help provided by CD4+ T follicular helper (Tfh) cells 22, a 

population of CD4+ T cells that localizes in the B cell follicles and are characterized by 

expression of interleukin (IL)-21 and CD40L, which are required for the development and 

maintenance of the GCs 22,23. Tfh cells are plastic and can secrete various effector-like 

cytokines 21,24–29. As such, Tfh cells secrete IFN-γ during viral infections, which promotes 

IgG2c/a class switching 25,26,30. However, beyond promoting IgG2c/a class switching, the 

effects of IFN-γ+ Tfh cells in regulating GC fate decisions are unknown.

In this study, we investigated the mechanisms that control lung-BRM responses after 

intranasal influenza virus infection. We found that intrinsic IFN-γ-STAT1-T-bet signaling 

in GC B cells initiates a transcriptional program that is required for the differentiation 

of a population of CXCR3+ pre-MEMs, which are the precursors of CXCR3+ memory B 

cells in the lung-draining lymph node and ensuing lung-BRMs in the lungs. Without IFN-γ 
signaling, IfngR1−/−GCs failed to increase expression of T-bet, CXCR3+pre-MEMs did not 

differentiate, influenza-specific CXCR3+ memory B cells did not develop, and ensuing lung-

BRM responses were compromised. IFN-γ was provided to GC B cells by IFN-γ-producing 

Tfh cells. Thus, in the absence of IFN-γ-producing Tfh cells, GCs normally differentiate, 

but influenza-specific lung-BRM responses are severely diminished. Consequently, BRM-

mediated protection after heterologous re-challenge is impaired.
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RESULTS

Lung-BRM responses to influenza require Tfh cell help early after infection

To determine the kinetics of the lung memory B cell response to influenza, we intranasally 

(i.n) infected C57BL/6 mice with A/PR8/34 (PR8) influenza virus and used fluorochrome-

labeled recombinant influenza nucleoprotein (NP) tetramers to identify class-switched NP-

specific memory B cells (CD38+IgD−IgM−NP+CD19+, Figure. 1A) in the lungs at different 

times after infection (Figure. 1B and C). We also enumerated NP-specific GC B cells 

(Figure. S1A and B) and class-switched NP-specific memory B cells in the lung-draining 

mediastinal lymph node (med-LN) (Figure. S1C and D). NP-specific GC B cells were 

readily identified in the med-LN on day 7 (Figure. S1A and B). At this time, class-switched 

NP-specific memory B cells were still undetectable in the lung (Figure. 1B and C). The 

frequency of NP-specific GC B cells increased after day 10, peaking on day 30 after 

infection (Figure. S1A and B). Correlating with the expansion of the GC B cell response, 

class-switched NP-specific memory B cells began to accrue in the lungs on day 10, reaching 

a peak between days 15 and 30 after infection. (Figure. 1B and C). As expected 1,5,7,8, 

most NP-specific memory B cells were CXCR3+ at all time points analyzed (Figure. 1A 

and Data not shown). Similar expansion kinetics were observed when we enumerated 

class-switched NP-specific memory B cells in the med-LN (Figure. S1C and D). However, 

whereas all the lung NP-specific memory B cells were CXCR3+ (Figure. 1A), NP-specific 

memory B cells in the med-LN separated into CXCR3+ and CXCR3− cells (Figure. S1E 

and F). As a control, the NP tetramer labeled class-switched memory B cells from influenza-

infected mice but not from mice i.n challenged with an influenza-irrelevant protein (Figure. 

S1G).

To confirm that the NP-specific memory B cells were lung-BRMs, we treated influenza-

infected mice with a fluorochrome-labeled anti-CD45 antibody 5 minutes before euthanasia 

to identify non-circulating (CD45−) class-switched BRMs in the lungs (Figure. 1D). As 

previously shown1,4, more than 95% of the NP-specific memory B cells were CD45− 

(Figure. 1D). Thus, in agreement with previous studies 1,4, the majority of the class-switched 

NP-specific lung memory B cells were non-circulating BRMs. Hereafter, we will refer to 

class-switched NP-specific memory B cells as NP-specific BRMs.

To test whether the differentiation of NP-specific BRMs required Tfh cell help, we 

infected control (B6.Bcl6fl/fl) and Tfh-deficient (B6.Bcl6fl/flCd4cre/+) mice with influenza 

and enumerated NP-specific BRMs in the lungs on day 30. As predicted, Tfh cells (Figure. 

S1H and I) and GC B cells (Figure. S1J and K) failed to accumulate in the Tfh-deficient 

compared to control mice. Correlating with the lack of GC B cells, NP-specific BRMs were 

virtually absent from the lungs of the Tfh-deficient mice (Figure. 1E and F). In contrast, 

no differences were detected in the number of lung IgM+ (CD38+IgD−IgM+) memory B 

cells (Figure. S1L and M). Thus, while dispensable for the differentiation of IgM+ lung 

memory B cells, Tfh cell help was required for class-switched NP-specific BRM responses 

to influenza.

Finally, we examined whether the blockade of Tfh cell help at different times after infection 

affected the lung-BRM response. To do this, we used a previously published strategy to 
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test the temporarily of lung-BRM generation1. Briefly, we infected B6 mice with PR8 and 

treated them with control or anti-CD40L antibody (MR1) to block Tfh help either between 

day 0 and day 21 or between days 30 and 51. All mice were analyzed on day 55. In 

agreement with previous studies1, blockade of Tfh cell help significantly prevented the 

accumulation of NP-specific BRMs in mice treated between day 0 and day 21 (Figure. 1G 

and H). Blocking Tfh cell help after day 30, however, did not affect the NP-specific BRM 

response (Figure. 1G and H). As a control, treatment with anti-CD40L depleted GC B cells 

in all groups (Figure. S1N). Altogether, these results indicate that lung-BRM differentiation 

requires Tfh cell help during the first three weeks of the infection. These data are consistent 

with previous studies showing that long-lived, class-switched memory B cells differentiate 

through the GC-dependent pathway 14 and preferentially arise from the GCs early after 

immunization 31–33.

Tfh cells transiently produce IFNγ at the peak of the response

We next examined whether the preferential differentiation of lung-BRMs early after 

infection correlated with differences in the Tfh cell response at early relative to later time 

points. Tfh cells were identified as PD-1hiCXCR5hi Bcl6hiCD4+T cells (Figure. 2A). The 

frequency of Tfh cells rapidly increased after infection, peaked between days 10 and 15, 

and remained relatively constant until day 60 (Figure. 2B). Similar results were obtained 

when we used a fluorochrome-labeled MHC Class II tetramer to identify bona fide influenza 

NP-specific Tfh cells (Figure. S2A). Thus, Tfh cells were present throughout the entire 

duration of the GC B cell response.

Importantly, IFNγ-producing Tfh cells were easily identified on day 10 after infection 

(Figure. 2C). At this time, nearly 40% of the Tfh cells were IFNγ+ (Figure. 2C). However, 

the frequency of IFNγ+Tfh cells sharply declined thereafter (Figure. 2C). Phenotypically, 

IFNγ+Tfh cells characteristically expressed high levels of CXCR3 (Figure. 2D). Thus, 

IFNγ+Tfh cells were abundant at the peak of the infection but relatively rare at later time 

points.

The observation that Tfh cells produce IFN-γ early after influenza infection is at odds with 

studies showing that Tfh cells secrete IL-4 in the context of viral infections 10,26,30. To 

better characterize the Tfh cell response to influenza, we infected IL-4-reporter B6.4get 

(B6.4get) mice with influenza and enumerated GFP/IL-4+ Tfh cells at different times after 

infection (Figure. 2E). In agreement with previous work 26,30, we identified GFP/IL-4+ cells 

within the Tfh cell subset at all time points analyzed (Figure. 2E). However, contrary to 

IFNγ+ Tfh cells, the frequency of GFP/IL-4+ Tfh cells was relatively low at the beginning 

of the infection and then significantly increased at later time points (days 30 and 60) 

(Figure. 2E). Whereas the IFNγ+ Tfh cells were CXCR3hi (Figure. 2D), the GFP/IL-4+ 

Tfh cells were preferentially CXCR3low (Figure. 2F). Altogether, these results indicate that 

influenza-specific Tfh cells can be separated into IFN-γ+CXCR3hi and IL-4+CXCR3lo cells. 

The relative frequency of these subsets, however, changes over time as the immune response 

progresses.

