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ABSTRACT:  31 

Influenza-associated bacterial super-infections in the lung lead to increased morbidity 32 

and mortality. Nearly all people have pre-existing memory to influenza virus, which can 33 

protect against subsequent infection in the lung. This study explored the role B cells 34 

play in protection against bacterial (Staphylococcus aureus or Klebsiella pneumoniae) 35 

super-infection with previous heterotypic influenza memory. B cell deficiency resulted in 36 

an increased inflammatory lung environment and lung tissue injury during super-37 

infection. Loss of B cells increased populations of memory CD8+ T cells in the lung and 38 

these CD8+ T cells were transcriptionally and functionally distinct from WT mice. Use of 39 

antibody-deficient mouse models showed that this phenotype was specifically due to 40 

loss of antibody production from B cells. Passive immunization with influenza-antibody 41 

serum in B cell deficient mice rescued the CD8+ T cell phenotype. CD8+ T cell depletion 42 

and lethal super-infection challenge experiments showed that the cytotoxic memory 43 

CD8+ T cells from B cell deficient mice protect against super-infection bacterial burden 44 

and mortality. These findings provide insight into the importance of B cells for regulating 45 

immune responses against infection.  46 

  47 
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INTRODUCTION 48 

Seasonal influenza annually contributes to significant morbidity and mortality 49 

among elderly, young, and immunocompromised persons. Influenza virus infection 50 

results in an inflammatory environment in which the lung epithelium becomes damaged 51 

(1-2). This process causes dysregulation of innate and adaptive immunity, leading to 52 

increased susceptibility to secondary bacterial pneumonias (3-6). Secondary bacterial 53 

pneumonias, particularly those caused by methicillin resistant Staphylococcus aureus 54 

(MRSA), result in increased morbidity and mortality during both seasonal influenza 55 

seasons and during the pandemics of 1918 and 2009 (7). Lung tissue impairment and 56 

long-term complications can occur (8). Mouse models have shown that immunity to 57 

bacterial infection in the lung is impaired by preceding anti-viral responses (9-16). 58 

Immune dysregulation by viral infection causes increased bacterial burden in the lung 59 

during super-infection, leading to increased lung inflammation and tissue injury 60 

compared to single infection (17-18). It is critical to develop an understanding of how 61 

immune mechanisms become dysregulated during influenza-associated bacterial 62 

pneumonias. 63 

Following clearance of influenza virus, innate and adaptive immune systems form 64 

memory. Influenza virus is coated with surface antigens hemagglutinin (HA) and 65 

neuraminidase (NA). Memory B cells primarily secrete neutralizing antibodies targeted 66 

against HA and NA (19-21). However, antigenic drift of HA and NA decreases the 67 

efficiency of the pre-existing antibody repertoire over time, rendering pre-formed 68 

antibodies ineffective against heterotypic influenza virus infection (19-21). Lack of cross-69 

protective antibodies against influenza virus is a primary reason why seasonal influenza 70 
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vaccines need to be reformulated annually (19-21). Influenza viruses also contain 71 

conserved internal antigens, such as nucleoprotein (NP), that are less susceptible to 72 

mutating (21-22). Memory CD4+ and CD8+ T cells recognize these internal viral 73 

epitopes, making them highly effective at providing cross-protective responses against 74 

heterotypic influenza viruses (21-25). Following clearance of influenza virus, T cells form 75 

memory subsets, such as central memory, effector memory, and resident memory. Lung 76 

tissue resident memory T cells (TRMs) have been shown to provide optimal protection 77 

against influenza virus and are critical for providing heterosubtypic immunity. CD8+ 78 

TRMs primarily act to detect re-infection at sites of pathogen entry and secrete 79 

cytokines, such as IFNγ, TNFα, and granzymes, to mediate anti-viral immunity (23-27). 80 

However, cytotoxic memory CD8+ T cells may act as a “double edged sword”; CD8+ T 81 

cell activation is essential for viral and bacterial clearance but may also contribute 82 

towards increased tissue damage (28-30).  83 

A majority of studies relating to influenza-associated bacterial infections focus on 84 

acute disease in previously naïve mice, however, nearly all humans have pre-existing 85 

immunity to influenza virus and repeat infection with the same influenza virus strain is 86 

uncommon (31). Therefore, an influenza-associated bacterial pneumonia model that 87 

takes pre-existing heterotypic influenza memory into account may be more clinically 88 

relevant. Our group previously showed that prior challenge with heterosubtypic 89 

influenza virus in mice improves control of subsequent super-infection and reduces lung 90 

tissue injury (32). Because lung memory B and T cells are key arms of pre-existing 91 

immunity, we explored the functional role of B cells for heterotypic protection. Using 92 

spectral flow cytometry and transcriptomics, we studied the importance of B cells for 93 
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clearance of pathogen and prevention of tissue injury in the lung. B cells were 94 

manipulated using genetic and temporal antibody depletion and passive transfer of 95 

influenza antibody serum. These data demonstrate the functional role of B cells in 96 

heterotypic influenza virus strain immunity and how loss of B cell function impacts 97 

formation of lung memory CD8+ T cells and exacerbates lung inflammation following 98 

heterotypic influenza virus strain super-infection.  99 

  100 
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RESULTS 101 

MRSA challenge following heterotypic influenza memory increases tissue injury in the 102 

lung and alters the innate cell compartment  103 

To investigate how B cells impact immune memory during super-infection, we 104 

primed WT or B cell deficient (µMT) mice with influenza A/HKx31 (H3N2, X-31) virus on 105 

day 0, followed by rechallenge with a heterotypic strain of influenza A/PR/8/34 (H1N1, 106 

PR8) virus at day 54. Six days following PR8 challenge, mice were inoculated with 107 

MRSA USA300 or PBS, and tissues were harvested 24 hours later (Figure 1A). We 108 

used mouse-adapted strains X-31 and PR8 as they have similar internal proteins while 109 

expressing dissimilar proteins on their surface. These influenza viruses have been used 110 

previously by others, and this pre-existing influenza memory super-infection model 111 

(Figure 1A) has been characterized by our group (32-34). Prior experiments examined 112 

how the addition of heterotypic influenza memory impacted control of super-infection 113 

(F/F/S) compared to acute infection (F/S). WT mice with F/F/S infection lost significantly 114 

less weight compared to WT mice with F/S infection, but heterotypic memory did not 115 

impact weight loss in µMT mice (Figure S1A)(32). Interestingly, both WT and µMT mice 116 

with F/F/S infection had lower lung MRSA burden and viral burden compared to their 117 

F/S controls (Figure S1B-C). Because bacterial and viral burden was not significantly 118 

different between WT and µMT mice during F/S or F/F/S infection, we investigated 119 

whether lung tissue injury was different. We measured lung tissue injury using two 120 

methods: sample blinded scoring by investigators or Qupath, which allowed us to 121 

measure immune cell infiltration and lung tissue inflammation using machine-learning 122 

based algorithms. Comparing lung tissue injury in F/S mice versus F/F/S mice showed 123 
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that there was no significant change in lung tissue injury between WT and µMT mice 124 

during F/S infection (Figure S1D). However, WT mice had improved control of 125 

parenchymal tissue injury during F/F/S infection, but this was not that case with µMT 126 

mice, which had significantly more parenchymal tissue injury compared to WT mice 127 

(Figure S1D).  128 

To further assess the impact of MRSA challenge on the lung inflammatory 129 

environment during B cell deficiency, we compared lung tissue injury in WT and µMT 130 

mice during memory heterotypic influenza virus (F/F) or memory super-infection (F/F/S). 131 

Using Qupath, mice with F/F infection trended towards decreased lung inflammation 132 

and consolidation (dense areas with no space for air exchange) compared to F/F/S 133 

regardless of genotype, but this finding was not statistically significant (Figure S2A). We 134 

then assessed tissue integrity by measuring protein leak into airspaces and found 135 

significantly higher levels of protein in the bronchoalveolar lavage fluid (BALF) of WT 136 

and µMT mice that received F/F/S infection compared to mice with F/F infection (Figure 137 

S2B). Using Qupath, we overlayed a heatmap highlighting areas of inflammation and 138 

consolidation; this showed that WT and µMT mice had more lung inflammation during 139 

F/F/S infection compared with F/F infection (Figure 1B). B cell deficiency trended 140 

towards a moderate increase in cell density and inflammation in the lung during F/F 141 

infection compared to WT, but these data were not statistically significant. However, we 142 

found that during F/F/S infection, B cell deficiency significantly increased lung tissue 143 

injury and cell density in the lung compared to WT mice (Figure 1C).  144 

Next, we explored how MRSA challenge altered the lung immune cell 145 

compartment with heterotypic memory influenza virus infection in WT and µMT mice. 146 
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Using conventional flow cytometry gating (Figure S3) and dimensionality reduction 147 

(tSNE-CUDA) and clustering (FlowSOM), we tracked changes of the innate and 148 

adaptive immune cell compartments in lungs (Figure 1D). We observed larger 149 

populations of T cells and macrophages (interstitial and exudate) in the lungs of µMT 150 

compared to WT mice (Figure 1D-E, Figure S2C). Additionally, we found greater 151 

numbers of both M1-like (iNOS+ MHCIIhigh) and M2-like (CD206+) macrophages in the 152 

lungs of µMT compared to WT mice (Figure 1F, Figure S2D). We also found more NK 153 

cells in the lungs of µMT mice compared to WT (Figure S2E). We found that the largest 154 

change in the immune cell compartment of F/F versus F/F/S mice following MRSA 155 

challenge was an increase in the number of neutrophils (Figure 1D, Figure S2F). While 156 

the number of neutrophils did not change between WT and µMT lungs, the neutrophils 157 

of µMT lungs were proportionally more mature and expressed higher levels of iNOS, a 158 

key regulator of neutrophil function (Figure S2G-H). Additionally, we observed an 159 

increase in genes related to neutrophil function in WT mice during F/F/S challenge 160 

compared to F/F challenge with gene expression unchanged between µMT F/F and 161 

F/F/S infection (Figure S2I). We saw that the number of B cells in the lung tissue of WT 162 

mice significantly decreased following MRSA challenge (Figure 1D, Figure S2J). We 163 

additionally compared viral burden between WT and µMT F/F and F/F/S groups and 164 

observed no significant differences between infection groups (Figure S2K). Next, we 165 

compared changes in inflammatory cytokines/mediators in the lungs of both WT and 166 

