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Title: Influenza-induced oxidative stress sensitizes lung cells to bacterial toxin-mediated

necroptosis

Summary: Here we demonstrate that Influenza A virus (IAV) infection synergistically
sensitizes lung cells to bacterial pore-forming toxin (PFT)-mediated necroptosis.
Moreover, this contributes to the severity of lung injury that is observed during co- and
secondary infection with Streptococcus pneumoniae. |IAV-induced oxidative stress was
identified as a key factor contributing to cell sensitization and induction of oxidative
stress sans virus was sufficient to synergistically enhance susceptibility to PFT-
mediated killing. Our results advance our understanding on the molecular basis of co-
and secondary bacterial infection to influenza and identifies necroptosis inhibition and

antioxidant therapy as potential intervention strategies.
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ABSTRACT

Rationale: Pneumonia caused by Influenza A virus (IAV) co- and secondary bacterial
infections are characterized by their severity. Previously we have shown that pore-
forming toxin (PFT)-mediated necroptosis is a key driver of acute lung injury during
bacterial pneumonia. Here, we evaluate the impact of IAV on PFT-induced acute lung
injury during co- and secondary Streptococcus pneumoniae (Spn) infection.
Objectives: Determine the impact of IAV infection on bacterial PFT-mediated lung
epithelial cell (LEC) necroptosis. Determine the molecular basis for increased sensitivity
and if inhibition of necroptosis or oxidative stress blocks IAV sensitization of LEC to
PFT.

Methods: Mice and cells were challenged with IAV followed by Spn. Necroptosis was
monitored by measuring cell death at fixed time points post-infection and
immunofluorescent detection of necroptosis. Wildtype mice and LEC were treated with
necroptosis inhibitors. Necroptosis effector molecule MLKL deficiency was tested for
infection synergy. Oxidative damage to DNA and lipids as result of infection was
measured in vitro and in vivo. Necroptosis and anti-oxidant therapy efficacy to reduce
disease severity was tested in vivo.

Measurements and Main Results: |IAV synergistically sensitized LEC for PFT-
mediated necroptosis in vitro and in murine models of Spn co-infection and secondary
infection. Pharmacological induction of oxidative stress sans virus sensitized cells for
PFT-mediated necroptosis. Necroptosis inhibition reduced disease severity during

secondary bacterial infection.
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Conclusions: IAV-induced oxidative stress sensitizes LEC for PFT-mediated
necroptosis. This is a new molecular explanation for severe influenza-associated
bacterial infections. Necroptosis inhibitors are potential therapeutic strategies to reduce

IAV-primed bacterial pneumonia severity.

ABSTRACT LENGTH: 248/250 words

KEY WORDS: Pneumonia, Influenza A virus, Streptococcus pneumoniae, epithelial

cells, necroptosis, cell death, inflammation
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78  INTRODUCTION

79 Influenza A virus (IAV) is the most common cause of human influenza (flu) (1),

80 infecting 4-8% of the U.S. population annually (2). Worldwide, the World Health

81  Organization estimates that flu affects approximately 1 billion individuals annually, with
82 3 to 5 million cases of severe disease and a resulting 300,000 to 500,000 deaths (3).
83  While IAV alone is capable of considerable morbidity and mortality, clinical and

84  molecular epidemiology have shown that the most serious infections are frequently

85  associated with co-infections or a secondary infection with a bacterial pathogen.

86  Streptococcus pneumoniae (Spn; the pneumococcus) is the leading cause of

87 community-acquired pneumonia and by far the most common bacterium associated with
88 IAV infections (4). Highlighting the seriousness of IAV/Spn co-infections, 34%-55% of
89 the deaths linked to the 2009 IAV pandemic were associated with bacterial infections,
90 with Spn the most common bacteria identified (5, 6).