Correlating with the kinetics of IFNγ production, Tfh cells expressed high levels of T-

bet early after infection (Figure. 2G). Given that T-bet promotes IFNγ but inhibits IL-4 
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production 34,35, we next tested whether increased T-bet expression early after infection 

temporarily haltered the differentiation of IL-4+CXCR3lo Tfh cells. To test this possibility, 

we co-transferred congenically different WT-OTII-4get (CD45.1+CD45.2+) and Tbx21−/− 

OTII-4get (CD45.1−CD45.2+) cells into B6 (CD45.1+CD45.2) mice. One day later, the 

recipient mice were infected with a genetically modified strain of PR8 that expresses 

the OVA323–339 peptide (PR8-OTII) 36. Mice were analyzed on day 7 after infection, 

when IL-4+Tfh cells were normally scarce. WT and Tbx21−/− OTII-Tfh cells were easily 

distinguished from the host and each other based on the differential expression of CD45.1 

and CD45.2 (Figure. 2H). As expected, WT-OTII Tfh cells were T-bethiCXCR3hi (Figure. 

2I) and produced IFN-γ (Figure. 2J) but not IL-4 (Figure. 2K). In contrast, Tbx21−/−-OTII 

Tfh cells were T-betnegCXCR3lo (Figure. 2I) and produced IL-4 (Figure. 2K) but not IFN-

γ (Figure. 2J). Collectively, these results indicate that increased T-bet expression early 

after infection temporarily favors the differentiation of IFN-γ+Tfh cells at the expense of 

IL-4+Tfh cells. However, as the immune response resolves, T-bet expression progressively 

decreases, and IFN-γ production subsequently declines. As a result, the Tfh cell response 

switches from secreting IFN-γ early after infection to mainly producing IL-4 at later time 

points.

IFN-γ production by Tfh cells is required for lung BRM responses

We next considered the possibility that the production of IFNγ by Tfh cells early after 

infection was required for the lung-BRM response to influenza. To test this hypothesis, 

we made bone marrow (BM) chimeras in which Tfh cells were selectively WT or Ifng−/− 

(Figure. 3A). Briefly, we reconstituted irradiated Tcrb−/−Tcrd−/− mice with a 50:50 mixture 

of Bcl6fl/flCD4cre and B6.Ifng−/− BM (Tfh-Ifng−/− chimeras). Because Tfh cells cannot 

differentiate from B6.Bcl6fl/flCD4cre precursors, all the Tfh cells in the Tfh-Ifng−/− chimeras 

developed from the Ifng−/− donors. In contrast, non-Tfh cells were a mix of WT and Ifng−/− 

cells. As controls, Tcrb−/−Tcrd−/− mice received a 50:50 mixture of B6.Bcl6fl/flCD4cre and 

B6 BM (Tfh-100%WT chimeras) or B6 and B6.Ifng−/− BM (Tfh-50%WT chimeras). Two 

months after reconstitution, we infected the chimeras with influenza and analyzed the Tfh 

cell response. The frequency and number of Tfh cells were comparable in all groups (Figure. 

3B–C). As expected, however, Tfh cells failed to produce IFN-γ in the Tfh-Ifng−/− chimeras 

compared to Tfh-100%WT and Tfh-50%WT controls (Figure. 3D). In contrast, there were 

no differences in IFN-γ production within the non-Tfh cell compartment (Figure. 3E). 

We also found that the total NP-specific IgG titters were similar in all groups (Figure. 

S3A). However, corresponding with the lack of IFN-γ-producing Tfh cells, we observed 

a significant reduction in the NP-specific IgG2c Abs in the Tfh-Ifng−/− compared to the 

control chimeras (Figure. S3B). This result is consistent with a requirement for IFN-γ in 

IgG2c/a class switching. Collectively, these data show that Tfh cells normally accumulated 

but failed to produce IFN-γ in the Tfh-Ifng−/− compared to control chimeras.

We next enumerated NP-specific BRMs in the lungs. The frequency (Figure. 3F) and 

number (Figure. 3G) of NP-specific BRMs were dramatically reduced in the lungs of the 

Tfh-Ifng−/− chimeras compared to the control chimeras. Importantly, the lack of NP-specific 

BRMs was not due to the absence of GC B cells in the Tfh Ifng−/− chimeras, as the 

frequency of NP-specific GC B cells in the med-LN (Figure. S3C and Data not shown) 
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and lung (Figure. S3D and Data not shown) were similar in all groups at all time points 

analyzed. Thus, while dispensable for GC development, IFN-γ production by Tfh cells was 

required for the differentiation of class-switched influenza-specific BRMs.

Finally, we assessed the NP-specific memory B cell response in the med-LN (Figure. S3E–

F). While virtually absent from the lungs (Figure. 3F), class-switched NP+ B memory cells 

were easily identified in the med-LN of the Tfh-Ifng−/− and control chimeras (Figure. S3E). 

However, when separated into CXCR3+ and CXCR3− cells, CXCR3+class-switched NP+ 

memory B failed to accumulate in the Tfh-Ifng−/− relative to the control chimeras (Figure. 

S3E and F). In contrast, CXCR3− class-switched NP+ memory B cell similarly accrued in 

all groups (Figure. S3E and F). Thus, similar to lung-BRMs, CXCR3+class-switched NP+ 

memory B cell responses in the med-LN required IFN-γ production by Tfh cells.

Lack of lung-BRMs in the absence of IFN-γ-producing Tfh cells compromises protection 
after reinfection.

Lung-BRMs rapidly proliferate and differentiate into antibody-secreting cells (ASCs) after 

rechallenge, producing Abs that are critical for protection after reinfection with heterologous 

influenza viruses 1–5,7,10. To test whether the lack of NP-specific BRMs in the lungs of 

the Tfh-Ifng−/− affected the pulmonary B cell response after recall, we rechallenge our 

chimeric mice with A/HK-X31 (X31). Whereas the PR8 virus expresses H1N1 proteins, 

X31 expresses H3N2. Thus, antibodies elicited by a previous PR8 infection do not neutralize 

X31, allowing a productive infection after X31 rechallenge. However, the NP protein is 

conserved between the two viruses, enabling NP-specific BRMs generated after infection 

with PR8 to respond after the X31 rechallenge 1,7. Hence, 30 days after PR8 infection, 

we challenged the chimeric mice with X31, monitored weight loss, and enumerated NP-

specific ASCs by ELISPOT in the lungs on day 6 after rechallenge. Correlating with the 

lack NP-specific BRMs, the frequency of NP-specific ASCs in the lung was significantly 

decreased in the Tfh-IFN-γ−/− chimeras compared to the Tfh-100%WT and Tfh-50%WT 

controls (Figure. 3H). Furthermore, while all mice survive the infection, the Tfh-IFN-γ−/− 

chimeras lost more weight and showed a delayed recovery compared to the control groups 

(Figure. 3I). As a control, no differences in IFN-γ production within the CD4− cells were 

detected in the Tfh-Ifng−/− compared to the control chimeras (Figure. S3E), suggesting that 

global deficiency in IFN-γ production after rechallenge was not the likely cause of the lack 

of protection in the Tfh-Ifng−/− mice. Instead, our findings indicate that IFN-γ-producing 

Tfh cells are required to develop protective pulmonary BRM responses after heterosubtypic 

influenza infection.

Intrinsic IFNγ signaling is required for lung BRM differentiation

Our data suggest that IFN-γ is required for the generation of influenza-specific lung-

BRMs. Thus, we next tested whether the requirement for IFN-γ signaling in lung-BRM 

development was B cell intrinsic. To do this, we made WT/IfngR1−/− mixed-BM chimeras, 

infected them with influenza, and enumerated NP-specific BRMs in the lung. This approach 

allowed us to study WT (CD45.1+) and IfngR1−/− (CD45.2+) B cells responding to influenza 

in the same animal. The frequency of total class-switched memory B cells (Figure. 4A) and 

NP-specific BRMs (Figure. 4B) was significantly diminished in the IfngR1−/− compared to 
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the WT compartment at all time points analyzed. As a result, the WT to IfngR1−/− ratio 

of total and NP-specific class-switched BRMs was significantly increased compared to the 

ratio of naïve B cells (Figure. 4C). No differences were detected when we enumerated 

WT and IfngR1−/− class-switched GC B cells (Figure. S4A and B) and IgM+ memory B 

cells (Figure. S4C and D) in the lungs. However, similar to lung-BRMs, the frequency of 

CXCR3+class-switched NP+ memory B cells in the med-LN was significantly diminished in 

the IfngR1−/− compared to the WT compartment (Figure. S4E–F).