µMT mice. For both WT and µMT mice, we observed increases in some pro-167 

inflammatory cytokines (IL-1α, IL-1β, IL-6, IL-12p40) and other mediators that promote 168 

neutrophil chemotaxis to the lung (G-CSF, KC/CXCL1) following MRSA challenge 169 
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(Figure S2L). Unlike µMT mice, the lungs of WT mice had significantly higher 170 

expression of mediators that promote macrophage migration (MCP-1, MIP-1α, MIP-1β), 171 

which may reflect the higher number of macrophages already present in the lungs of 172 

µMT mice prior to MRSA challenge (Figure 1E, Figure S2C). Another interesting finding 173 

was that IL-10 was decreased in the lungs of both WT and µMT mice following MRSA 174 

challenge (Figure S2L). Together these data show that MRSA challenge altered the lung 175 

environment of both WT and µMT mice towards a state of higher inflammation, but µMT 176 

mice had larger populations of T cells and macrophages in the lung compared to WT 177 

during F/F and F/F/S infection.  178 

 179 

Absence of B cells increases formation of cytotoxic effector CD8+ T cells in the lung  180 

It has been shown by others that heterotypic strain control of influenza virus is 181 

largely T cell-dependent (22-23). To further characterize the changes in the T cell 182 

compartment of WT and µMT mice during F/F and F/F/S infection, we examined marker 183 

expression changes of T cells in the lung. Using our T cell gating strategy (Figure S4), 184 

we found that CD4+ and CD8+ T cells were significantly increased in both number and 185 

proportion in the lungs of µMT compared to WT mice, during both F/F infection and 186 

F/F/S infection, with CD4+ and CD8+ T cells decreased in the lung due to MRSA 187 

challenge (Figure 2A-C, Figure S5A-C). Additionally, µMT lungs had significantly higher 188 

numbers of effector memory and TRM CD8+ T cells compared to WT lungs during both 189 

F/F infection and F/F/S infection (Figure 2D, Figure S5D). Next, we examined the 190 

functional phenotype of these effector CD8+ T cells by examining expression of 191 

transcription factors and pro-inflammatory cytokines. We observed that the majority of 192 
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lung CD8+ T cells of µMT mice expressed granzyme B, a marker of cytotoxicity, 193 

whereas WT lungs had a lower proportion and absolute number of granzyme B+ CD8+ T 194 

cells (Figure 2E). Next, we looked at expression of a key anti-viral cytokines, IFNγ and 195 

TNFα, and found that the lung CD8+ T cells of µMT mice had significantly lower 196 

expression of these cytokines compared to WT (Figure 2F-G). However, we did not find 197 

lower expression of Tbet in the lung CD8+ T cells of µMT, indicating that these CD8+ T 198 

cells have impaired cytokine production (IFNγ, TNFα), but not impaired differentiation 199 

into an anti-viral effector phenotype (Figure 2F-H). Interestingly, MRSA challenge in WT 200 

mice (F/F/S) significantly decreased the proportion of lung CD8+ T cells expressing IFNγ 201 

and TNFα compared to F/F infection, which further highlights the immune dysfunction 202 

caused by secondary MRSA infection. These data show that B cell deficiency increases 203 

the population of effector and resident memory CD8+ T cells in the lung and alters their 204 

functional phenotype.  205 

We next explored whether this phenotype was unique to heterotypic infection by 206 

comparing heterotypic influenza super-infection with homotypic influenza (PR8-PR8) 207 

super-infection. WT and µMT mice lost more weight during heterotypic infection 208 

compared to homotypic infection (Figure S6A). While bacterial burden was unchanged 209 

between groups, viral burden was increased in µMT mice with heterotypic infection 210 

compared to homotypic infection (Figure S6B-C). For both WT and µMT mice, no 211 

significant differences were observed in the innate immune cells (neutrophils, 212 

macrophages) (Figure S6D-E). Heterotypic influenza infection resulted in an increase in 213 

effector memory and TRM CD8+ T cells in the lungs of both WT and µMT mice 214 

compared to homotypic infection (Figure S6F-G). Interestingly, there was an increase in 215 
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the proportion of influenza-specific CD8+ T cells in WT mice with heterotypic infection 216 

compared to homotypic infection, but not in the lungs of µMT mice (Figure S6H). For 217 

both heterotypic and homotypic influenza infections, CD8+ T cells of µMT mice had 218 

higher co-expression of PD-1, LAG-3, and TIM-3 compared to WT; however, this co-219 

expression was greater in heterotypic infection compared to homotypic infection for both 220 

WT and µMT mice (Figure S6I). Additionally, granzyme B concentration in the BALF was 221 

increased with heterotypic infection compared to homotypic infection for WT and µMT 222 

mice (Figure S6J).  Lung tissue injury was increased in heterotypic infection compared 223 

to homotypic infection in WT mice, but this finding was not statistically significant for 224 

µMT mice (Figure S6K). Overall, these data show that the unique CD8+ T cell 225 

phenotype of B cell deficient mice is still observed in homotypic influenza infection, but 226 

the phenotype is more pronounced in heterotypic influenza infection. 227 

 228 

Lung CD8+ T cells from B cell deficient mice have an altered transcriptional profile  229 

To further assess the differences in lung CD8+ T cells between WT and B cell 230 

deficient (µMT) mice, we sorted the CD8+ T cells from the lungs of F/F and F/F/S 231 

infected WT and µMT mice and performed bulk-RNA-sequencing. We examined the 232 

sample clustering using PCA analysis and found that the lung CD8+ T cells from the WT 233 

mice (F/F and F/F/S) had more similarity with each other than with either of the µMT 234 

groups (F/F and F/F/S) (Figure S7A). We examined how MRSA challenge impacts the 235 

transcriptional profile of CD8+ T cells in the lung. The CD8+ T cells of WT mice had more 236 

differentially expressed genes (2084) between F/F and F/F/S groups compared to µMT 237 

lung CD8+ T cells, which had fewer differentially expressed genes (71) (Figure 3A). The 238 
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shared genes (43) between the two were related to cell movement and migration 239 

(Figure S7B). Interestingly, Gene Ontology (GO) pathways and differentially expressed 240 

genes associated with immune-response signaling, immune cell activation, and control 241 

of bacterial infection were downregulated in F/F/S compared to the F/F group in WT 242 

mice, suggesting that secondary bacterial challenge in the lung significantly 243 

dysregulated immune responses, in particular the Type 17 pathway (Figure S7C-D). We 244 

looked at the transcriptional differences of lung CD8+ T cells between WT and µMT mice 245 

during F/F and F/F/S infection (Figure 3B, Figure S7E-F). The pathways enriched in 246 

F/F/S µMT mice were associated with adaptive immune response, cell regulation, and 247 

response to bacterial stimulus (Figure 3B). We examined transcriptional genes 248 

associated with T cell effector function, as well as genes associated with regulation of T 249 

cell activation (35-38). We found significant upregulation of several of these markers in 250 

µMT mice compared to WT mice during F/F/S infection (Figure 3C). Flow cytometry 251 

analysis of lung CD8+ T cells co-expressing PD-1, TIM-3, and LAG-3 showed that these 252 

markers were significantly upregulated in µMT compared to WT mice and were also 253 

increased in proportion upon MRSA challenge (Figure 3D). Intravascular staining further 254 

showed that the population of CD8+ T cells co-expressing PD-1, TIM-3, and LAG-3 in 255 

µMT mice was concentrated in the lung tissue versus the peripheral blood (Figure S7G). 256 

Gene set enrichment analysis (GSEA) for biological pathways showed that CD8+ T cells 257 

in µMT lungs were enriched for apoptosis signaling and flow cytometry analysis 258 

confirmed that B cell deficiency during F/F/S infection increased the frequency of 259 

apoptotic CD8+ T cells in the lung (Figure 3E). Overall, these data show that loss of B 260 
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cells has a profound impact on the transcriptional profile of lung CD8+ T cells, causing 261 

upregulation of several genes associated with T cell regulation and effector function. 262 

 263 

Loss of influenza virus-specific antibody increases formation of cytotoxic effector CD8+ 264 

T cells in the lung during subsequent super-infection 265 

We sought to determine which B cell function was causing the distinct CD8+ T 266 

cell phenotype observed in µMT mice. To examine the role of memory B cell-antibody 267 

secretion during subsequent super-infection, we used four different strains of mice: WT 268 

C57BL/6 mice, B cell deficient mice (µMT), MD4 mice, and IgMi mice. MD4 mice, which 269 

have a transgenic B cell receptor specific to hen egg lysozyme (HEL), produce ten 270 

times fewer virus-specific precursor splenic B cells compared to WT mice (39). During 271 

F/F/S infection, MD4 mice produced influenza virus X31-specific antibody, but at 272 

significantly lower levels compared to WT mice (Figure 4A). IgMi mice failed to produce 273 

any soluble antibody, similar to µMT mice, as all constant regions in the IgH chain are 274 

deleted, preventing class-switching from IgM (40). We showed that MD4 mice represent 275 

an intermediate influenza virus-specific antibody deficient mouse strain in our study, 276 

while the IgMi mice are a complete influenza virus-specific antibody knock-out (Figure 277 

4A). WT mice lost significantly less weight compared to our B cell deficient strains (µMT, 278 