91 Over the past 20 years a number of seminal discoveries have helped to explain, at
92  the molecular level, the synergy observed during IAV/Spn super-infection. Key findings
93 include the observation that IAV neuraminidase cleaves terminal sialic acid on host cell
94  glycoconjugates exposing normally cryptic antigens for bacterial attachment (7). Viral
95 neuraminidase-cleaved sialic acid serves as a nutrient for Spn and promotes bacterial
96  outgrowth (8). IAV-induced down regulation of ion channels in bronchial epithelial cell
97 results in dysregulated pulmonary fluid homeostasis that favors bacterial replication (9).
98 Fever, cytokines, and alarmins released from IAV-infected dying cells elicit a

99 transcriptional response from Spn that causes it to disperse from biofilms and enhances

100 its virulence (10). In addition, IAV-induced interferon (IFN) gamma down regulates
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101  expression of scavenger receptors on macrophages, such as MARCO, that are required
102  for uptake of Spn in absence of capsule specific antibody (11). Finally, the immune

103 response induced by IAV is inappropriate for clearance of bacteria and enhances

104  pulmonary injury (12, 13). It is noteworthy, that the maijority of this work has not focused
105  on events that occur within lung epithelial cells (LEC), which are the nexus of co-

106 infection.

107 Necroptosis is a programmed form of cell death that results in host cell

108  membrane failure, i.e. necrosis. It is inflammatory due to the release of cytoplasmic

109  contents that serve as alarmins. Canonically, necroptosis is regulated by receptor-

110 interacting serine-threonine kinase (RIPK)1, that activates RIPK3. Subsequently,

111  RIPK1/RIPKS3 activates the necroptosis effector molecule MLKL through

112 phosphorylation, p-MLKL, which targets cell membranes leading to cell rupture and

113 death (14, 15). Importantly, both IAV and bacterial pore-forming toxins (PFT), such as
114 pneumolysin produced by Spn, have recently been shown to induce necroptosis of LEC
115  (16-20). For IAV, this has been shown to be the result of viral RNA interactions with DAI
116 (also known as Zbp or DLM-1), a sensor for cytoplasmic nucleic acid, which activates
117  RIPK3. Necroptosis of virally infected LEC is thought to be beneficial as RIPK3 KO and
118 MLKL/FADD double KO mice were considerably more susceptible to IAV (18). More
119  recently, our research group has shown that membrane damage caused by the PFT of
120  Spn and Serratia marcescens resulted in ion dysregulation which activated RIPK1 (21).
121  In contrast to IAV infection, necroptosis during bacterial pneumonia was detrimental and
122 exacerbated bacterial outgrowth, pulmonary injury, and loss of alveolar-capillary

123 integrity (21, 22). Critically and up to this point, the role of necroptosis during
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124  |IAV/bacteria co-infection was not known. Herein we determined its consequence and
125  determined the underlying molecular mechanism responsible using Spn as the

126  prototype bacterial pathogen.

127

128

129 METHODS

130  Ethics Statement. Animal experiments were approved by the Institutional Animal Care
131 and Use Committee at The University of Alabama at Birmingham (Protocol # 20358).
132 Human LEC were harvested from whole lung sections obtained from the International
133 Institute for the Advancement of Medicine (23). The use of primary tissue, obtained in
134  de-identified fashion, does not meet the criteria for human subject research.

135

136 1AV and Spn. Pandemic H1N1 A/California/7/2009 (pdmH1N1) and H1N1 A/Puerto
137 Rico/8/1934 (PR8) influenza viruses were propagated in MDCK cells. Spn serotype 4
138  strain TIGR4 and its derivatives were used for all studies (24). TIGR4 mutants deficient
139 in ply (Aply), the gene encoding pneumolysin, and spxB (AspxB), the gene encoding
140  pyruvate oxidase, have been described (25). We also used mutants provided by Dr.
141  Jeffrey Weiser (New York University, NY). These were matched strains of TIGR4

142 (TIGR4,w), TIGR4 lacking pneumolysin, TIGR4,w Aply), a TIGR4 point mutant deficient
143 in pore formation (TIGR4,w W433F), and a corrected mutant (TIGR4,w ply+) (26); these
144  were used as a set. Recombinant pneumolysin (rPly) was purified from E. coli (27).