We next examined the WT and IfngR1−/− GC B cell response in the med-LN of the WT/

IfngR1−/− chimeras. We found a higher frequency of total (Figure. 4D) and NP-specific 

(Figure. 4E) GC B cells in the IfngR1−/− compared to the WT compartment at all time 

points analyzed. As a result, the WT to IfngR1−/− ratio of NP-specific GC B cells was 

significantly decreased compared to the ratio of naïve B cells (Figure. 4F). Thus, the 

scarcity of IfngR1−/− lung-BRMs was not due to the lack of GC B cells in the absence 

of IFNγ-STAT1 signaling. Altogether, these data indicate that, while dispensable for GC 

development, intrinsic IFNγ signaling in B cells was required for the differentiation of 

influenza-specific lung-BRMs after influenza virus infection.

STAT1 is required for optimal IFNγ signaling 37. To further confirm that IFNγ signaling 

was intrinsically required for lung-BRM development, we enumerated WT and Stat1−/− 

lung-BRMs in the lung of influenza-infected WT/Stat1−/− mixed-BM chimeras. Similar to 

IfngR1−/−, Stat1−/− NP-specific BRMs failed to accumulate compared to WT counterparts 

(Figure. 4G and H). Collectively, these results show that intrinsic IFNγ-STAT1 signaling 

in B cells is required for the development of influenza-specific lung-BRM responses after 

influenza virus infection.

IFNγ signaling skews GC B cells towards the BRM differentiation pathway

Studies indicate that lung-BRMs have a GC-dependent origin 1,4,8,10. Given that the lack 

of lung-BRMs in the absence of IFNγ cannot be explained by the concomitant absence 

of GC B cells (Figure. S3C and Figure. 4D–F), we next considered the possibility that 

IFNγ signaling promoted lung-BRM responses by skewing GC B cells towards the BRM 

differentiation pathway. To test this possibility, we first performed RNA-sequencing (RNA-

seq) to compare the transcriptome of WT and IfngR1−/− GC B cells sorted from the med-

LN of day 12 infected WT/IfngR1−/− BM chimeras. Principal component analysis (PCA) 

segregated WT and IfngR1−/− GC B cells into two separate clusters, showing that WT 

and IfngR1−/− GC B cells were transcriptionally different (Figure. 5A). In agreement, the 

expression of 140 genes were significantly increased in WT compared to IfngR1−/− GC B 

cells (Table S1). We will refer to this list of transcripts as the “GC IFNγ-induced program” 
(i.e., genes induced in GC B cells in response to IFNγ signaling).

Next, to identify transcripts differentially expressed in lung-BRMs relative to GC B cells, 

we infected B6 mice with influenza. On day 30 after infection, we sorted class-switched 

lung-BRMs from the lungs and paired GC B cells from the med-LN, and performed 

RNA-seq. We identified a total of 399 genes that were significantly increased in the lung-

BRMs compared to GC B cells (Table S2). We will refer to this list as the “memory B 
cell gene signature.” As expected, the expression of genes implicated in memory B cell 
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differentiation and survival 17, such as Zbtb32, Klf2, Hhex, Ski, or Bcl2, were increased 

in lung-BRMs relative to GC B cells (Figure. S5A). On the contrary, the expression of 

transcripts characteristically expressed by GC B cells 17,38, such as Aicda or Bcl6, were 

decreased in lung-BRMs compared to GC B cells (Figure. S5A). As predicted, previously 

published gene expression signatures of memory B cells were significantly enriched in the 

transcriptome of lung-BRMs relative to GC B cells counterparts (Figure. S5B). Thus, lung-

BRMs were bona fide memory B cells. Importantly, Gene Set Enrichment Analysis (GSEA) 

revealed that the “memory B cell gene signature” (Table S2) was significantly enriched 

in the WT relative to the IfngR1−/− GC B cell transcriptome (Figure. 5B). These results 

indicate that IFNγ signaling in GC B cells promotes the expression of a transcriptional 

program related to lung-BRMs.

To further confirm that the lung-BRM transcriptional program was initiated in GC B cells in 

response to IFNγ signaling, we sought to identify IFNγ-responding GC B cells. Additional 

analysis of the day 12 WT and IfngR1−/− GC B cell transcriptomes revealed that Cxcr3 was 

highly expressed in WT compared to IfngR1−/− GC B cells (Figure. 5C). In agreement with 

the transcriptional data, a fraction of the WT but not the IfngR1−/− GC B cells expressed 

CXCR3 early after infection (Figure. 5D). Similar results were obtained when we analyzed 

CXCR3 expression in WT and Stat1−/− GC B cells in the WT/IfngR1−/− chimeras (Figure. 

S5C). These results demonstrate that CXCR3 is expressed in GC B cells in response to 

IFNγ signaling. Thus, CXCR3 expression identifies a population of IFNγ-responding GC B 

cells.

To further characterize the CXCR3hiGC B cell subset, we sorted class-switched CXCR3hi 

and CXCR3lo GC B cells from day 12 infected B6 mice and performed RNA-seq. As 

predicted, the “GC IFNγ-induced program” (Table S1) was enriched in CXCR3hi compared 

to CXCR3loGC B cells (Figure. 5E), which is consistent with the notion that CXCR3hiGC 

B cells were IFNγ-responding GC B cells. Importantly, the expression of the “memory 
B cell gene signature” (Figure. 5F) and a previously published lung-BRM transcriptional 

signature4 were also significantly increased in CXCR3hi relative to CXCR3lo GC B cells 

(Figure. 5G). These data further support the conclusion that the lung-BRM transcriptional 

program is initiated in GC B cells in response to IFNγ signaling.

Finally, we used Ingenuity Pathway Analysis (IPA) to identify upstream regulators of the 

memory B cell gene signature. IPA ranked IFNγ as the second highest upstream regulator of 

the memory B cell gene signature (Figure. 5H). Corresponding with the IPA prediction, the 

IFNγ response signaling pathway 39 was one of the top three significantly enriched mSigDB 

Hallmark pathways in lung-BRM compared to the GC B cell transcriptome (Figure. 5I and 

J) 40. Similarly, the “GC IFNγ-induced program” (Table S1) was significantly enriched 

in the lung-BRMs compared to GC B cells counterparts (Figure. 5K). Collectively, these 

results indicate that IFNγ signaling skews the GC B cell transcriptional program towards the 

lung-BRM differentiation pathway.

IFNγ signaling is required for the differentiation of CXCR3+pre-MEMs

GC B cells poised to become memory express a characteristic pre-memory precursor 

(pre-MEM) transcriptional program 18–21. Previously published pre-MEM transcriptional 
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signatures 18,21 were significantly increased in the WT relative to the IfngR1−/− GC B 

cells (Figure. 6A). We also found that the pre-MEM signatures were enriched in the IFNγ-

responding CXCR3hi GC B cells compared to CXCR3lo GC B cells (Figure. 6B).

Studies show that pre-MEMs are CD38+CCR6+CXCR4lo GC B cells 18–21. Class-switched 

GC B cells with a pre-MEM-like phenotype were easily identified in B6 mice early after 

infection (Figure. 6C). The frequency (Figure. 6D) and number (Figure. 6E) of pre-MEMs 

progressively declined after day 10. Further phenotypic characterization revealed that pre-

MEM cell could be separated into CXCR3lo and CXCR3hi cells, being the majority (70%) 

CXCR3hipre-MEMs (Figure. 6F). Importantly, in a reverse analysis, we found that, when 

gated on CXCR3lo and CXCR3hiGC B cells, only 5% of the CXCR3loGC B cells had 

a pre-MEM phenotype (Figure. S6A). In contrast, nearly 60% of the IFNγ-responding 

CXCR3hiGC B cells were pre-MEMs, thereby explaining the enrichment of the pre-MEM 

signatures in the CXCR3hi relative to the CXCR3lo GC B cell transcriptome (Figure. 6B). 

These results indicate that pre-MEMs were easily identified after influenza infection and 

could be divided into CXCR3lo and CXCR3hi cells.

To investigate whether IFN-γ signaling affected the differentiation of pre-MEMs, we 

enumerated pre-MEM cells in our WT/ IfngR1−/− BM chimeras. The frequency of pre-

MEMs was significantly reduced in the IfngR1−/− compared to the WT GC B cell 

compartment (Figure. 6G). As a result, the WT to IfngR1−/− ratio of pre-MEMs was 

significantly increased compared to the ratio of naïve B cells (Figure. 6H). Similar results 

were obtained when we enumerated NP-specific pre-MEMs (Figure. S6B). Importantly, 

the lack pre-MEMs in the IfngR1−/− GC B cell compartment was due to the lack of 

CXCR3hipre-MEMs, as WT and IfngR1−/− CXCR3lo pre-MEMs similarly accumulated 

(Figure. 6I). Similar results were obtained when we enumerated WT and Stat1−/− pre-

MEM-like cells in our WT/Stat1−/− BM chimeras (Figure. S6C–E). These data suggest 

that CXCR3hiexpression identifies a population of pre-MEM cells that are generated in 

response to IFNγ-STAT1 signaling, likely representing a population of GC-derived lung-

BRM precursors.