MD4, and IgMi) with µMT and IgMi mice having lost more weight than the MD4 mice, 279 

suggesting that weight loss during F/F/S infection is dependent on the presence of pre-280 

existing influenza virus-specific antibody (Figure 4B). While µMT mice had more viral 281 

burden in the lung compared to WT mice, a majority of mice in all four groups (µMT, 282 

MD4, and IgMi) had non-detectable levels of PR8 gene expression (Figure 4C). 283 
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Interestingly, all four groups had similar amounts of bacterial burden, suggesting that 284 

bacterial clearance is not antibody-dependent (Figure 4D).  285 

We examined T cell populations during F/F/S infection and saw a significant 286 

increase of lung CD8+ T cells in all three B cell deficient mouse strains (µMT, MD4, and 287 

IgMi) (Figure 4E, Figure S8A). A majority of these CD8+ T cells were effector memory 288 

phenotype (Figure 4F). Additionally, we observed a significant increase in lung CD4+ T 289 

cells (Figure S8B-C). Loss B cells or influenza virus-specific antibody increased the 290 

absolute number of influenza virus -specific and tissue resident memory (TRM) CD8+ T 291 

cells in the lung (Figure 4G, Figure S8D). Within the CD8+ T cell population, we 292 

examined surface markers commonly related to T cell regulation (PD-1, LAG-3, TIM-3) 293 

and found significantly increased expression in all three B cell deficient mouse strains 294 

(µMT, MD4, and IgMi) with lower expression found in MD4 mice (Figure 4H). Next, we 295 

analyzed which cytokines the CD8+ T cells were producing in response to F/F/S 296 

infection and found significantly lower expression of IFNγ in µMT and IgMi mice (Figure 297 

4I). However, the CD8+ T cells of B cell deficient mice (µMT, MD4, and IgMi) had high 298 

expression of the effector molecule granzyme B as well as elevated concentrations of 299 

granzyme B in the BALF, suggesting that loss of B cell antibody induces more cytotoxic 300 

lung CD8+ T cells (Figure 4J-K). Finally, we examined the repertoire of inflammatory 301 

cytokines expressed in WT and B cell deficient (µMT, MD4, and IgMi) lungs and BALF 302 

and found that certain pro-inflammatory cytokines, such as TNFα, were decreased in B 303 

cell deficient mice (µMT, MD4, and IgMi) (Figure 4L, Figure S8E). However, cytokines 304 

that promote activation of the innate immune compartment (IL-6, MCP-1/CCL2, MIP-305 

1β/CCL4, G-CSF) were increased in B cell deficient mice (µMT, MD4, and IgMi) (Figure 306 
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S8E-F). These data suggest that while influenza virus-specific antibody is not necessary 307 

for control of bacterial super-infection burden, specific loss of influenza virus-specific 308 

antibody results in formation of cytotoxic effector memory CD8+ T cells in the lung.  309 

 310 

Loss of influenza virus-specific antibody increases lung tissue injury during memory 311 

super-infection 312 

A heatmap overlay highlighting areas of inflammation and consolidation showed 313 

that lungs of WT mice had inflammation during F/F/S infection, but µMT and IgMi lungs 314 

comparatively had more intense inflammation visually with MD4 lungs resembling WT 315 

lungs (Figure 5A). Sample blinded pathology scoring of WT and B cell deficient (µMT, 316 

MD4, and IgMi) mice highlighted the increased immune cell infiltration and inflammation 317 

surrounding the blood vessels and airways of µMT and IgMi mice compared to WT and 318 

MD4 mice during F/F/S infection (Figure 5B-C). Qupath analysis showed significantly 319 

increased immune cell density in the lungs of µMT and IgMi compared to WT mice 320 

during F/F/S infection (Figure 5D). Additionally, the frequency of inflammation and 321 

consolidation of the lungs was significantly increased in all three B cell deficient strains 322 

(µMT, MD4, and IgMi) compared to WT during F/F/S infection (Figure 5E). Using BALF, 323 

we observed significantly increased lung leak in B cell deficient mice (µMT, MD4, and 324 

IgMi) compared to WT during F/F/S infection (Figure 5F). These data indicate that loss 325 

of influenza virus-specific antibody production from B cells leads to increased lung 326 

tissue injury during F/F/S infection.  327 

 328 
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Depletion of B cells increases formation of cytotoxic, effector memory CD8+ T cells in 329 

the lung 330 

Next, we wanted to examine whether the cytotoxic, effector memory CD8+ T cells 331 

in the lung resulted from loss of influenza virus-specific antibody during primary 332 

influenza (X-31) virus infection or from loss of influenza virus-specific antibody during 333 

the entirety of our F/F/S model. To accomplish this, we used MD4 mice, which already 334 

have an attenuated influenza virus-specific B cell and antibody response. We depleted 335 

B cells in the lungs prior to primary influenza virus (X-31) infection and allowed B cells 336 

to repopulate the lung before secondary influenza virus infection (Figure 6A). Using flow 337 

cytometry, we confirmed depletion of B cells in the lung on the day of primary influenza 338 

virus challenge using a B cell depleting antibody or isotype control (IgG2b). We 339 

observed that the B cells began to repopulate the lung as soon as 30 days following 340 

primary influenza virus infection (Figure 6B). To confirm loss of antibody during primary 341 

influenza virus infection, we assessed the serum titer of X-31-specific antibody on the 342 

day of harvest and saw a significant decrease in B cell depleted mice compared to the 343 

isotype controls (Figure 6C). We observed that mice with B cell depletion lost more 344 

weight during F/F/S infection compared to the isotype group, further demonstrating that 345 

weight loss during influenza virus infection was antibody-dependent (Figure 6D). 346 

Although not statistically significant, we observed moderately increased lung tissue 347 

injury in the B cell depleted group during F/F/S infection (Figure 6E-F). Consistent with 348 

previous observations, B cell loss during primary infection did not impact MRSA burden 349 

in the lung during F/F/S infection (Figure 6G). We looked at lung CD8+ T cells and found 350 

that the B cell depleted group had a significantly larger proportion of CD8+ T cells in the 351 
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lung compared to the isotype group (Figure 6H). Additionally, there was a significant 352 

increase of CD8+ lung TRMs and PD-1+ CD8 T cells in the B cell depleted group 353 

compared to the isotype group (Figure 6I-J). Depletion of B cells also increased the 354 

concentration of granzyme B in the BALF compared to the isotype controls (Figure 6K). 355 

Overall, these data show that loss of influenza virus-antibody generated in response to 356 

primary challenge with influenza virus increases formation of TRM CD8+ T cells in the 357 

lung.  358 

We next depleted B cells prior to secondary influenza challenge to explore 359 

whether loss of B cells in the lung impacts control of super-infection and CD8+ T cell 360 

phenotype (Figure S9A). B cell depletion at this time point did not impact weight loss 361 

despite efficient B cell depletion in the lung, likely due to sustained high titers of 362 

influenza specific antibody (Figure S9B-D). Interestingly, MRSA burden decreased in 363 

the lungs of B cell depleted mice, but macrophage and neutrophil populations were 364 

unchanged between groups (Figure S9E-G). Additionally, total lung CD8+ T cells, 365 

memory CD8+ T cells (TRMs), and PD-1+ CD8+ T cells were not impacted by B cell 366 

depletion prior to secondary influenza challenge (Figure S9H-J). We also did not 367 

observe any differences in lung injury between groups (Figure S9K). Overall, these data 368 

show that the presence of B cells in the lung at the heterotypic strain challenge time 369 

point is not crucial for control of super-infection. 370 

 371 

Passive antibody serum immunization improves control of super-infection in B cell 372 

deficient mice 373 
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Next, we passively immunized WT and µMT mice several hours following 374 

secondary influenza infection (PR8) with either memory serum collected and pooled 375 

from memory super-infected WT mice, naïve serum collected and pooled from WT mice, 376 

or PBS vehicle. We observed that µMT mice that received memory serum had 377 

significantly less weight loss compared to the naïve serum and PBS control groups, 378 

further showing that weight loss is antibody-dependent (Figure 7A). Next, we looked at 379 

viral and bacterial burden and did not observe statistically significant differences 380 

between the groups (Figure S10A-B). Interestingly, while we observed a decrease in 381 

total and influenza-specific lung CD8+ T cells in the lungs of µMT mice that received 382 

memory serum compared to controls, the proportion of CD8+ T cells that were effector 383 

memory did not change between groups (Figure 7B-C, Figure S10C). Additionally, the 384 

proportion of CD8+ T cells expressing PD-1 decreased in µMT mice that received 385 

memory serum compared to controls (Figure 7D). We then examined the innate immune 386 

compartment and found that the number of macrophages decreased in the lungs of 387 

µMT mice that received memory serum with the frequency of activated (CD40+) 388 

macrophages also decreased compared to controls (Figure 7E, Figure S10D). There 389 

was a trending decrease of NK cells and neutrophils in the lungs of µMT mice that 390 

received memory serum compared to controls, but no significant differences in number 391 

of dendritic cells (Figure S10E-G). We determined if passive immunization rescued lung 392 

tissue injury, and we observed decreased lung tissue injury in µMT mice that received 393 

memory serum compared to vehicle and naïve serum controls (Figure 7F, Figure S10H-394 

I). Additionally, we observed a decrease in the amount of secreted granzyme B in the 395 

BALF of µMT mice that received memory serum compared to controls (Figure 7G). 396 
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These data demonstrate that passive immunization with influenza specific antibody 397 

serum rescues many of the phenotypes associated with B cell deficiency.  398 

 399 

B cell antibody deficiency has a similar impact on CD8+ T cells in influenza virus, 400 

Klebsiella pneumoniae super-infection 401 

After we observed a unique CD8+ T cell phenotype and worsened lung injury in 402 

secondary bacterial infection with MRSA in antibody-deficient mice, we examined 403 

whether our findings would be consistent with a different bacterial pathogen. To do this, 404 

we used Klebsiella pneumoniae (Kp), a Gram-negative bacterium that is highly virulent 405 

in mice (Figure S11A). We observed increased weight loss in IgMi mice compared to 406 