145  Staphylococcus aureus alpha-toxin was purchased (Sigma-Aldrich, St. Louis, MO).

146
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Animal strains and infections. Male and female 8-week-old C57BL/6 mice were
obtained from Taconic Biosciences (Rensselaer, NY). MLKL KO mice were made
available by Dr. Warren Alexander (Walter and Eliza Hall Institute of Medical Research
Parkville, Victoria, Australia) (28). For IAV/Spn co-infection, 8-week-old C57BL/6 mice
were intranasally challenged with 250 PFU PR8. Five days post-influenza challenge,
mice received by forced aspiration 5x10° CFU Spn (29). For studies involving Spn
secondary infection, i.e. after viral clearance, mice were challenged with 250 PFU

pdmH1N1 and ten days post-influenza, challenged with 102 CFU Spn.

Cell Infections. A549 type Il alveolar epithelial cells (23), MH-S mouse alveolar
macrophages (30), and primary normal human bronchiolar epithelial cells (23), were
infected with IAV at MOI 2 for 2 hours, and subsequently challenged with Spn at an MOI
10 for 4 hours. The maijority of chemical inhibitors were obtained from Sigma-Aldrich.
Exceptions include necrosulfonamide (Tocris Bioscience, QL, UK), GSK’872 and Nec1s
(BioVision, Milpitas, CA), oseltamivir carboxylate (MCE, Monmouth, NJ), TNFR inhibitor
R-7050 and TNF-a inhibitor SPD-304 (Cayman Chemicals, Ann Arbor, MI) and
Pimodivir (AdooQ Bioscience, Irvine, CA). Cells receiving inhibitors were treated
continuously beginning 1-hour prior to IAV infection. Pimodivir treated cells received the
drug 2-hours prior to IAV challenge. A549 cells deficient in MLKL have been previously
described (16). Cell death was evaluated by detection of lactate dehydrogenase (LDH)
in culture supernatants (22). The presence of reactive oxygen species (ROS) was
measured with the H2-DCF assay (Thermo Fisher Scientific, Waltham, MA). Lipid

peroxidation was detected with the lipid peroxidation malondialdehyde (MDA) assay
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170  (Abcam). Antibodies against 8-hydroxydeoxyguanosine, an oxidative stress-mediated
171  DNA damage marker, and HNE-J, a lipid peroxidation marker, were purchased

172 (Abcam).

173

174  Histology and Microscopy. The methods used for tissue processing, sectioning, and
175  immunofluorescent microscopy are described (17, 29, 31). Images were captured using
176  a Zeiss AxioXam MRm Rev3 and/or MRc cameras attached to a Zeiss Axiolmager Z1
177  epifluorescent microscope (Carl Zeiss, Thornwood, NY) or a Leica LMD6 with

178  DFC3000G-1.3-megapixel monochrome camera (Leica Biosystems, Buffalo Grove, IL).
179  TUNEL (Promega, Madison, WI) and Annexin V (Abcam, Cambridge, UK) staining was
180  done per manufacturer’s instruction. Cleaved caspase-3 staining was done using anti-
181 cleaved-caspase-3 antibody (Abcam). Mean fluorescent intensity and densitometry of
182  immunoblots was measured using ImagedJ (32).