T-bet expression in response to IFNγ is required for CXCR3+pre-MEMs and lung-BRM 
differentiation

Further analysis of the WT and IfngR1−/− GC B cell transcriptomes revealed that Tbx21 
(the gene encoding T-bet) was highly expressed in WT compared to IfngR1−/− GC B cells 

(Figure. 7A). In agreement with the transcriptional differences, IfngR1−/− GC B cells failed 

to express T-bet compared to WT GC B cells (Figure.7B). These results indicate that T-bet 

was expressed in GC B cells in response to IFNγ at the peak of the infection. However, as 

the immune response progresses, T-bet expression progressively decreased (Figure. 7C).

We next examined T-bet expression in pre-MEMs. We found that CXCR3hipre-MEMs 

expressed high levels of T-bet compared to CXCR3lopre-MEMs and conventional GC B 

cells (Figure. 7D). To test whether T-bet was required for the differentiation of pre-MEMs, 

we infected WT and Tbx21−/− mice with influenza, and enumerated pre-MEMs on day 10 

after infection (Figure. 7E and F). The frequency (Figure. S7A) and number (Figure. S7B) 

of total GC B cells were similar in both groups. However, the frequency of GC B cells 
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with a pre-MEM phenotype was significantly reduced in the Tbx21−/− compared to control 

mice (Figure. 7E). Importantly, when separated into CXCR3lo and CXCR3hi pre-MEMs, 

we found no differences in the number of CXCR3lopre-MEMs (Figure. 7F). In contrast, 

CXCR3hipre-MEMs failed to accumulate in Tbx21−/− compared to WT mice (Figure. 7F). 

These results indicate that T-bet expression was required for the normal CXCR3hi pre-MEM 

responses.

Finally, to test whether the lack of CXCR3hipre-MEMs in Tbx21−/− GC B cells correlated 

with defects in the influenza-specific lung-BRM response, we enumerated NP-specific 

BRMs in the lung of influenza-infected WT/Tbx21−/− BM chimeras. The frequency of 

NP-specific BRMs was significantly decreased in the Tbx21−/− compared to the WT 

compartment at all time points after infection (Figure. 7G and Data not shown). Thus, 

the WT to Tbx21−/− ratio of total and NP-specific class-switched BRMs was significantly 

increased compared to the ratio of naïve B cells (Figure. 7H). Altogether, these results 

indicate that T-bet expression in GC B cells in response to IFNγ signaling is required for the 

differentiation of CXCR3hipre-MEMs and the subsequent development of influenza-specific 

lung-BRM cell responses.

DISCUSSION

Studies indicate that lung-BRMs derive from the GC developing in the secondary lymphoid 

organs 1,4,8,10. However, the mechanisms that control lung-BRM responses are unknown. 

We show here that intrinsic IFN-γ signaling in GC B cells was required for the development 

of lung-BRMs after influenza virus infection. As such, when B cells were unable to 

respond to IFN-γ, the influenza-specific BRM response was significantly reduced. IFN-

γ was provided to GC B cells by Tfh cells. Correspondently, in the absence of IFN-γ-

producing Tfh cells, lung-BRMs were not generated, and lung-BRM-mediated protection 

after heterologous re-challenge was compromised. Thus, our results identify IFN-γ as 

a critical regulator of lung-BRM differentiation and demonstrate that IFN-γ-producing 

Tfh cells are essential for generating protective lung-BRM responses after influenza virus 

infection.

The lack of lung-BRMs cannot be attributed to the lack of GC B cells, as GC B cells largely 

accrue in the med-LN without IFN-γ signaling. Instead, our findings suggest a model where 

the generation of lung-BRMs is impaired in the absence of IFN-γ signaling due to the 

lack CXCR3+pre-MEMs in the med-LN. Mechanistically, intrinsic IFN-γ-STAT1 signaling 

in GC B cells promotes T-bet expression, which is necessary for the differentiation of 

CXCR3+pre-MEMs. Subsequently, CXCR3+pre-MEMs differentiate into CXCR3+memory 

B cells, which egress the med-LN and home to the lung to become lung-BRMs. In this 

proposed model, CXCR3+ memory B cells in the med-LN are the precursors of lung-BRMs. 

However, it is also plausible that CXCR3+ memory B cells and lung-BRMs represent two 

distinct subsets that originate from CXCR3+ pre-MEM precursors independently of each 

other. Regardless of the developmental relationship between CXCR3+ memory B cells and 

lung-BRMs, our data indicate that the absence of CXCR3+ pre-MEMs is the fundamental 

cause underlying the impaired lung-BRM response observed in the absence of IFN-γ 
signaling.
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The differentiation of IFN-γ-producing Tfh cells depended on T-bet, which promoted IFN-γ 
production while hindering IL-4 secretion. However, T-bet expression in Tfh cells was 

transient. Thus, as the inflammation subsided, T-bet expression gradually diminished, and 

Tfh cells progressively switched from secreting IFN-γ to secreting IL-4. Previous studies 1,4 

and our research demonstrate that lung-BRMs are preferentially generated within the initial 

three weeks of infection. The transient nature of the IFN-γ-producing Tfh cell response 

provides a plausible explanation for the temporality of lung-BRM differentiation. We 

propose that the interaction between GC B cells and IFN-γ-producing Tfh cells transiently 

skews the responding GC B cells toward the CXCR3+pre-MEM differentiation pathway, 

thus facilitating lung-BRM formation early after infection. However, as Tfh cells cease IFN-

γ production and begin to secrete IL-4, GC B cells fail to initiate the CXCR3+pre-MEM 

program, resulting in a gradual decline of lung-BRM progenitors and the stabilization of the 

GC fate. In this model, T-bet is a critical regulator that controls a time-dependent switch in 

Tfh cell functionality and fine-tunes the output of the GC response throughout the infection.

CXCR3 is required for the migration of NK cells and T cells to the lung 41. Since CXCR3 

is expressed in response to IFN-γ, one possible explanation for the impaired lung-BRM 

responses in the absence of IFN-γ signaling could be the inability of lung-BRM precursors 

to migrate to the lung due to the lack of CXCR3. However, previous studies demonstrate 

that CXCR3 is dispensable for lung-BRM responses 4,9. Hence, the absence of CXCR3 

expression in lung-BRM precursors is unlikely to be the primary mechanism responsible 

for the lack of lung-BRMs when IFN-γ signaling is absent. Instead, our data suggest that 

CXCR3 identifies a transcriptionally distinct population of pre-MEMs that are generated in 

response to IFN-γ and are the precursors of lung-BRMs.

T-bet physically associates with Bcl6 leading to the formation of T-bet-Bcl6 complexes that 

direct Bcl6 to a different set of promoters in T cells, resulting in different transcriptional 

patterns depending on the relative abundance of these two transcription factors 42. The 

molecular mechanism by which the IFN-γ-STAT1-T-bet axis promotes lung-BRM responses 

remains to be elucidated. One possibility is that, similar to T cells, the induction of T-bet 

expression in GC B cells in response to IFN-γ alters the transcriptional output of Bcl6, 

thereby influencing GC B cell fate at multiple levels. For example, positioning of memory 

B cell precursors in the periphery of the light zone, away from the follicular dendritic 

cell network, contributes to memory B cell differentiation by limiting the amount of Tfh 

cell help received, a prerequisite for Bcl6 downregulation and memory formation 18–20,43. 