WT mice (Figure S11B). Unlike with F/F/S infection, bacterial burden increased in IgMi 407 

mice compared to WT (Figure S11C). We then measured tissue integrity by BALF 408 

protein concentration and observed a significantly higher concentration in IgMi mice 409 

compared to WT (Figure S11D). Looking at the innate immune cell compartment, we 410 

observed increased macrophages in the lungs of IgMi compared to WT mice, but not 411 

neutrophils (Figure S11E-F). Similar to F/F/S infection, the lungs of IgMi mice with 412 

F/F/Kp infection had higher numbers of total CD8+ T cells, CD8+ TRMs, influenza-413 

specific CD8+ T cells, and CD8+ T cells co-expressing PD-1, LAG-3, and TIM-3 (Figure 414 

S11G-J). We additionally observed significantly more granzyme B secretion in the BALF 415 

of IgMi compared to WT mice (Figure S11K). Overall, these data show that the 416 

phenotype we see in F/F/S infection was observed in super-infections with a different 417 

pathogenic bacteria; however, IgMi mice appear to have impaired control of Klebsiella 418 

pnuemoniae burden.  419 
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 420 

 421 

Effector cytotoxic CD8+ T cells induced by B cell deficiency are protective against lethal 422 

secondary bacterial pneumonia 423 

To assess whether memory effector CD8+ T cells in the lung were protective or 424 

detrimental during secondary bacterial infection, we depleted CD8β+ T cells (IV and IT) 425 

in WT and µMT mice prior to challenge with influenza (PR8) virus (Figure 8A). Lung 426 

CD8β+ T cell depletion was confirmed on the day of tissue harvest using flow cytometry 427 

(Figure 8B). We observed that depletion of CD8β+ T cells in µMT mice resulted in 428 

significantly higher MRSA burden in the lung compared to controls (Figure 8C). 429 

Additionally, µMT lungs depleted of CD8β+ T cells had significantly higher viral burden 430 

(PR8) compared to WT and isotype groups (Figure 8D). This suggests that the cytotoxic 431 

memory CD8+ T cells of µMT are protective against influenza virus and MRSA 432 

challenge; however, depletion of CD8+ T cells in WT mice did not significantly impact 433 

influenza virus or MRSA burden, likely due to the presence of antibody. Because we 434 

observed previously that B cell deficient mice (µMT, MD4, and IgMi) formed lung CD8+ T 435 

cells with increased granzyme B expression, we analyzed the concentration of 436 

granzyme B in the BALF. We observed that µMT mice with CD8β T cell depletion had 437 

moderately decreased granzyme B concentration in the BALF, although this did not 438 

reach statistical significance. There was no difference in granzyme B concentration in 439 

the BALF of WT groups (CD8+ T cell depleted vs. isotype), demonstrating that effector 440 

cytotoxic lung CD8+ T cell formation is a unique feature of B cell deficiency (Figure 8E). 441 

We did not observe any differences in lung tissue injury between CD8β+ T cell depleted 442 
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and isotype groups (Figure S12A). However, we saw a significant increase of lung CD4+ 443 

T cell number, IL-6, and BALF neutrophil frequency in µMT mice that were depleted of 444 

CD8β+ T cells, suggesting that other immune cells were recruited to the lungs to control 445 

super-infection (Figure S12B-D).   446 

Since we saw that CD8+ T cells are important for MRSA clearance in the lungs of 447 

µMT mice, we wanted to assess their ability to control secondary bacterial pneumonia 448 

by challenging WT and µMT mice with a lethal dose (2x108 CFU) of MRSA in our model. 449 

We observed that µMT mice lost more weight than WT mice (Days 54-60), which was 450 

dependent on influenza virus (PR8) infection. WT mice lost a significant amount of 451 

weight in the 48 hours following MRSA challenge (Days 60-62), suggesting that weight 452 

loss in WT mice is primarily dependent on secondary bacterial infection (Figure 8F). 453 

Overall, WT and µMT groups had similar mortality rates following lethal super-infection, 454 

but the time points at which mortality occurred significantly differed. Mortality in the WT 455 

group occurred 24-48 hours post- MRSA challenge, suggesting that WT mice were not 456 

able to effectively clear MRSA infection (Figure 8G). The µMT group experienced less 457 

mortality 24-48 post-MRSA challenge (20%) compared to WT mice (65%) (Figure 8G). 458 

These data suggest that the µMT mice were able to control the MRSA infection more 459 

effectively than the WT group despite already experiencing significant weight loss due to 460 

influenza virus infection. 48 hours post-MRSA challenge, both µMT and WT groups 461 

began to recover from the weight loss; however, some individual µMT mice continued to 462 

lose weight and were euthanized at days 63, 64, and 65 (Figure 8F-G). The continued 463 

mortality 72-96 hours post-MRSA challenge in the µMT group was likely due to 464 

antibody-dependent weight loss and from the inflammatory lung environment. To 465 
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determine whether the increased early mortality in WT mice was due to increased 466 

MRSA burden, we examined bacterial burden 14 hours post lethal MRSA challenge and 467 

observed increased burden in WT compared to µMT mice (Figure 8H).  When 468 

heterotypic memory experienced WT and µMT mice were challenged with lethal MRSA 469 

without secondary PR8 influenza virus challenge (Figure S12E), both groups had ~ 50% 470 

mortality within 48 hours of challenge (Figure S12F-G). Overall, these data suggest that 471 

loss of B cells induces formation of lung cytotoxic effector CD8+ T cells, which promote 472 

acute control of MRSA challenge during F/F/S infection.  473 

  474 
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DISCUSSION 475 

 Pulmonary infections caused by viruses, such as influenza virus and SARS-COV-476 

2, remain a persistent public health burden globally. Immune dysregulation following 477 

viral infection increases susceptibility to developing secondary bacterial pneumonias, 478 

resulting in increased morbidity and mortality rates (5, 7-8). Studies on naïve mice have 479 

shown that altered immune responses during preceding viral infection hinders anti-480 

bacterial mechanisms during secondary bacterial pneumonia (9-16). Our group has 481 

previously shown that mice with heterotypic influenza memory have better controlled 482 

immunopathology and improved bacterial clearance in the lung (32). The data 483 

presented in this study expand on this knowledge and show that previous influenza 484 

virus infection alters immune responses against secondary bacterial infection. CD8+ T 485 

cells are crucial for controlling heterotypic influenza infection by recognizing and killing 486 

virally infected cells, but less is known about their responses to extracellular bacterial 487 

infections. While primarily an extracellular infection, MRSA can invade phagocytic cells. 488 

CD8+ T cells can lyse and kill these infected cells via perforin and granzyme B (41-42). 489 

Our analysis of sorted lung CD8+ T cells in WT mice showed transcriptomic differences 490 

between F/F and F/F/S groups. Th17 derived-cytokines and antimicrobial peptides are 491 

important for clearance of bacterial infection, and induction of type I IFNs by influenza 492 

virus A has been shown to prevent Th17 activation (10-11, 13). Our results suggest that 493 

MRSA challenge downregulates pro-inflammatory pathways and genes associated with 494 

anti-bacterial clearance, such as IL-17a, IL-23a, LCN2, IL-1α, IL-1β, and S100A8-9 495 

consistent with previous findings (11). During influenza virus infection, pro-inflammatory 496 

cytokines IFNγ and TNFα are upregulated, but we found that expression of these 497 

cytokines by lung CD8+ T cells decreased significantly due to MRSA infection in WT 498 
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mice. IFNγ has been shown previously to impair control of secondary bacterial 499 

pneumonias, so downregulation of IFNγ in our model may be beneficial (13, 43-44). 500 

However, downregulation of TNFα may be detrimental for bacterial clearance as it has 501 

been shown to be protective against S. aureus (45-47). Together, these data show that 502 

despite memory training of immune cells, secondary challenge with MRSA alters CD8+ 503 

T cell phenotype; however, these cells appear to be able to effectively mount an anti-504 

bacterial response against MRSA. Further investigation is needed to uncover 505 

phenotypic and functional changes in CD8+ T cells during super-infection.  506 

 B cells have been shown to be integral to maintaining tissue integrity, primarily by 507 

immunoregulating key effector cells that drive tissue damage; neutrophils and 508 

macrophages (48-50). We observed that loss of B cells increased lung injury and 509 

inflammation, but this finding was seen only after heterotypic memory, not acute super-510 

infection. Increased inflammation and immune cell recruitment in B cell deficient lungs 511 

was particularly concentrated towards the blood vessels, rather than the parenchyma. A 512 

similar finding has been seen in lungs of Rag2-/- mice, which lack mature B and T cells 513 

(51). We examined if the cause of increased lung tissue injury was due to lack of 514 

antibody or due to other antibody-independent B cell functions (48-50). Using MD4 and 515 

IgMi mice in addition to µMT mice showed that lung tissue injury during memory super-516 

infection was caused primarily by loss of antibody. IgMi mice have been reported 517 

previously to secrete more IL-10, an important immunoregulatory cytokine, but 518 

increased B cell derived IL-10 did not rescue lung tissue injury (40, 52). Depleting CD8+ 519 

T cells did not rescue lung tissue injury. There was an increase of cytokines in the lungs 520 

of B cell deficient mice that are associated with immunopathology, particularly IL-6, 521 
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MCP-1, MIP-1β, and G-CSF (53-56). Cytokine increases suggests that absence of B 522 

cell immunoregulatory signals to neutrophils and macrophages may cause increased 523 

lung tissue inflammation during memory super-infection. Additionally, we saw increased 524 

inflammatory macrophages in B cell deficient mice compared to WT mice. While, there 525 

was no difference in total neutrophil number between WT and B cell deficient lungs, the 526 

neutrophils of B cell deficient mice appeared to be more mature and had increased 527 

iNOS expression, which was shown to increase tissue damage (57-59). Influenza 528 

memory antibody serum add back to B cell deficient mice at the beginning of super-529 

infection rescued weight loss, lung injury, and decreased numbers of activated CD8+ T 530 

cells and macrophages. Overall, these findings show that loss of antibody production by 531 