183

184  Immunoblots and ELISA. Western blots for MLKL (1:1000, #37705, Cell Signaling
185  Technologies), p-MLKL (1:1000, #37333S, Cell Signaling Technologies) and

186  cytoskeletal actin (1:10000, #A300-485A, Bethyl Laboratories Inc., Montgomery, TX),
187  were done as previously described (33). ELISA-based measurements for IFN-§3, IFN-a.
188 and TNF-a were done using kits from PBL Assay Science (Piscataway, NJ) and

189  InvivoGen (San Diego, CA).

190

191  Statistical analyses. For non-parametric multiple group analyses we used a Kruskal-

192  Wallis H test with Dunn’s post-hoc analysis. For parametric grouped analyses we used
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193  ANOVA with Sidak’s post-hoc analysis. For data with a single independent factor of two
194  groups we used a Mann-Whitney U test. Survival comparisons were assessed using
195 Log-rank (Mantel-Cox) test. Asterisks denote the level of significance observed: * = P <
196 0.05; ** =P <0.01; ™ =P <0.001; **** = P <0.0001. Statistical analyses were

197  calculated using Prism 8 (GraphPad Software: La Jolla, CA).

198

199

200 RESULTS

201  Necroptosis is synergistically increased during IAV/Spn co-infection. Using an
202  established mouse model of co-infection (34, 35), we recapitulated the synergy known
203  to occur between IAV and Spn. Briefly, we observed a >50-fold increase in the amount
204  of Spn present in bronchoalveolar lavage fluid (BALF) and blood (Fig. 1A, B), as well as
205  a significant decrease in time to death following IAV/Spn challenge versus Spn or |IAV
206 alone (Fig. 1C). Importantly, ongoing IAV infection synergistically enhanced the number
207  of lung cells undergoing necroptosis after Spn challenge; necroptosis activity in frozen
208 lung sections was inferred by immunofluorescent detection of phosphorylated MLKL (p-
209  MLKL) (Fig. 1D, E).

210 To validate this in vivo observation and begin to dissect the molecular

211 mechanisms underlying IAV-enhanced bacteria-induced necroptosis, we used an

212 established in vitro co-infection model (36). Briefly, A549 type Il alveolar epithelial cells
213 were infected with either pdmH1N1 or PR8 at a MOl of 2 for two hours and then

214  challenged with Spn at a MOI of 10 for another four hours. Importantly, A549

215  cytotoxicity was synergistic increased in cells challenged with both pathogens (Fig. 2A,

10
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216  Fig. E1). Similar results were also observed with MH-S murine alveolar macrophages
217  (Fig. E2), indicating influenza-mediated sensitization to necroptosis is not restricted to
218 airway epithelial cells. Of note, the enhanced death of A549 co-infected cells occurred
219  without significant differences in bacterial titers versus control (Fig. E3A); indicating that
220 the increased levels of necroptosis observed in vivo were not solely due to increased
221  bacterial burden. Tumor necrosis factor (TNF) and IFN responses have been shown to
222  promote necroptosis during viral infection (37). Along such lines, inhibition of TNF

223 receptor 1 or blocking of TNF-a by pre-treatment of cells with R7050 or SPD304,

224  respectively, did not reduce influenza-induced cell death potentiation in A549 cells in
225  vitro (Fig. E3B). Moreover, the timeframe of the in vitro model did not lead to significant
226 increases in the interferon response (Fig. E3C). Altogether, no evidence supporting a
227  role for the synergistic initiation of receptor-mediated apoptosis was found in vitro or in
228  vivo under the conditions tested (Fig E4).

229

230 Pore-forming toxin activity is required for Spn-induced necroptosis during co-
231 infection. Spn-mediated cytotoxicity of LEC was found to require the pore-forming

232  activity of its PFT pneumolysin (Fig 2A, B). What is more, when A549 cells were treated
233 with inhibitors of MLKL, necrosulfonamide (NSA) (Fig 2A) or RIPK3, GSK’ 872 (Fig.
234  ES5), the enhanced sensitivity of these cells to Spn killing was lost. Challenge of IAV-
235 infected A549 cells with recombinant pneumolysin (rPly) or a-toxin (the PFT of

236  Staphylococcus aureus, the second most common isolate during SBI to influenza (38)),
237  recapitulated the potentiation of cell cytotoxicity observed with live bacterial infection

238 (Fig. E6). Potentiation of necroptosis by IAV was confirmed by immunoblot and

11
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immunofluorescent staining which showed enhanced amounts of p-MLKL in A549 cells
(Fig. E7). Further supporting a key role for necroptosis was the observation that A549
cells deficient in MLKL were protected against exacerbated PFT-mediated cell death
after influenza infection (Fig. 2C). Moreover, that the same results were observed with

primary normal human bronchiolar epithelial cells (hnHBE) ex vivo (Fig. E8).