The location of GC B cells at the GC border depends on the expression of sphingosine 

1-phosphate receptor 1 (S1PR1), which is also required for LN egress 44. Bcl6 inhibits 

S1PR1 expression and promotes the expression of S1PR2, restricting the positioning of GC 

B cells at the GC border 45. In contrast, STAT1 is a positive regulator of S1PR146. Thus, by 

antagonizing Bcl6-mediated inhibition of S1PR1 expression, the IFN-γ-STAT1-T-bet axis 

may license the positioning of CXCR3+pre-MENs in specialized LN microenvironments 

prone to memory B cell differentiation and LN egress. Additionally, STAT1 may further 

contribute to biasing the GC B cell response towards the memory differentiation pathway 

by promoting cell cycle arrest, which is necessary for memory B cell formation 47. All 

these possibilities are consistent with the idea that limiting Bcl6 activity is a prerequisite for 

memory formation 20,43.
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In contrast to IFN-γ, IL-4 signaling supports Bcl6 expression and GC maintenance 48, 

while inhibiting the differentiation of pre-MEMs 49. Thus, an additional non-mutually 

excluding possibility is that IFN-γ-STAT1 signaling contributes to lung-BRM differentiation 

by counteracting the inhibitory effects of IL-4 signaling in memory B cell formation. We 

propose a division of labor model in which, while IFN-γ signaling promotes memory 

B cell development at the expense of GC maintenance, IL-4 favors the continuation of 

the GC fate, hindering memory B cell formation. Consequently, in the absence of IFN-γ 
signaling, GC B cells continue their GC fate and accumulate in the med-LN. However, these 

possibilities are speculative and further studies are required to elucidate the precise role of 

IFN-γ-STAT1-T-bet signaling in the differentiation of memory B cell precursors and the 

development of lung-BRMs.

IL-9 is required for the development of pre-MEMs and can activate STAT121. It will be 

important to determine whether, in addition to IFN-γ, IL-9 and other STAT1-activating 

cytokines influence lung-BRM responses. Given that different pathogens, adjuvants, 

or allergens are likely to prime diverse populations of cytokine-producing Tfh cells, 

understanding the relative contribution and importance of varying STAT1-activating 

cytokines in the generation of lung-BRM responses will require further research using 

different models of infection or immunization.

In summary, our data evidence a critical role for IFN-γ-producing Tfh cells in generating 

lung-BRM responses and provide new insights into the mechanisms that fine-tune GC B cell 

fate decisions after influenza virus infection. This knowledge is essential for designing new 

vaccine strategies tailored to elicit potent lung-BRM responses, which have the potential to 

generate enhanced cross-protection to escape variants.

LIMITATIONS OF THE STUDY

In this study, we show that IFN-γ-production by Tfh cells is critically required for 

the differentiation of lung-BRM cells after influenza infection. Collectively our data 

demonstrate an essential function of Tfh cells in establishing pulmonary immunity 

and identifies IFN-γ as a critical regulator of lung-BRM differentiation. However, the 

precise molecular mechanism by which the IFN-γ-STAT1-T-bet axes regulated lung-BRM 

differentiation remains undefined. Future work will also be needed to determine whether 

IFN-γ signaling is also required for differentiating BRM residing in tissues other than the 

lungs. Similarly, further studies are necessary to better characterize the IFN-γ-producing Tfh 

cells. For example, given that IFN-γ-producing Tfh cells express high levels of CXCR3, 

they are likely to localize in different GC microenvironments compared to CXCR3lo Tfh 

cells. Finally, in this study, we primarily focused on the role of IFN-γ-producing Tfh cells 

in regulating lung-BRM differentiation. Thus, the exact role of IL-4-producing Tfh was not 

determined.
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STAR ★METHODS

RESOURCE AVAILABILITY

Lead contact.—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Andre Ballesteros-Tato 

(andreballesterostato@uabmc.edu).

Materials availability—Unique reagents and non-commercially available mice generated 

in this study will be made available upon request, subject to availability and completion of a 

materials transfer agreement.

Data and code availability.—The datasets generated for this publication have been 

deposited in NCBI’s Gene Expression Omnibus and are accessible through GEO Series 

accession numbers GSE208322. Additional information and scripts for data processing 

and analysis of RNA sequencing reported in this paper are available on GitHub (https://

github.com/afr-uab/Arroyo2023).

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice.—C57BL/6 (B6), B6.SJL-Ptprca Pepcb/BoyJ (B6.CD45.1), B6.129P2-

Tcrβtm1MomTcrδtm1Mom (Tcrb−/−Tcrd−/−),C57BL/6-Tg(TcraTcrb)425Cbn/J (OTII), 

B6.129S6-Tbx21tm1Glm/J (B6. Tbx21−/−), B6.129S7-Ifngr1tm1Agt/J (Ifngr1−/−), 

B6.129P2-Cxcr3tm1Dgen/J, B6.129S7-Ifngtm1Ts/J (Ifng−/−), B6.129S(Cg)-Stat1tm1Dlv/J 

(Stat1−/−), and Tg(Cd4-cre)1Cwi/BfluJ (Cd4-cre) were originally purchased obtained from 

The Jackson Laboratories. B6.Bcl6fl/fl mice 50 were originally obtained from Dr. Changchun 

Xiao, Scripps Research Institute and crossed to CD4-cre mice to generate Tfh-deficient 

(B6.Bcl6fl/fl/Cd4cre/+) mice. B6.4get mice were originally obtained from Dr. M. Mohrs 

(Trudeau Institute). OTII mice were crossed to B6. Tbx21−/− and B6.4get to obtain 

Tbx21−/− OTII-4get mice (CD45.1−CD45.2+). OTII mice were crossed to B6.CD45.1and 

B6.4get mice to generate WT-OTII-4get (CD45.1+CD45.2+) mice. All mice were bred 

in the University of Alabama at Birmingham (UAB) animal facility. Experiments were 

equally performed with eight-week-old male and female mice. All experimental procedures 

involving animals were approved by the UAB Institutional Animal Care and Use Committee 

and were performed according to guidelines outlined by the National Research Council.

METHOD DETAILS

Infections—Primary influenza virus infections were performed intranasally (i.n) with 

9,750 viral focal units (VFU) of A/PR8/34 (PR8) 51administered in 100μl of PBS or with 

500 VFU of PR8-OTII 52 influenza virus in 100μl of PBS. Secondary infections were 

performed with 125,000VFU of X31 influenza virus administered in 100μl of PBS 51.

BM chimeras—BM chimeric mice were generated by irradiating the indicated recipient 

mice with 950 Rads from an X-ray source delivered in two equal doses of 475 Rads 

administered 4-5 hours apart. Following irradiation, mice were intravenously injected with 

5 × 106 cells of the indicated mix of BM cells. Mice were allowed to reconstitute for 

8-10 weeks before infection. The normalized ratios of the indicated target populations were 
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calculated by dividing the CD45.1+ to CD45.2+ ratio of the target cells by the CD45.1+ to 

CD45.2+ ratio of naïve B cells.

Adoptive transfers and in vivo treatments—In some experiments, mice were 

intraperitoneally treated with 250 μg anti-CD154 (MR-1) obtained from BioXcell. For the 

adoptive transfer experiments, CD4+ OTII cells were purified from the spleens of naïve WT-

OTII-4get (CD45.1+CD45.2+) and Tbx21−/− OTII-4get mice (CD45.1−CD45.2+) by positive 

selection with the EasySep™ CD4+ positive selection kit (STEMCELL Technologies). 

Purified OTII cells (2.5× 104) were transferred i.v into B6.CD45.1+ mice. One day later, 

the recipient mice were infected with PR8-OTII influenza virus.

Cell preparation and flow cytometry.—Lungs were harvested and cut into small 

fragments. The ensuing tissue was digested for 40 min at 37°C with 0.6 mg/ml collagenase 

A (Sigma) and 30 μg/ml DNAse I (Sigma) in RPMI-1640 medium (GIBCO). Digested 

lungs, LNs, and spleens were mechanically disrupted to obtained single cell suspensions. 

Lung red blood cells were lysed with 150 mM NH4Cl, 10 mM KHCO3 and 0.1 mM 

EDTA for 5 minutes. Cells were washed and then filtered through a 70 μm nylon strainer. 

Cells were resuspended and stained with fluorochrome-conjugated antibodies diluted in 

PBS with 2% donor calf serum. Biotin-conjugated primary antibodies were detected with 

fluorochrome-labeled streptavidin from BD Biosciences. Dead cell exclusion was performed 

using 7-AAD (Calbiochem). Intracellular staining for cytokines was performed using BD 

Cytofix/Cytoperm™ Fixation and Permeabilization Solution (BD Biosciences) following the 

manufacturer’s instructions. Intracellular staining for transcription factors was performed 

using the mouse regulatory T cell staining kit (eBioscience). Flow cytometry was performed 

using an Attune NxT Flow Cytometer (ThermoFischer Scientific). The NP-specific B cell 

tetramers were prepared as previously described 1,53. The IA bNP311-325 MHC class II 

tetramer was obtained from the NIH Tetramer Core Facility. The specific fluorochrome-

conjugated antibodies used for this work are listed in the key resource table.