B cells leads to a more inflammatory environment, leading to increased lung injury. 532 

However, the immunological mechanisms underlying this increased lung injury require 533 

further investigation.  534 

 Clinically, depletion of B cells via monoclonal antibodies like Rituximab increases 535 

patient risk of higher morbidity and mortality to infectious diseases (60). Previous 536 

studies have shown that loss of B cells accelerates the contraction of memory CD8+ T 537 

cells formed in response to infection and vaccination (61-66). Rituximab-treated 538 

rheumatoid arthritis patients were shown to have impaired expansion of influenza virus-539 

specific CD8+ T cells following influenza vaccination, a finding also seen in B cell 540 

deficient mice challenged with influenza virus (62). However, a different study examining 541 

responses to COVID-19 mRNA vaccines in Rituximab-treated patients showed that the 542 

expansion of antigen-specific CD8+ T cells was not impaired, but rather the CD8+ T cells 543 

were more activated and expressed more effector molecules (63). We observed that 544 
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expansion of effector and resident memory CD8+ T cells in B cell deficient mice was not 545 

impaired. The number of lung CD8+ T cells and influenza virus-specific CD8+ T cells was 546 

significantly higher in B cell deficient mice compared to WT. Additionally, we saw an 547 

increased population of CD8 TRMs in the lungs of B cell deficient mice compared to WT. 548 

We did not observe impairment in the formation of memory CD8+ T cells in B cell 549 

deficient models during heterotypic memory super-infection. The difference in findings is 550 

possibly due to natural infection rather than vaccination for the primary challenge.   551 

We observed that CD8+ T cells in B cell deficient mice expressed more T cell 552 

regulatory markers (PD-1, LAG-3, TIM-3) than WT CD8+ T cells with expression further 553 

increased after MRSA challenge. CD8+ T cells in B cell deficient mice had a diminished 554 

anti-viral phenotype, expressing lower levels of IFNγ and TNFα compared to WT CD8+ 555 

T cells. However, the CD8+ T cells expressed significantly more granzyme B compared 556 

to WT, a finding that is consistent with a previous study showing impaired CD8+ T cell 557 

responses in MD4 mice (61). We also found genes commonly associated with T cell 558 

regulation and exhaustion were increased in CD8+ T cells from B cell deficient mice 559 

compared to WT. This suggests that B cell deficiency may be driving CD8+ T cells 560 

towards a state of terminal effector differentiation. It is clear that B cells are critically 561 

involved in regulating memory CD8+ T cell responses, but it is unclear what 562 

mechanism(s) are responsible. We found that loss of antibody secretion by B cells was 563 

responsible for the increase in lung effector CD8+ T cells as the CD8+ T cells observed 564 

in IgMi mice were very similar to those seen in µMT mice. B cells from IgMi mice have 565 

been previously shown to have a higher propensity to secrete IL-10 and participate in 566 

germinal center reactions compared to WT mice (40). We saw that IgMi mice had a 567 
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higher proportion of effector memory CD8+ T cells compared to µMT mice, which may 568 

be due to increased germinal center interactions. Depletion of B cells in MD4 mice and 569 

adding back influenza antibody serum showed that loss of antibody results in increased 570 

memory CD8+ T cells during secondary challenge. Studies are needed to show 571 

mechanistically how loss of antibodies during primary infection impacts CD8+ T cell 572 

responses. We theorize that lack of antibody results in prolonged engagement of 573 

antigen with T cell receptors on CD8+ T cells, which has been shown to increase the 574 

magnitude of cytotoxic T lymphocyte activity in CD8+ T cells (67-69).  575 

Heterotypic influenza memory resulted in lower MRSA burden in the lung during 576 

super-infection compared to previously naïve mice (32), so it was interesting that loss of 577 

memory B cells did not impact MRSA burden. However, secondary challenge with 578 

Klebsiella pnuemoniae did result in higher bacterial burdens in IgMi mice compared to 579 

WT, which could be due to increased virulence or increased ability to evade host 580 

immune responses (70).  Cytotoxic CD8+ T cells are important mediators of intracellular 581 

pathogen killing through production of cytokines, such as IFNγ, TNFα, and granzyme b, 582 

and killing of infected cells (71). While only a subset of the CD8+ T cells (15-50%) in our 583 

B cell deficient mice were influenza virus-specific, a majority of them expressed 584 

granzyme B. This suggests bystander activation of CD8+ T cells, which produce high 585 

levels of granzyme b and perforin (72). Depleting CD8β+ T cells prior to super-infection 586 

increased viral and MRSA burden only in µMT lungs, demonstrating their necessity for 587 

viral and bacterial clearance. Challenging WT and µMT mice with lethal-MRSA infection 588 

during super-infection resulted in WT mice succumbing within 24-48 hours of infection, 589 

which was likely due to higher MRSA burden in the lung. However, µMT mice largely 590 
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survived initial bacterial infection but succumbed at later time points, likely due to 591 

increased weight loss and lung inflammation. The delayed mortality seen in µMT mice 592 

was only observed when the mice were challenged with PR8 prior to lethal MRSA 593 

infection, suggesting that PR8 infection activated bystander CD8+ T cells, which 594 

promoted clearance of secondary bacterial infection. These data show that the cytotoxic 595 

effector memory CD8+ T cells that result from B cell deficiency are protective against 596 

secondary bacterial challenge, but their contributions towards immunopathology are still 597 

unclear. These data suggest that the increased lung tissue injury and inflammation seen 598 

in B cell deficient mice during memory super-infection is likely due to immune activation 599 

from bacterial challenge rather than bacterial load. Although our findings are limited to 600 

two heterotypic influenza virus strains, we believe the immunological findings regarding 601 

regulation of CD8+ T cells by B cells is relevant to other anti-microbial immunity and 602 

vaccination contexts. Further studies are needed to resolve how B cells and CD8+ T 603 

cells regulate each other, which is crucial for providing effective therapeutic 604 

interventions to viral and bacterial infections.  605 

 606 

  607 
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METHODS 608 

Sex as a biological variable 609 

This study examined predominately male animals to reduce experimental 610 

variability. We have done some experiments (as indicated) with female mice and similar 611 

findings are reported for both sexes.  612 

 613 

Mice 614 

Six- to eight-week-old male wild-type (WT) C57BL/6, MD4 (C57BL/6-615 

Tg(IghelMD4)4Ccg/J), and µMT (B6.129S2-Ighmtm1Cgn/J) mice and were purchased 616 

from Jackson Laboratories (Bar Harbor, ME). IgMi mice were a gift from the laboratory 617 

of Dr. Timothy Hand at UPMC Children’s Hospital of Pittsburgh. Mice were maintained 618 

under pathogen-free conditions at UPMC Children's Hospital of Pittsburgh. Studies were 619 

performed on sex- and age- matched mice.  620 

 621 

Mouse model and sampling collection 622 

On day 0, 6- to 8- week male or female mice were infected with 0.5-1 x 105 PFU 623 

of mouse-adapted influenza virus A/HKx31 H3N2 (X31) or PBS vehicle. After 54 days, 624 

the mice were rechallenged with 103 PFUs of a heterotypic strain of mouse-adapted 625 

influenza virus A/PR/8/34 H1N1 (PR8) or PBS vehicle. Six days after influenza virus 626 

rechallenge (day 60), the mice were challenged with 5 x 107 CFUs of USA300 MRSA 627 

(stationary phase) suspended in PBS or vehicle and harvested a day later. For 628 

homotypic influenza virus challenge models, mice were infected with PR8 at both viral 629 

challenge time points. For Klebsiella pnuemoniae experiments, mice were challenged 630 

with 5x103 CFUs of K.pneumoniae (ATCC 43816) at day 60 and tissues were harvested 631 
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48 hours later (day 62). All infections were given via oropharyngeal instillation. Mice 632 

were euthanized via pentobarbital injection followed by cervical dislocation and 633 

exsanguination by severing the renal artery.  634 

 635 

Bronchoalveolar lavage fluid collection and differential cell staining 636 

Bronchoalveolar lavage fluid (BALF) was collected from mice at tissue harvest and 637 

processed according to Supplemental Methods.  638 

 639 

Bacterial plating  640 

The upper right lung lobes of mice were collected and homogenized in 1 mL of 641 

PBS. Neat and 10-fold dilutions of lung homogenate were dot plated and then incubated 642 

at 37°C overnight and CFUs were quantified by bacterial colony counting. 643 

 644 

Flow cytometry 645 

Flow cytometry was performed on single cell suspensions obtained from lung tissue 646 

according to Supplemental Methods.  647 

 648 

Histology and Qupath analysis 649 

Histological processing and analysis of lungs was performed as outlined in 650 

Supplemental Methods.  651 

 652 

RNA extraction and quantitative PCR 653 
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Lung tissue was collected at day of harvest and processed for RNA extraction and q-654 

PCR according to Supplemental Methods.  655 

 656 

Hemagglutinin Inhibition Assay (HAI) 657 

HAI assays were conducted on serum samples according to Supplemental 658 

Methods.  659 

 660 

Lincoplex and Protein assays 661 

Protein levels in BALF were determined using the Pierce BCA protein assay kit 662 

(Thermo Fisher Scientific, Waltham, MA). Cytokine production was measured using 663 

homogenate of upper right lung (1 mL of PBS) using the Bio-Rad Magpix (Hercules, CA) 664 

platform with the Bio-Plex Pro Mouse Cytokine 23-plex assay (Bio-Rad, Hercules, CA). 665 

BALF was used to determine granzyme B production using Mouse granzyme B DuoSet 666 