IAV-induced oxidative stress sensitizes cells in vitro for PFT-mediated
necroptosis. IAV-mediated oxidative stress has potent effects on pulmonary epithelial
cells and the immune system (39). Therefore, it seemed plausible that the oxidative
stress induced by the virus may be contributing towards the potentiation of
pneumolysin-mediated necroptosis. In support of this notion, we observed that
respiratory epithelial cells challenged in vitro with pdmH1N1or PR8 showed increased
levels of lipid peroxidation (Fig. 3A, Fig. EQA) as measured by MDA and cellular ROS
(Fig. 3B, Fig. E9B) as measured using H2-DCF. Importantly, and despite not having an
effect on viral titers during the course of infection (Fig. 3C), pretreatment of A549 cells
with the superoxide dismutase mimetic Tempol (40) prior to viral challenge reduced cell
death and MLKL activation in co-infected cells (Fig. 3D-E). Directly implicating oxidative
stress as a primer for PFT-induced necroptosis, treatment of cells with paraquat (22)
enhanced the toxicity of rPly towards LEC and the observed potentiating effect of
paraquat was abolished by treatment with Tempol (Fig. 3F). Identical results were
observed using nHBE ex vivo (Fig. 3G) and replicated by addition of exogenous H20 in
place of paraquat to A549 epithelial cells prior to rPly challenge (Fig. E10). Note that

Spn also produces H20: via its metabolic enzyme SpxB (40). Yet, IAV potentiation of

12
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262  cell death was also observed in A549 cells challenged with Spn AspxB (Fig. E11),

263 indicating that the priming effect of viral-induced ROS was sufficient. Importantly,

264  inhibition of ROS in A549 cells with rotenone + thallium trifluoroacetate (mitochondria-
265 dependent ROS inhibitor), apocynin (ADPH-dependent ROS inhibitor), allopurinol

266  (xanthine oxidase-dependent ROS inhibitor) or mefenamic acid (cyclooxygenase-

267 dependent ROS inhibitor) all conferred protection against death caused by co-infection
268  (Fig. 3H). This results suggests that ROS potentiation of necroptosis may come from
269  multiple cellular sources. Lastly, and to further probe the specificity of oxidative stress
270  as a primer for necroptosis, we tested whether blockage of viral neuraminidase activity
271  with oseltamivir (41) or treatment of cells with Pimodivir (VX-787) (42), a non-nucleoside
272  polymerase basic protein 2 subunit inhibitor, impacted cell death. Neither of which did
273  (Fig. E12A), despite the fact that viral titers were decreased by Pimodivir treatment

274  (Fig. E12B).

275

276 1AV induced oxidative stress remains beyond viral clearance and maintains

277  susceptibility to bacterial toxin mediated necroptosis. \We examined whether

278  residual oxidative stress induced by IAV helped to explain the enhanced susceptibility to
279  bacterial infection that occurs even after IAV is cleared; i.e. in a secondary infection

280  model. Lung sections from pdmH1N1-challenged mice 10 days post-IAV infection

281 showed considerable evidence of oxidative damage to DNA of as well as lipid

282  peroxidation (IF 8-Hydroxydeoxyguanosine and 4-Hydroxynonenal staining, respectively
283 (43, 44)) in pulmonary tissue (Fig. 4A-D). Notably, these mice were confirmed to not

284  have detectable virus (Fig. 4E). Similar to co-infection results (see Fig 1), if these mice

13
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285  were challenged with Spn, we observed a >100-fold increase in bacterial lung titers 2
286  days after Spn challenge (Fig. 5A). This was concomitant with greater lung

287  consolidation, immune cell infiltration (Fig. E13), and substantially enhanced levels of
288  lung necroptosis in co-infected mice versus those with Spn alone (Fig. 5B-D).