ELISPOT—For ELISPOT assays, multiscreen 96 well plates (MAHAS4510, Millipore) 

were coated with 10ug of purified NP antigen in PBS overnight at 4 °C. Plates were washed 

with PBS and blocked with complete medium (RPMI supplemented with 10% fetal bovine 

serum (FBS), 0.5% Penicillin (100X), 0.5% streptomycin (100X), 1% glutamine (200 mM), 

1% sodium pyruvate (100 mM), 1% HEPES pH7.4 (1 M), 0.15% sodium bicarbonate, 1.2% 

amino acids (50X ), 1.2% non-essential amino acids (100X ), 1.2% vitamins (100X ), 0.7% 

glucose, 0.1% 2-mercaptoethanol (1000X, 55 mM). Lung single-cell suspensions prepared 

as described above were washed, diluted in complete medium and cultured on coated 

plates. After 5 hours, the wells were washed with PBS containing 0.5% BSA and 0.05% 

Tween 20, and IgG was detected using alkaline phosphatase-conjugated goat anti-mouse IgG 

(Jackson immunoresearch). Plates were washed with 0.2% Tween 20 in PBS and developed 

with BCIP/NBT (Moss Substrates). Spots were recorded using a CTL Immunospot S6 

Macroplate Imager Reader (New Life Scientific) and counted manually.

ELISAs.—96-well plates (Corning Clear Polystyrene 96-Well Microplates) were coated 

overnight with recombinant NP protein at 1 μg/ml in 0.05 M Na2CO3 pH 9.6. Coated 
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plates were then blocked for 1 h with 1% BSA in PBS. Serum from infected mice was 

collected and serially diluted (threefold) in PBS with 10 mg/ml BSA and 0.1% Tween 

20 before incubation on coated plates. After washing, bound antibody was detected with 

HRP-conjugated goat Anti-Mouse IgG and IgG2c (Southern Biotech) and quantified by 

spectrophotometry at 405 nm (OD).

RNA Sequencing—Lung-BRMs (CD38+IgD−IgM−CXCR3+CD19+CD138− FAS−) from 

the lungs and class-switched GC B cells (CD38−IgD−IgM− CD19+CD138− FAS+) 

from the med-LN were sorted from day 30 infected B6 after positive selection 

with anti-CD19 MACS beads (Miltenyi Biotec). WT and IfngR1−/− GC were 

sorted from the med-LN of day 12 infected WT/IfngR1−/− mixed-bone marrow 

chimeras. CXCR3hi (IgD−IgM−CD19+CD138−FAS+CXCR3+) and CXCR3lo (IgD−IgM− 

CD19+CD138− FAS+CXCR3−) GC B cells were sorted from the med-LN of day 12 infected 

B6 mice. All sorting experiments were performed using a FACSAria™ (BD Biosciences) 

sorter in the University of Alabama at Birmingham Flow Cytometry core. All sorted 

populations were more than 95% pure as determined by flow cytometry. RNA was isolated 

from the sorted cells using the Norgen Single Cell RNA Purification Kit (Norgen Biotek). 

Three replicates from three independent experiments for each condition were analyzed with 

RNA-seq.

Primary Analysis—Library preparation and RNA sequencing was conducted 

through Genewiz. Libraries were sequenced using a 1x50bp single end rapid run 

on the HiSeq2500 platform. The quality of raw sequence fastq-formatted files 

was assessed using fastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc). 

Sequences were trimmed using Trim Galore using phred33 scores (version 0.4.4, 

http://www.bioinformatics.babraham.ac.uk/projects/trim_galore), the paired setting and 

the nextera adapter option. Trimmed sequences were aligned with STAR aligner 54 

(version 2.5.2a) using mouse GRCm39 genome (https://support.illumina.com/sequencing/

sequencing_software/igenome.html) and default settings. The STAR genome was 

constructed using the GRCm39 annotation file and sjdbOverhang = 100 as recommended in 

the documentation. Aligned reads were counted with HTseq-count (version 0.6.1p1) 55 set 

for un-stranded and using the GRCm39 genes.gtf annotation file.

Downstream Analysis—The R package edgeR 56 was used to assess differential 

expression between pairs of groups and to generate gene-by-sample matrices for both 

RPKM and counts per million (CPM). Genes were considered for further analysis if their 

CPM were above 1 for at least three samples. Because sorted pared populations were derived 

from the same mouse per replicate, we used a paired model for the indicated comparisons. 

Additional downstream analysis and visualization (principal components, clustered heat 

maps, volcano plots) was performed using custom Matlab (The Mathworks Inc., Natick MA, 

USA) scripts (https://github.com/afr-uab/Jenkins2021). Comparison of our data to published 

data sets was accomplished using Gene Set Enrichment Analysis (GSEA) 40. Identification 

of enriched functions based on differentially expressed genes was performed using Ingenuity 

Pathway Analysis (Ingenuity Pathway Analysis, Qiagen, Redwood City CA, USA) 57. 
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Genes for GSEA were ranked by −log10(p-value) times the sign of the fold change for the 

indicated comparisons.

QUANTIFICATION AND STATISTICAL ANALYSIS

All plots and histograms were plotted in FlowJo v.9 software (Treestar). GraphPad Prism 

(Version 10) was used for data analysis. The statistical significance of differences in mean 

values was determined using two-tailed Student’s t test or one-way ANOVA with post-hoc 

Tukey’s multiple comparison test. P values of less than 0.05 were considered statistically 

significant. *P < 0.05, **P < 0.01, ***P < 0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

B6.Bcl6fl/flCd4cre/+ mice lack lung-resident memory B cells (BRMs)

Lung-BRMs fail to differentiate in bone marrow chimeras in which Tfh cells are Ifng−/

IfngR1−/−, Tbx21−/− and Stat1−/− B cells fail to differentiate into lung-BRMs

T-bet expression in GC B cells is required for the development of lung-BRM precursors
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Figure 1. Lung-BRM cells require Tfh help early after influenza infection.
(A-C) B6 mice were infected with PR8. (A) Gating strategy for the identification 

of NP-specific BRMs in the lungs on day 30. Frequency (B) and number (C) of 

NP-specific BRMs in the lungs at the indicated time points. Representative plots 

gated on CD19+CD38+CD138− B cells are shown. Data are representative of four 

independent experiments (n=5 mice/time point). (D) PR8-infected B6 mice were treated 

with fluorochrome-labeled anti-CD45 antibody 5 minutes before euthanasia on day 30. 

Frequency of CD45+ and CD45− cells within the class-switched NP-specific lung-BRMs. 
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Data are representative of four independent experiments (n=5 mice/time point). Frequency 

(E) and number (F) of NP-specific BRMs in the lung of PR8-infected control and Tfh−/− 

mice 30 days after infection. Data are representative of three independent experiments. (n=5 

mice/time point) P value was determined using a two-tailed Student’s t-test. (G and H) 
PR8-infected mice were treated with 250 μg of anti-CD40L antibody between day 0 and day 

21 or between day 30 and day 51. Frequency (G) and number (H) of NP-specific BRMs 

in the lung on day 55. Data are representative of three independent experiments (n=5 mice/

time point). P values were determined by one-way ANOVA with a post-hoc Kruskal–Wallis 

comparison test. All data shown as the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001; ns, 

not significant.
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Figure 2. Tfh cells transiently produce IFNγ after influenza infection.
(A-D) Cells from the med-LN of PR8-infected B6 mice were analyzed (A) Tfh cells on 

day 15 after infection. (B) Frequency of Tfh cells at the indicated time points. Plots were 

gated on CD4+CD19− T cells. (C) Frequency of IFNγ+ cells within the Tfh cells after 

in vitro re-stimulation (D) Expression of CXCR3 and IFNγ in Tfh cells on day 15 after 

infection. Data are representative of three independent experiments (n=5 mice/time point). 

(E-F) B6.4get mice were infected with PR8. (E) Frequency of IL-4/GFP+ cells within 

the Tfh cells. (F) Expression of CXCR3 and IL-4/GFP in Tfh cells on day 15. Data are 

representative of three independent experiments (n=5 mice/time point). (G) T-bet expression 

in naïve CD4+ T cells, total Tfh cells, NP-specific Tfh cells, and NP-specific Teff cells. 