ELISA kit (R&D Systems, Minneapolis, MN). 667 

 668 

CD8β T cell depletion 669 

CD8β T cell depletion was performed twice, five and two days before PR8 670 

challenge (Day 49 and 52). µMT or WT C57BL/6 mice were injected intravenously via 671 

tail vein with 200 µg of InVivoMAb anti-mouse CD8β (Lyt 3.2, clone: 53-5.8, BioXcell, 672 

Lebanon, NH) or 200 µg of InVivoMAb rat IgG1 isotype control, anti-horseradish 673 

peroxidase (clone: HPRN, BioXcell, Lebanon, NH). Mice were oropharyngeally 674 

administered 200 µg of InVivoMAb anti-mouse CD8β (Lyt 3.2, clone: 53-5.8, BioXcell, 675 

Lebanon, NH) or 200 µg of InVivoMAb rat IgG1 isotype control, anti-horseradish 676 
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peroxidase (clone: HPRN, BioXcell, Lebanon, NH). Depletion efficiency was assessed 677 

via flow cytometry. 678 

 679 

B cell depletion 680 

Early B cell depletion was performed 7 days prior to X-31 (H3N2) challenge. MD4 681 

mice were injected intravenously via tail vein with 250 µg of Ultra-Leaf Purified anti-682 

mouse CD20 Antibody (SA271G2, Biolegend, San Diego, CA) or with 250 µg of Rat 683 

IgG2b κ isotype control (RTK4530, Biolegend, San Diego, CA). Mice were 684 

oropharyngeally administered 125 µg of Ultra-Leaf Purified anti-mouse CD20 Antibody 685 

(SA271G2, Biolegend, San Diego, CA) or with 125 µg of Rat IgG2b κ isotype control 686 

(RTK4530, Biolegend, San Diego, CA). Late B cell depletion was performed 687 

intravenously and oropharyngeally with identical CD20 antibody and isotype volume and 688 

concentrations except treatment was performed 5 days (day 49) and 2 days (day 52) 689 

prior to PR8 infection (day 54) in WT (C57BL/6) mice.   690 

 691 

Serum transfer experiments 692 

 WT or µMT mice were injected intravenously via tail vein with 150µL of PBS 693 

vehicle, pooled naïve serum collected from WT mice, or pooled influenza memory 694 

serum collected from WT mice with F/F/S infection at day of tissue harvest (day 61). 695 

Mice were passively immunized 6-7 hours following PR8 challenge (day 54).  696 

 697 

Bulk-RNA sequencing on Lung CD8+ T cells  698 
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RNA was extracted from mouse lung CD8+ T cells according to methods outlined 699 

in Supplemental Methods. MedGenome (Foster City, CA) performed library preparation 700 

(Takara SMART-Seq mRNA, San Jose, CA) and sequencing (Illumina NovaSeq, 701 

Oakdale, MN) with 100-bp single-end reads and 20 million reads per sample.  702 

 703 

Bioinformatics 704 

Bulk-RNA sequencing reads were aligned and analyzed by MedGenome (Foster 705 

City, CA). Gene Set Enrichment Analysis was performed using Webgestalt (WEB-based 706 

GEne SeT AnaLysis Toolkit) (73). Heatmaps were made using the provided TPM counts 707 

and using R in R Studio version 4.1.0, data were log2-transformed and scaled according 708 

to row using the pheatmap package (74) to highlight expression levels for select genes 709 

across samples.  710 

 711 

Statistics 712 

Data were analyzed using GraphPad Prism software (San Diego, CA). 713 

Experiments were repeated two to six times as indicated. All data are presented as 714 

mean with SEM, unless otherwise noted. Mann-Whitney U test, one-way ANOVA with 715 

multiple comparisons, or two-way ANOVA were used for statistical significance with a p 716 

value ≤ 0.05.  717 

 718 

Study Approval 719 
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All research with animal models was subject to prior review and approval and 720 

conducted in compliance by University of Pittsburgh’s Institutional Animal Care and Use 721 

Committee (protocol #23073501). 722 

  723 

Data availability  724 

  Datasets are available in the NCBI’s Gene Expression Omnibus (GEO) 725 

repository (GEO GSE288913). Individual data points are graphed to depict experimental 726 

variation. Raw data are provided in Supporting Data Values files. Data are available 727 

upon request from the corresponding author, subject to institutional review and 728 

approval.  729 

  730 
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FIGURE LEGENDS 974 

FIGURE 1. Loss of B cells increases lung populations of T cells and inflammatory 975 

macrophages during memory super-infection. (A) Infection scheme for memory super-976 

infected mice. (B) Representative H&E lung images (40X) with a heatmap overlay to 977 

signify lung areas with inflammation/consolidation. (C) Lung nucleated cell density 978 

(cells/mm2) and frequency of lung inflammation and consolidation detections between 979 

WT vs. µMT lungs and between F/F and F/F/S treatment groups (WT-F/F: n=12, WT-980 

F/F/S: n=18, µMT-F/F: n=12, µMT-F/F/S: n=18). (D) Flow cytometry analysis was 981 

conducted on WT and µMT mice with F/F and F/F/S infections. Samples were 982 

concatenated (n=4) and populations were visualized using FlowSOM and tSNE-CUDA 983 

using Cytobank software. (E-F) Samples were analyzed by flow cytometry. Absolute 984 

number of CD64+CD11b+CD11clo cells (WT-F/F: n=12, WT-F/F/S: n=11, µMT-F/F: n=12, 985 

µMT-F/F/S: n=13) and percentage of iNOS+MHCIIhi cells of CD64+ cells (WT-F/F: n=7, 986 

WT-F/F/S: n=8, µMT-F/F: n=7, µMT-F/F/S: n=8). Data represented as mean ± SEM and 987 

P values were determined by repeated 1-way ANOVA measures (*p < 0.05, **p < 0.01, 988 

***p <0.001, ****p < 0.0001). 989 

 990 

FIGURE 2. Loss of B cells alters CD8+ T cell number and phenotype during memory 991 

super-infection. Flow cytometry analysis was conducted on WT and µMT mice with F/F 992 

and F/F/S infections. (A-B) Percentage (WT-F/F: n=8, WT-F/F/S: n=20, µMT-F/F: n=8, 993 

µMT-F/F/S: n=24) and absolute number(WT-F/F: n=8, WT-F/F/S: n=7, µMT-F/F: n=8, 994 

µMT-F/F/S: n=8) of CD90.2+CD8+ cells. (C) Percentage of CD4+CD90.2+ cells (WT-F/F: 995 

n=8, WT-F/F/S: n=7, µMT-F/F: n=8, µMT-F/F/S: n=8). (D) Absolute number of 996 
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CD8+CD69+CD103hi cells (WT-F/F: n=8, WT-F/F/S: n=7, µMT-F/F: n=8, µMT-F/F/S: 997 

n=8). (E) Intracellular flow cytometry plot (left) showing the percentage Granzyme 998 

B+CD8+ T cells using concatenated F/F/S infected WT and µMT samples (WT-F/F/S: 999 

n=4, µMT-F/F/S: n=4) and absolute number of Granzyme B+CD8+ T cells (right) (WT-1000 

F/F: n=8, WT-F/F/S: n=7, µMT-F/F: n=8, µMT-F/F/S: n=8). (F-H) Percentage of 1001 

IFNγ+CD8+ cells (WT-F/F: n=12, WT-F/F/S: n=11, µMT-F/F: n=12, µMT-F/F/S: n=11), 1002 

TNFα+CD8+ cells and Tbet+CD8+ cells (WT-F/F: n=8, WT-F/F/S: n=7, µMT-F/F: n=8, 1003 

µMT-F/F/S: n=8). Data represented as mean ± SEM and P values were determined by 1004 

repeated 1-way ANOVA measures (*p < 0.05, **p < 0.01, ***p <0.001, ****p < 0.0001). 1005 

 1006 

FIGURE 3. Loss of B cells alters the transcriptional state of lung CD8+ T cells during 1007 

memory super-infection. Bulk-RNA-seq was performed on lung CD8+ T cells from WT 1008 

and µMT mice with either F/F or F/F/S infections (WT F/F: n=4, WT F/F/S: n=4, µMT 1009 

F/F: n=3, µMT F/F/S: n=3). (A) Venn diagram shows the number of statistically 1010 

significant differentially expressed genes shared between WT F/F vs. WT F/F/S group 1011 

and µMT F/F vs. µMT F/F/S group. (B) Top and bottom 10 GO pathways in µMT F/F/S 1012 

vs. WT F/F/S on genes with false discovery rate p-adjusted values < 0.05 (8831 DEGs). 1013 

(C) Clustering heatmap of log2 transformed TPM values of WT F/F/S and µMT F/F/S 1014 

mice for CD8+ T cell genes with adjusted p-values (right). (D) Flow cytometry analysis 1015 

showing the percentage of PD-1+LAG-3+TIM-3+CD8+ T cells (WT F/F: n=11, WT F/F/S: 1016 

n=10, µMT F/F: n=11, µMT F/F/S: n=12). (E) GSEA of a pathway in µMT F/F/S versus 1017 

WT F/F/S (top) with p-value and enrichment score (bottom). Flow cytometry analysis 1018 

showing the percentage of Annexin-V+7-AAD-CD8+ T cells (WT-F/F: n=8, WT-F/F/S: 1019 
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n=7, µMT-F/F: n=7, µMT-F/F/S: n=8). Graphed data represented as mean ± SEM and P 1020 

values were determined by repeated 1-way ANOVA measures (**p < 0.01, ***p <0.001, 1021 

****p < 0.0001).  1022 

 1023 

FIGURE 4. Loss of influenza virus-specific antibody drives cytotoxic memory CD8+ T 1024 

cell responses in super-infection. (A) X-31 influenza virus-specific serum titers 1025 

measured by HAI assay at day 61 (WT: n=19, MD4: n=5, µMT: n=8, IgMi: n=8).  (B) 1026 

Percent weight loss was calculated starting from PR8 infection (WT: n=18, MD4: n=14, 1027 