289  Importantly, mice challenged with TIGR4 Aply in our secondary infection model had
290  MLKL activation levels and bacterial titers equivalent to our negative control, i.e. mice
291 infected with wildtype TIGR4 but also receiving the necroptosis inhibitor Nec-1s (Fig.
292  5E-G, Fig. E14). What is more, TIGR4 Aply challenged IAV-infected mice had

293  decreased mortality versus controls (Fig. 5H). Interestingly, Tempol treatment at 12 and
294 24 hours post-Spn infection reduced the amount of necroptosis occurring in the airway
295  in our secondary IAV/Spn infection model. This was despite not having an observed
296 effect on in vivo levels of lipid oxidation (Fig. 6A-E). Tempol treatment also reduced
297  bacterial burden within the airway of infected mice (Fig. 6F). Thus, necroptosis

298  sensitizing ROS is primarily due to the virus, persisted beyond detectable 1AV infection,
299  and acted directly to sensitize the cell for necroptosis.

300

301 In vivo necroptosis inhibition reduces severity of secondary bacterial infection to
302 influenza. While no changes in oxidative stress induced DNA damage were observed
303 (Fig. E15), MLKL deficient mice with secondary Spn infection had reduced bacterial
304 titers, reduced lung consolidation, and a reduction in overall TUNEL positive staining in
305 lung sections (a general marker of cell death) (Fig. 7A-E). In addition, lungs of MLKL
306 KO Mice showed decreased levels of IFN-a and -3, suggesting a possible role for

307 necroptosis in the IFN response during secondary infections (Fig. 7F-G). Most
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308 importantly, MLKL KO mice had greater survival versus control in our secondary

309 infection model (Fig. 7H). Altogether, our results implicate oxidative-stress enhanced
310 PFT-mediated necroptosis activity as a major driver of disease severity and lung injury
311  during co- and secondary infections to influenza.

312

313

314 DISCUSSION

315 The molecular mechanisms of IAV subversion of cellular defenses and cell fate
316  continues to be investigated (45). Only recently has it become apparent that necroptosis
317 is essential for control of virus replication during infection (18). Herein we demonstrate
318 that oxidative stress triggered by IAV infection plays a role in the potentiation of PFT-
319 induced necroptosis in respiratory cells. Oxidative stress is pleiotropic and capable of
320 oxidizing proteins and lipid membranes, damaging nucleic acid, and potentially altering
321 cellular energy levels or ion homeostasis of the cell. The latter were shown to be

322  triggers for non-canonical activation of necroptosis within bacteria-infected cells (16, 17,
323  22). During viral infection necroptosis is canonically activated through death receptor
324  signaling and/or recognition of viral RNA and DNA by DAI (37). Whether and how the
325 latter pathways are sensitized as result of IAV induced ROS or if an independent

326 mechanism is responsible remains unclear, and detailed studies are now warranted to
327 discern key similarities and differences between these events. Importantly, increased
328  susceptibility to PFT-mediated necroptosis was still observed even when IAV replication
329  was blocked with Pimodivir. Moreover, Tempol-mediated protection against priming for

330 PFT killing was applicable to both the co-infection and secondary infection scenario, the
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331 latter when virus is no longer present. This suggests the mechanism responsible for
332  1AV-mediated necroptosis potentiation is directly affected by acute intracellular ROS
333 levels and independent of viral effectors. Our results showing no differences in caspase
334  activation suggests the responsible mechanism is also independent of canonical

335 apoptotic and pyroptotic pathways, although it is likely these mechanisms are

336  contributory to overall disease and occurring in parallel during natural infection.