Data are representative of three independent experiments (n=5 mice/time point). (H-K) WT 

(CD45.1+CD45.2+) and Tbx21−/− (CD45.1−CD45.2+) OTII-4get cells were transferred into 

B6 mice (CD45.1+CD45.2−). Recipient mice were infected with PR8-OTII, and cells from 

the med-LN were analyzed on day 7. (H) Frequency of WT and Tbx21−/− donors with a 

Tfh phenotype. (I) T-bet and CXCR3 expression in WT and Tbx21−/−Tfh cells. Frequency 
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of IFNγ+ (J) and IL-4/GFP+ cells (K) within the WT and Tbx21−/−Tfh cells. Data are 

representative of three independent experiments (n=4 mice).
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Figure 3. IFNγ-producing Tfh cells are required for influenza-specific lung-BRM responses.
(A) Diagram showing the Tfh-WT, Tfh- Ifng−/−, and Tfh-50%WT BM chimeras design. 

Frequency (B) and number (C) of Tfh cells in the med-LN on day 12 after PR8 infection. 

Frequency of IFNγ+ cells within the Tfh cells (D) and non-Tfh cells (E) on day 12 

after infection. Data are representative of three independent experiments (n=5 mice/group). 

Frequency (F) and number (G) of class-switched NP-specific BRMs in the lungs on day 

60 after infection. Data were pooled from two independent experiments (n=10 mice/group). 

Data are representative of four independent experiments. (H and I) The chimeric mice were 
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infected with PR8 and challenged with X31 on day 30. (H) IgG NP-specific ELISPOTs in 

the lungs on day 6 after rechallenge. Data were pooled from two independent experiments 

(n=10-12 mice/group). (I) Body weight loss after rechallenge (n=5-6 mice). Data are 

representative of two independent experiments. All P values were determined by one-way 

ANOVA with a post- hoc Kruskal–Wallis comparison test. Data shown as the mean ± SD. *p 

< 0.05, **p < 0.01, ***p < 0.001; ns, not significant.
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Figure 4. Intrinsic IFNγ/STAT1 signaling is required for the differentiation of lung-BRMs.
(A-F) WT/IfngR1−/− BM chimeras were infected with PR8. Frequency of class-switched 

memory B cells (A) and NP-specific lung BRMs (B) within the B6 and IfngR1−/− 

compartments in the lungs. P values were determined using a two-tailed Student´s t-test. (C) 
Ratio of B6 to IfngR1−/− naïve B cells (naïve), class-switched memory B cells (CS MBCs), 

and NP-specific BRMs. P values were determined by one-way ANOVA with a post-hoc 

Kruskal–Wallis comparison test. Frequency of total (D) and NP-specific GC B cells (E) 
within the B6 and IfngR1−/− compartments in the med-LN. P values were determined using 

a two-tailed Student´s t-test. (F) Ratio of B6 to IfngR1−/− naïve B cells, total GC B cells, 

and NP-specific GC B cells. P values were determined by one-way ANOVA with a post-hoc 
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Kruskal–Wallis comparison test. Data are representative of three independent experiments 

(n=5-6 mice). (G-H) WT/ Stat1−/− BM chimeras were infected with PR8 and B cells from 

the lungs were analyzed on day 50.(G) Frequencies of NP-specific BRMs within the B6 and 

Stat1−/− compartments. Ratio of B6 to Stat1−/− naïve B cells and NP-specific BRMs. Data 

are representative of three independent experiments (n=5 mice). P values were determined 

using a two-tailed Student´s t-test.

Arroyo-Díaz et al. Page 30

Immunity. Author manuscript; available in PMC 2024 October 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Intrinsic IFNγ signaling initiates the lung-BRM differentiation program in GC B cells.
(A-C) WT and IfngR1−/− GC B cells were sorted from WT/IfngR1−/− BM chimeras on 

day 12 after PR8 infection, and RNA-seq was performed. (A) PCA of normalized gene 

expression in WT and IfngR1−/− GC B cells (B) GSEA for the memory B cell gene 
signature (Table S2) in WT vs. IfngR1−/− GC B cells. (C) Volcano plot highlighting genes 

differentially expressed in WT vs. IfngR1−/− GC B cells. Three replicates for each cell type 

were obtained from three independent experiments. (D) Frequency of CXCR3hi cells within 

WT and IfngR1−/− GC B cells from PR8-infected WT/IfngR1−/− BM chimeras on day 12 

after infection. Data are representative of three independent experiments (n=5-6 mice/time 

point). P values were determined using a two-tailed Student’s t-test. *p < 0.05, **p < 0.01, 

***p < 0.001; ns, not significant. (E-F) CXCR3hi and CXCR3hi GC B cells were sorted 

from the med-LN of day 12 PR8-infected B6 mice, and RNA-seq was performed. GSEA for 

the GC IFNγ-induced program (Table S1) (E), the memory B cell gene signature (Table S2) 

(F), and the lung-BRM gene signature 4 (G) in CXCR3hi vs CXCR3hi GC B cells. Three 

replicates for each cell type were obtained from three independent experiments. (H-K) 
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Class-switched GC B cells from the med-LN of PR8-infected B6 mice and paired lung-

BRMs (CXCR3+class-swicthed memory B cells) were sorted on day 30 and RNA-seq was 

performed. (H) IPA showing the activation Z-score for the top -ranked upstream regulators 

in BRM vs. GC B cells. (I) Top hallmark pathways significantly enriched in the BRM 

transcriptome. GSEA for the hallmark IFNγ signatures (J) and the IFNγ-induced program 
(Table S1) in BRM vs. GC B cells. Three replicates for each cell type were obtained from 

three independent experiments.
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Figure 6. Intrinsic IFNγ signaling is required for the differentiation of pre-MEMs.
(A) WT and IfngR1−/− GC B cells were sorted from WT/IfngR1−/− BM chimeras on day 12 

after PR8 infection and RNA-seq was performed. GSEA for the indicated pre-MEM gene 

signatures in WT vs. IfngR1−/− GC B cells. Three replicates for each cell type were obtained 

from three independent experiments. (B) CXCR3hi and CXCR3hi GC B cells were sorted 

from day 12 PR8-infected B6 mice and RNA-seq was performed. GSEA for the indicated 

pre-MEM gene signatures in CXCR3hi vs. CXCR3hi GC B cells. Three replicates for each 

cell type were obtained from three independent experiments. (C-F) B6 were infected with 

PR8. (C) Gating strategy for the identification of pre-MEMs. Frequency (D) and number 

(E) of pre-MEMs in the med-LN. (F) Expression of CXCR3 in pre-MEMs on day 10. Plots 

gated on CD19+CD138−IgD−IgM−FAS+ GC are shown. Data are representative of three 

independent experiments (n=5 mice/time point). (G) Frequency of pre-MEMs within B6 

and IfngR1−/− GC B cells from the med-LN of day 10 PR8-infected WT/IfngR1−/− BM 

chimeras. (H) Ratio of B6 to IfngR1−/− pre-MEMs. (I) Ratio of B6 to IfngR1−/− CXCR3+ 

and CXCR3− pre-MEMs. Data are representative of three independent experiments (n=7 

mice). P values were determined using a two-tailed Student’s t-test. *p < 0.05, **p < 0.01, 

***p < 0.001; ns, not significant.
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Figure 7. T-bet expression in response to IFNγ signaling is required for pre-MEM and lung-
BRM differentiation after influenza infection.
(A) Volcano plot highlighting DEGs in WT vs. IfngR1−/− GC B cells from day 12 PR8-

infected WT/IfngR1−/− BM chimeras. Three replicates for each cell type were obtained 

from three independent experiments. (B) T-bet expression in WT and IfngR1−/− GC B 

cells from day 10 PR8-infected WT/IfngR1−/− BM chimeras. Data are representative of 

three independent experiments. (C) T-bet expression in GC B cells from PR8-infected B6 

mice at the indicated time points. Data are representative of three independent experiments 
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(n=5-7 mice). (D) T-bet expression in CXCR3hi and CXCR3lo pre-MEMs from day 10 PR8-

infected B6 mice. Data are representative of three independent experiments (n=5-6 mice). 