µMT: n=26, IgMi: n=7). (C) Viral burden (PR8) assessed via qPCR (WT: n=19, MD4: 1028 

n=14, µMT: n=16, IgMi: n=8). (D) Number of MRSA colonies from lung homogenates 1029 

(WT: n=22, MD4: n=9, µMT: n=18, IgMi: n=8). (E) Percentage of CD8+ cells (WT: n=27, 1030 

MD4: n=11, µMT: n=27, IgMi: n=8). (F) Percentage of CD44hiCD62loCD8+ cells (WT: 1031 

n=24, MD4: n=11, µMT: n=16, IgMi: n=8). (G) Absolute number of NP-1032 

tetramer+CD44hiCD8+ cells (WT: n=19, MD4: n=11, µMT: n=16, IgMi: n=8). (H) 1033 

Percentage of PD-1+LAG-3+TIM-3+CD8+ cells (WT: n=24, MD4: n=11, µMT: n=16, IgMi: 1034 

n=8). (I) Percentage of IFNγ+CD8+ cells (WT: n=19, MD4: n=7, µMT: n=20, IgMi: n=7). 1035 

(J) Median fluorescence intensity (MFI) of Granzyme B+CD8+ T cells (WT: n=14, MD4: 1036 

n=11, µMT: n=13, IgMi: n=7). (K-L) Protein expression of Granzyme B (WT: n=8, MD4: 1037 

n=6, µMT: n=7, IgMi: n=8) and TNFα (WT: n=7, MD4: n=7, µMT: n=8, IgMi: n=7) from 1038 

BALF. Data represented as mean ± SEM and P values were determined by repeated 1-1039 

way ANOVA measures (*p < 0.05, **p < 0.01, ***p <0.001, ****p < 0.0001). 1040 

 1041 
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FIGURE 5. Loss of influenza virus-specific antibody increases lung tissue injury during 1042 

memory super-infection. Histology scoring and Qupath analysis was performed on lungs 1043 

from WT, µMT, MD4, and IgMi mice. (A) Representative H&E lung images, scanned at 1044 

40X (right). A heatmap overlay was used to signify lung areas with 1045 

inflammation/consolidation (left). (B) Representative histology sections with H&E of WT, 1046 

µMT, MD4, and IgMi lungs. (C) Histology scores of perivascular lung tissue sections. (D-1047 

E) Quantification of lung nucleated cell density (cells/mm2) and frequency of lung 1048 

inflammation and consolidation detections (WT: n=17, MD4: n=11, µMT: n=17, IgMi: 1049 

n=8). (F) BALF protein at day of harvest (WT: n=30, MD4: n=10, µMT: n=32, IgMi: n=7). 1050 

Data represented as mean ± SEM and P values were determined by repeated 1-way 1051 

ANOVA measures (*p < 0.05, **p < 0.01, ****p < 0.0001).  1052 

 1053 

FIGURE 6. Temporal B cell depletion during primary influenza virus infection leads to 1054 

increased lung memory CD8+ T cell formation. (A) B Cell depletion scheme.  B cells 1055 

repopulated the lung prior to challenge with PR8 followed by MRSA. (B) Depletion 1056 

efficiency in the lung was confirmed via flow cytometry (Day0-ISO: n=4, Day0-B cell-1057 

depleted: n=4, Day30-ISO n=4, Day30-B cell-depleted: n=3). (C) X-31 influenza virus-1058 

specific mouse serum titers measured by HAI assay (ISO: n=7, B cell-depleted n=5). 1059 

(D) Percent of weight loss for each group (ISO: n=14, B cell-depleted n=12). (E-F) 1060 

Histology scores of parenchymal lung sections and lung nucleated cell density 1061 

(cells/mm2) quantified (ISO: n=8, B cell-depleted n=7). (G) MRSA colonies from lung 1062 

homogenates (ISO: n=6, B cell-depleted n=5). (H-J) Percentage of lung CD8+ cells, 1063 

CD8+CD69+CD103hi cells, and PD1+CD8+ cells (ISO: n=14, B cell-depleted n=11). (K) 1064 
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BALF granzyme B protein concentration (ISO: n=6, B cell-depleted n=5). Data 1065 

represented as mean ± SEM and P values were determined by repeated 2-tailed Mann-1066 

Whitney U-test (*p < 0.05, **p < 0.01, ***p <0.001, ****p < 0.0001).  1067 

 1068 

FIGURE 7. Passively immunizing µMT mice with heterotypic memory influenza serum 1069 

rescues weight loss and tissue injury. WT or µMT mice were intravenously injected with 1070 

150 µL of either PBS vehicle, pooled naïve WT serum, or pooled WT memory serum 1071 

following PR8 challenge (day 54). (A) Weight loss for each group. (B) Flow cytometry 1072 

was performed to calculate absolute number of lung CD8+CD45+CD90.2+ cells. (C-D) 1073 

Percentage of effector memory CD44hiCD62loCD8+ cells and PD1+CD8+ cells. (E) 1074 

Absolute number of CD64+CD24-Ly6g-CD45+CD19-TCRβ- cells. (F) Histology scoring of 1075 

perivascular lung sections. (G) BALF granzyme B protein concentration. For all figures, 1076 

(WT-vehicle: n=12, WT-memory Ab: n=8, WT-naïve Ab: n=8, µMT-vehicle: n=10, µMT-1077 

memory Ab: n=8, µMT-naïve Ab: n=8). Data represented as mean ± SEM and P values 1078 

were determined by repeated 1-way ANOVA measures (*p < 0.05, **p < 0.01, ***p 1079 

<0.001, ****p < 0.0001).  1080 

 1081 

FIGURE 8. CD8+ T cells induced by B cell deficiency promote bacterial control during 1082 

memory super-infection. (A) CD8+ T cell depletion scheme. (B) CD8β T cell depletion 1083 

was confirmed on day of tissue harvest via flow cytometry (µMT-CD8β-depleted: n=8, 1084 

WT-CD8β-depleted: n=8, µMT-ISO: n=8, WT-ISO n=8). (C) MRSA burden in lung 1085 

homogenates (µMT-CD8β-depleted: n=8, WT-CD8β-depleted: n=8, µMT-ISO: n=7, WT-1086 

ISO n=7). (D) Viral protein (PR8) was assessed via qPCR (µMT-CD8β-depleted: n=8, 1087 
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WT-CD8β-depleted: n=8, µMT-ISO: n=8, WT-ISO n=8). (E) BALF granzyme B protein 1088 

concentration (µMT-CD8β-depleted: n=8, WT-CD8β-depleted: n=8, µMT-ISO: n=8, WT-1089 

ISO n=8). (F) WT and µMT mice were challenged with a lethal dose of MRSA (2x108) 1090 

during memory super-infection and weighed daily (left). Weight loss at day of MRSA 1091 

challenge (Day 60) was compared with day of PR8 challenge (middle) and percent of 1092 

weight loss 48 hours from MRSA challenge (Day 62) was compared to initial MRSA 1093 

challenge (right)(WT: n=22, µMT: n=21). (G) Survival percentage was calculated daily 1094 

following lethal MRSA challenge (left). Median day of mortality was calculated for WT 1095 

and µMT groups (right)(WT: n=22, µMT: n=21). (H) MRSA burden 14 hours post-lethal 1096 

MRSA challenge in lung homogenate (WT: n=14, µMT: n=13). Data represented as 1097 

mean ± SEM. For A-E, P values were determined by repeated 1-way ANOVA measures. 1098 

For F-H, P values were determined by repeated 2-tailed Mann-Whitney U-test (*p < 1099 

0.05, **p < 0.01, ***p <0.001, ****p < 0.0001). 1100 
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FIGURE 1. Loss of B cells increases lung populations of T cells and inflammatory macrophages during memory super-infection. (A) Infection scheme for memory 

super-infected mice. (B) Representative H&E lung images (40X) with a heatmap overlay to signify lung areas with inflammation/consolidation. (C) Lung nucleated 

cell density (cells/mm2) and frequency of lung inflammation and consolidation detections between WT vs. µMT lungs and between F/F and F/F/S treatment 

groups (WT-F/F: n=12, WT-F/F/S: n=18, µMT-F/F: n=12, µMT-F/F/S: n=18). (D) Flow cytometry analysis was conducted on WT and µMT mice with F/F and F/F/S 

infections. Samples were concatenated (n=4) and populations were visualized using FlowSOM and tSNE-CUDA using Cytobank software. (E-F) Samples were 

analyzed by flow cytometry. Absolute number of CD64+CD11b+CD11clo cells (WT-F/F: n=12, WT-F/F/S: n=11, µMT-F/F: n=12, µMT-F/F/S: n=13) and percentage 

of iNOS+MHCIIhi cells of CD64+ cells (WT-F/F: n=7, WT-F/F/S: n=8, µMT-F/F: n=7, µMT-F/F/S: n=8). Data represented as mean ± SEM and P values were 

determined by repeated 1-way ANOVA measures (*p < 0.05, **p < 0.01, ***p <0.001, ****p < 0.0001). 
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FIGURE 2. Loss of B cells alters CD8+ T cell number and phenotype during memory super-infection. Flow cytometry analysis was conducted on WT and µMT 

mice with F/F and F/F/S infections. (A-B) Percentage (WT-F/F: n=8, WT-F/F/S: n=20, µMT-F/F: n=8, µMT-F/F/S: n=24) and absolute number(WT-F/F: n=8, 

WT-F/F/S: n=7, µMT-F/F: n=8, µMT-F/F/S: n=8) of CD90.2+CD8+ cells. (C) Percentage of CD4+CD90.2+ cells (WT-F/F: n=8, WT-F/F/S: n=7, µMT-F/F: n=8, 