337 Sensitization to necroptosis most likely contributes to a variety of clinical

338 problems during co- and secondary pneumonia such as acute respiratory distress

339 syndrome and sepsis; a consequence of the enhanced level of cell death and release of
340 pro-inflammatory alarmins. It is noteworthy that IAV has been specifically demonstrated
341 to drive Spn development of otitis media (46). Critically it is unknown if other viruses
342  enhance permissiveness for PFT-mediated necroptosis and this is an important avenue
343  of future investigation. In support of this notion, a wide variety of viruses have been

344  shown to induce oxidative stress in host cells by a variety of means (47). For example,
345  respiratory syncytial virus does so by modulating levels of antioxidant enzymes (48).
346  Thus, itis likely that this phenomena is not restricted to IAV. Our prior published work
347 (17, 22), and that with S. aureus a-toxin herein, which showed a wide variety of PFT-
348 producing bacteria can instigate necroptosis of LEC suggests viral-enhanced PFT-

349 mediated necroptosis is not restricted to the pathogen Spn. What is more, this synergy
350 may be an important contributor to enhanced disease severity at other anatomical sites
351  where virus and bacteria can co-infect.

352 Finally, our results suggest that inhibition of necroptosis may be a viable

353 therapeutic treatment during IAV mediated co- or secondary infections, although the
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354  possibility remains that necroptosis inhibition may promote viral replication during co-
355 infection, an aspect which needs to be studied carefully (unpublished results with

356  primary NHBEs suggest it does not). Altogether, our results provide a new molecular
357 explanation for how influenza infection enhances permissiveness for secondary

358 bacterial infection. We demonstrate that PFT-mediated necroptosis is enhanced as

359 result of oxidative stress cause by prior or ongoing viral replications. Increased

360 sensitivity to PFT-mediated necroptosis in turn worsens pulmonary damage and creates
361 an environment that is further permissive for bacterial replication. The fact that oxidative
362  stress induced by virus and PFT production are common across a wide range of viral
363 and bacterial pathogens, respectively, suggests this is an important aspect of human
364 infectious disease pathogenesis.

365
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535

536  Figure 1: IAV/ISpn co-infection leads to increased mortality and enhanced tissue
537 necroptosis. 8-week-old C57BI/6 mice were intranasally infected with H1N1 PR8 (250
538  PFU) for 5 days and subsequently challenged intratracheally with Spn strain TIGR4 at
539  the LDso dose of 5 x 105 CFU. Mice were euthanized 24-hours post-secondary infection
540  (n=4-5 mice/cohort). Bacterial titers in A) bronchoalveolar lavage (BALF) and B) blood
541  of mice at time of sacrifice. C) Survival of mice challenged with IAV, Spn, or co-infected
542  with Spn after 5 days of IAV (n=5); D) corresponding and representative images of

543  frozen lung sections from infected mice immunofluorescent stained for p-MLKL (green)
544  (n=4-5/cohort). E) Shown is the quantitation of p-MLKL levels in captured images

545  calculated by mean fluorescent intensity.
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Figure 2: IAV infection promotes PFT-mediated cell death. A) LDH release was
measured from A549 cells following infection with influenza A/California/7/2009
(pdmH1N1) at a MOI of 2 for 2 hours and challenge with wildtype Spn (Spn, in house
strain) or Ply deficient derivative (Spn Aply) at an MOI of 10 for 4 additional hours. Cells
were treated with necrosulfonamide (NSA, 10uM) when indicated. B) LDH cytotoxicity
assay of supernatants from A549 cells was performed following infection with pdmH1N1
at an MOI of 2 for 2 hours and challenge with Spn strains and mutants obtained from
Dr. Jeffrey Weiser at an MOI of 10 for 4 hours: Spn TIGR4 WT (Spn), Ply deficient
mutant (Spn Aply), Ply point mutant deficient in pore formation (Spn W433F), and
corrected mutant (Spn ply+). C) Cytotoxicity of A549 wildtype (white bars) or A549
MLKL deficient cells (dotted bars) was measured following the same challenge model

as in panel a using Spn, recombinant pneumolysin (rPly), or alpha-toxin («-Toxin).
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562  Figure 3: IAV-mediated oxidative stress potentiates pneumolysin-mediated