P values were determined by one-way ANOVA with a post-hoc Kruskal–Wallis comparison 

test. (E-F) B6 and Tbx21−/− mice were infected with PR8 and GC B cells from the med-LN 

were analyzed on day 10. (E) Frequency of pre-MEMs. (F) Number of CXCR3+ and 

CXCR3− pre-MEMs. Data are representative of two independent experiments (n=5mice). P 

values were determined using a two-tailed Student’s t-test. (G and H) WT/Tbx21−/− BM 

chimeras were infected with PR8. (G) Frequency of NP-specific BRMs within the B6 and 

Tbx21−/− compartments in the lungs on day 30. (H) Ratio of B6 to Tbx21−/− naïve B cells 

and NP-specific BRMs. Data are representative of three independent experiments (n=5-6 

mice). P values were determined using a two-tailed Student’s t-test. *p < 0.05, **p < 0.01, 

***p < 0.001; ns, not significant.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-CD19 APC Cy7, Clone 1D3 BD Biosciences Cat# 557655, RRID:AB_396770

Anti-CD45.1 APC, Clone A20 BD Biosciences Cat# 558701, RRID:AB_1645214

Anti-CD45.1 APC R700, Clone A20 BD Biosciences Cat# 565813, RRID:AB_2744397

Anti-CD45.1 BV510, Clone A20 BD Biosciences Cat# 565278, RRID:AB_2739150

Anti-CD45.1 PECy7, Clone A20 BD Biosciences Cat# 560578, RRID:AB_1727488

Anti-CD45.2 PECy7, Clone 104 BD Biosciences Cat# 560696, RRID:AB_1727494

Anti-CD45.2 PE, Clone 104 BD Biosciences  Cat# 560695, RRID:AB_1727493

Anti-CD45.2 BV711, Clone 104 BD Biosciences Cat# 563685, RRID:AB_2738374

Anti-Bcl6 PE, Clone K112-91 BD Biosciences Cat# 561522, RRID:AB_10717126

Anti-CD138 BV510, Clone 281-2 BD Biosciences Cat# 558626, RRID:AB_1645216

Anti-CD38 APC, Clone 90/CD38 BD Biosciences Cat# 102711, RRID:AB_312932

Anti-CD4 BV711, Clone RM4-5 BD Biosciences Cat# 563726, RRID:AB_2738389

Anti-CD4 PE, Clone RM4-5 BD Biosciences Cat# 553049, RRID:AB_394585

Anti-CD95 BV421, Clone Jo2 BD Biosciences Cat# 562633, RRID:AB_2737690

Anti-CD95 FITC, Clone Jo2 BD Biosciences Cat# 554257, RRID:AB_395329

Anti-CD95 APC R700, Clone Jo2 BD Biosciences Cat# 565130, RRID:AB_2739078

Anti-CXCR3 BV421, Clone CXCR3-173 BioLegend Cat# 126522, RRID:AB_2562205

Anti-CXCR3 PECy7, Clone CXCR3-173 BioLegend Cat# 126516, RRID:AB_2245493

Anti-CXCR5 Biotin, Clone 2G8 BD Biosciences Cat# 551960, RRID:AB_394301

Anti-CXCR5 Biotin, Clone SPRCL5 eBioscience Cat# 13-7185-82, RRID:AB_2572800

Anti-IgD FITC, Clone 11-26c.2a BD Biosciences Cat# 562022, RRID:AB_10894208

Anti-IgM PECy7, Clone ll / 41 eBioscience Cat# 25-5790-82, RRID:AB_469655

Anti-IFNγ PECy7, Clone XMG1.2 BD Biosciences Cat# 557649, RRID:AB_396766

Anti-PD1 FITC, Clone J43 eBioscience Cat# 11-9985-85, RRID:AB_465473

Anti-PD1 eFluorTM 450, Clone J43 eBioscience Cat# 48-9985-82, RRID:AB_2574139

Anti-T-bet PECy7, Clone 4B10 BioLegend Cat# 644823, RRID:AB_2561760

Anti-T-bet APC, Clone 4B10 BioLegend Cat# 644814, RRID:AB_10901173

Anti-CD184 (CXCR4) PE, Clone 2B11 BD Biosciences 551966, RRID:AB_394305

Anti-CD196 (CCR6) Alexa Fluor 647, 
Clone140706

BD Biosciences 557976, RRID:AB_2228793

Anti-CD196 (CCR6) BV510, Clone140706 BD Biosciences Cat# 747832, RRID:AB_2872295

anti-CD154, Clone MR-1 BioXCell Cat# BE0017-1, RRID:AB_1107601

Streptavidin, V500 BD Biosciences Cat# 561419, RRID:AB_10611863

HRP-conjugated goat Anti-Mouse IgG Southern Biotech Cat# 1030-05, RRID:AB_2619742

HRP-conjugated Goat Anti-Mouse IgG2c Southern Biotech 1079-05, RRID:AB_2794466

Bacterial and Virus Strains

PR8-OTII Lee et al., 200551 N/A

Immunity. Author manuscript; available in PMC 2024 October 10.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Arroyo-Díaz et al. Page 37

REAGENT or RESOURCE SOURCE IDENTIFIER

X31 Lee et al., 200551 N/A

A/PR8/34 (PR8) Thomas et al., 201652 N/A

Chemicals, Peptides, and Recombinant Proteins

PMA Sigma-Aldrich Cat# P8139-1MG

Calcimycin Life Technologies Cat# A1493

Brefeldin-A Sigma-Aldrich Cat# B7651-5MG

DNAse I Qiagen Cat# 79254

7-AAD Calbiochem Cat# 12-993-51

Recombinant NP tetramer Allie et al., 2019 1 N/A

Alkaline phosphatase substrate BCIP/NBT Moss Substrates Cat#NBIM-1000

Critical Commercial Assays

EasySep™ CD4+ positive selection kit STEMCELL Technologies Cat# 18952

BD Cytofix/Cytoperm™ Fixation and 
Permeabilization Solution

BD Biosciences Cat# 554722

Norgen Single Cell RNA Purification Kit Norgen Biotek Cat# 51800

Transcription factor staining buffer set eBioscience Cat# 00-5523-00

Deposited Data

RNA-seq data This paper GSE208322. https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE208322

Public pre-MEM signature Laidlaw et al., 2017 18 GSE89897

Public pre-MEM signature Wang et al., 2017 21 GSE85018.

Experimental Models: Organisms/Strains

Mouse: C57BL/6 (B6) The Jackson Laboratories Strain #:000664
RRID:IMSR_JAX:000664

Mouse: B6.SJL-PtprcaPepcb/BoyJ The Jackson Laboratories Strain #:002014
RRID:IMSR_JAX:002014

Mouse: B6.129P2-Tcrβtm1MomTcrδtm1Mom The Jackson Laboratories N/A

Mouse: C57BL/6-Tg(TcraTcrb)425Cbn/J The Jackson Laboratories Strain #:004194
RRID:IMSR_JAX:004194

Mouse: B6.129S6-Tbx21tm1Glm/J The Jackson Laboratories Strain #:004648
RRID:IMSR_JAX:004648

Mouse: B6.129S7-Ifngr1tm1Agt/J The Jackson Laboratories Strain #:003288
RRID:IMSR_JAX:003288

Mouse: B6.129P2-Cxcr3tm1Dgen/J The Jackson Laboratories Strain #:005796
RRID:IMSR_JAX:005796

Mouse: B6.129S7-Ifngtm1Ts/J The Jackson Laboratories Strain #:002287
RRID:IMSR_JAX:002287

Mouse: B6.129S(Cg)-Stat1tm1Dlv/J The Jackson Laboratories Strain #:012606
RRID:IMSR_JAX:012606

Mouse: Tg(Cd4-cre)1Cwi/BfluJ The Jackson Laboratories Strain #:017336
RRID:IMSR_JAX:017336

Mouse: B6.Bcl6fl/fl
Laboratory of Dr. Changchun 
Xiao (Scripps Research 
Institute) 50

N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse: B6.129-Il4tm1Lky/J (B6.4get IL-4 reporter 
mice)

Laboratory of Dr. M. Mohrs 
(Trudeau Institute) N/A

Software and Algorithms

Prism V9 GraphPad https://www.graphpad.com/

FlowJo V10.8.0 TreeStar https://www.flowjo.com

javaGSEA V3.0 Broad Institute http://www.gsea-msigdb.org/gsea/index.jsp

MATLAB The Mathworks Inc. https://www.mathworks.com/products/matlab/
whatsnew.html

fastQC Babraham Bioinformatics http://www.bioinformatics.babraham.ac.uk/projects/
fastqc

Trim Galore V0.4.4. Babraham Bioinformatics http://www.bioinformatics.babraham.ac.uk/projects/
trim_galore

STAR aligner V2.5.2a Ilumina https://support.illumina.com/sequencing/
sequencing_software/igenome.html

Ingenuity Pathway Analysis Qiagen
https://digitalinsights.qiagen.com/products-overview/
discovery-insights-portfolio/analysis-and-visualization/
qiagen-ipa/

R package edgeR Robinson et al., 2019 56 https://www.bioconductor.org
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