µMT-F/F/S: n=8). (D) Absolute number of CD8+CD69+CD103hi cells (WT-F/F: n=8, WT-F/F/S: n=7, µMT-F/F: n=8, µMT-F/F/S: n=8). (E) Intracellular flow 

cytometry plot (left) showing the percentage Granzyme B+CD8+ T cells using concatenated F/F/S infected WT and µMT samples (WT-F/F/S: n=4, µMT-F/F/S: 

n=4) and absolute number of Granzyme B+CD8+ T cells (right) (WT-F/F: n=8, WT-F/F/S: n=7, µMT-F/F: n=8, µMT-F/F/S: n=8). (F-H) Percentage of IFNγ+CD8+ 

cells (WT-F/F: n=12, WT-F/F/S: n=11, µMT-F/F: n=12, µMT-F/F/S: n=11), TNFα+CD8+ cells and Tbet+CD8+ cells (WT-F/F: n=8, WT-F/F/S: n=7, µMT-F/F: n=8, 

µMT-F/F/S: n=8). Data represented as mean ± SEM and P values were determined by repeated 1-way ANOVA measures (*p < 0.05, **p < 0.01, ***p <0.001, 

****p < 0.0001). 
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FIGURE 3. Loss of B cells alters the transcriptional state of lung CD8+ T cells during memory super-infection. Bulk-RNA-seq was performed on lung CD8+ T cells 

from WT and µMT mice with either F/F or F/F/S infections (WT F/F: n=4, WT F/F/S: n=4, µMT F/F: n=3, µMT F/F/S: n=3). (A) Venn diagram shows the number of 

statistically significant differentially expressed genes shared between WT F/F vs. WT F/F/S group and µMT F/F vs. µMT F/F/S group. (B) Top and bottom 10 GO 

pathways in µMT F/F/S vs. WT F/F/S on genes with false discovery rate p-adjusted values < 0.05 (8831 DEGs). (C) Clustering heatmap of log2 transformed TPM 

values of WT F/F/S and µMT F/F/S mice for CD8+ T cell genes with adjusted p-values (right). (D) Flow cytometry analysis showing the percentage of PD-1+LAG-

3+TIM-3+CD8+ T cells (WT F/F: n=11, WT F/F/S: n=10, µMT F/F: n=11, µMT F/F/S: n=12). (E) GSEA of a pathway in µMT F/F/S versus WT F/F/S (top) with p-value 

and enrichment score (bottom). Flow cytometry analysis showing the percentage of Annexin-V+7-AAD-CD8+ T cells (WT-F/F: n=8, WT-F/F/S: n=7, µMT-F/F: n=7, 

µMT-F/F/S: n=8). Graphed data represented as mean ± SEM and P values were determined by repeated 1-way ANOVA measures (**p < 0.01, ***p <0.001, ****p < 

0.0001).  
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FIGURE 4. Loss of influenza virus-specific antibody drives cytotoxic memory CD8+ T cell responses in super-infection. (A) X-31 influenza virus-specific serum 

titers measured by HAI assay at day 61 (WT: n=19, MD4: n=5, µMT: n=8, IgMi: n=8).  (B) Percent weight loss was calculated starting from PR8 infection (WT: 

n=18, MD4: n=14, µMT: n=26, IgMi: n=7). (C) Viral burden (PR8) assessed via qPCR (WT: n=19, MD4: n=14, µMT: n=16, IgMi: n=8). (D) Number of MRSA 

colonies from lung homogenates (WT: n=22, MD4: n=9, µMT: n=18, IgMi: n=8). (E) Percentage of CD8+ cells (WT: n=27, MD4: n=11, µMT: n=27, IgMi: n=8). 

(F) Percentage of CD44hiCD62loCD8+ cells (WT: n=24, MD4: n=11, µMT: n=16, IgMi: n=8). (G) Absolute number of NP-tetramer+CD44hiCD8+ cells (WT: n=19, 

MD4: n=11, µMT: n=16, IgMi: n=8). (H) Percentage of PD-1+LAG-3+TIM-3+CD8+ cells (WT: n=24, MD4: n=11, µMT: n=16, IgMi: n=8). (I) Percentage of 

IFNγ+CD8+ cells (WT: n=19, MD4: n=7, µMT: n=20, IgMi: n=7). (J) Median fluorescence intensity (MFI) of Granzyme B+CD8+ T cells (WT: n=14, MD4: n=11, 

µMT: n=13, IgMi: n=7). (K-L) Protein expression of Granzyme B (WT: n=8, MD4: n=6, µMT: n=7, IgMi: n=8) and TNFα (WT: n=7, MD4: n=7, µMT: n=8, IgMi: 

n=7) from BALF. Data represented as mean ± SEM and P values were determined by repeated 1-way ANOVA measures (*p < 0.05, **p < 0.01, ***p <0.001, 

****p < 0.0001). 
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FIGURE 5. Loss of influenza virus-specific antibody increases lung tissue injury during memory super-infection. Histology scoring and Qupath 

analysis was performed on lungs from WT, µMT, MD4, and IgMi mice. (A) Representative H&E lung images, scanned at 40X (right). A heatmap 

overlay was used to signify lung areas with inflammation/consolidation (left). (B) Representative histology sections with H&E of WT, µMT, MD4, and 

IgMi lungs. (C) Histology scores of perivascular lung tissue sections. (D-E) Quantification of lung nucleated cell density (cells/mm2) and frequency of 

lung inflammation and consolidation detections (WT: n=17, MD4: n=11, µMT: n=17, IgMi: n=8). (F) BALF protein at day of harvest (WT: n=30, MD4: 

n=10, µMT: n=32, IgMi: n=7). Data represented as mean ± SEM and P values were determined by repeated 1-way ANOVA measures (*p < 0.05, **p 

< 0.01, ****p < 0.0001).  
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FIGURE 6. Temporal B cell depletion during primary influenza virus infection leads to increased lung memory CD8+ T cell formation. (A) B cell depletion 

scheme.  B cells repopulated the lung prior to challenge with PR8 followed by MRSA. (B) Depletion efficiency in the lung was confirmed via flow cytometry 

(Day0-ISO: n=4, Day0-B cell-depleted: n=4, Day30-ISO n=4, Day30-B cell-depleted: n=3). (C) X-31 influenza virus-specific mouse serum titers measured by 

HAI assay (ISO: n=7, B cell-depleted n=5). (D) Percent of weight loss for each group (ISO: n=14, B cell-depleted n=12). (E-F) Histology scores of 

parenchymal lung sections and lung nucleated cell density (cells/mm2) quantified (ISO: n=8, B cell-depleted n=7). (G) MRSA colonies from lung 

homogenates (ISO: n=6, B cell-depleted n=5). (H-J) Percentage of lung CD8+ cells, CD8+CD69+CD103hi cells, and PD1+CD8+ cells (ISO: n=14, B cell-

depleted n=11). (K) BALF granzyme B protein concentration (ISO: n=6, B cell-depleted n=5). Data represented as mean ± SEM and P values were 

determined by repeated 2-tailed Mann-Whitney U-test (*p < 0.05, **p < 0.01, ***p <0.001, ****p < 0.0001).  

   



FIGURE 7. Passively immunizing µMT mice with heterotypic memory influenza serum rescues weight loss and tissue injury. WT or µMT mice were 

intravenously injected with 150 µL of either PBS vehicle, pooled naïve WT serum, or pooled WT memory serum following PR8 challenge (day 54). (A) 

Weight loss for each group. (B) Flow cytometry was performed to calculate absolute number of lung CD8+CD45+CD90.2+ cells. (C-D) Percentage of effector 

memory CD44hiCD62loCD8+ cells and PD1+CD8+ cells. (E) Absolute number of CD64+CD24-Ly6g-CD45+CD19-TCRβ- cells. (F) Histology scoring of 

perivascular lung sections. (G) BALF granzyme B protein concentration. For all figures, (WT-vehicle: n=12, WT-memory Ab: n=8, WT-naïve Ab: n=8, µMT-

vehicle: n=10, µMT-memory Ab: n=8, µMT-naïve Ab: n=8). Data represented as mean ± SEM and P values were determined by repeated 1-way ANOVA 

measures (*p < 0.05, **p < 0.01, ***p <0.001, ****p < 0.0001).  
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FIGURE 8. CD8+ T cells induced by B cell deficiency promote bacterial control during memory super-infection. (A) CD8+ T cell depletion scheme. (B) CD8β T cell 

depletion was confirmed on day of tissue harvest via flow cytometry (µMT-CD8β-depleted: n=8, WT-CD8β-depleted: n=8, µMT-ISO: n=8, WT-ISO n=8). (C) MRSA 

burden in lung homogenates (µMT-CD8β-depleted: n=8, WT-CD8β-depleted: n=8, µMT-ISO: n=7, WT-ISO n=7). (D) Viral protein (PR8) was assessed via qPCR 

(µMT-CD8β-depleted: n=8, WT-CD8β-depleted: n=8, µMT-ISO: n=8, WT-ISO n=8). (E) BALF granzyme B protein concentration (µMT-CD8β-depleted: n=8, WT-

CD8β-depleted: n=8, µMT-ISO: n=8, WT-ISO n=8). (F) WT and µMT mice were challenged with a lethal dose of MRSA (2x108) during memory super-infection and 

weighed daily (left). Weight loss at day of MRSA challenge (Day 60) was compared with day of PR8 challenge (middle) and percent of weight loss 48 hours from 

MRSA challenge (Day 62) was compared to initial MRSA challenge (right)(WT: n=22, µMT: n=21). (G) Survival percentage was calculated daily following lethal 

MRSA challenge (left). Median day of mortality was calculated for WT and µMT groups (right)(WT: n=22, µMT: n=21). (H) MRSA burden 14 hours post-lethal MRSA 

challenge in lung homogenate (WT: n=14, µMT: n=13). Data represented as mean ± SEM. For A-E, P values were determined by repeated 1-way ANOVA 

measures. For F-H, P values were determined by repeated 2-tailed Mann-Whitney U-test (*p < 0.05, **p < 0.01, ***p <0.001, ****p < 0.0001). 
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