563 necroptosis. A) Lipid peroxidation levels 4-hours after challenge with pdmH1N1 was
564 measured by MDA. B) Levels of cellular ROS measured in A549 cells infected with

565 pdmH1N1 at a MOI 2 for 2 hours then challenged with Spn at a MOI of 10 for 2 more
566  hours. C) Viral titers quantified (Log PFU/mL) in A549 cells treated with Tempol (20uM)
567  for 1-hour or 24-hours. D) Cytotoxicity and E) corresponding p-MLKL levels in A549
568 cells that were pre-treated with Tempol for 1-hour, infected with pdmH1N1 at a MOI 2
569  for 2 hours, then challenged with Spn at an MOI of 10 for 4 additional hours. F)

570  Cytotoxicity was measured in A549 cells pre-treated with Tempol, then treated with

571  Paraquat (10uM) for additional 2 hours, followed by challenge with rPly (0.1ug) for 2
572 hours. G) Cytotoxicity of ex vivo cultured primary normal human bronchial epithelial
573  cells pre-treated with Tempol for 1-hour, infected with pdmH1N1 at a MOI 2 for 2 hours,

574 and challenged with Spn at an MOI of 10 for 4 additional hours. H) LDH release from
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575  A549 cells pretreated with Rotenone + Thallium trifluoroacetate (10 nM/mL/10 nM/mL),
576  a mitochondria-dependent ROS inhibitor; Apocynin (1uM/mL), a NADPH-dependent
577  ROS inhibitor; Allopurinol (10nM/mL), a xanthine oxidase-dependent ROS inhibitor; and
578  Mefenamic acid (20nM/mL), a cyclooxygenase-dependent ROS inhibitor following IAV
579  and Spn, individually and together.

580

581
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Figure 4: IAV-mediated oxidative stress persists after virus clearance in vivo. 8-
week-old C57BI/6 mice were intranasally infected with A/California/7/2009 (pdmH1N1)
and 10 days later challenged intratracheally with S. pneumoniae (Spn). Mice were
euthanized 48 hours after secondary infection (n=6-8 mice). Shown are representative
immunofluorescent lung sections stained for A) 8-Hydroxydeoxyguanosine (8-OHdG)
and B) 4-Hydroxynonenal (HNE-J). White bar denotes 50um. C-D) Quantification of the
mean fluorescent intensity (MFI) of 8-OHdG and HNE-J staining’s, respectively, was
performed. E) Viral titers (Log PFU/gram) in lungs at days 3, 7, 10 and 12 post-IAV

infection (n=8 mice per group) are indicated.
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Figure 5: Influenza infection potentiates pneumolysin induced necroptosis
activation during secondary S. pneumoniae challenge. 8-week-old C57BI/6 mice
were intranasally infected with A/California/7/2009 (pdmH1N1) and 10 days later
challenged intratracheally with S. pneumoniae (Spn). Mice were euthanized 48 hours
after secondary infection (n=3-7 mice). Shown are A) bacterial titers in homogenized
lung samples, as well as B) representative images of corresponding lung sections
stained for p-MLKL (3 sections stained per mouse). White bar denotes 50um. C) Mean
fluorescent intensity (MFI) for p-MLKL activity was measured. D) Densitometry and
western blots for p-MLKL, MLKL and actin from mock, Spn, pdmH1N1 and
pdmH1N1/Spn infected mice (n=3/cohort). E-G) 8-week-old C57BI/6 mice were
intranasally infected with A/California/7/2009 (pdmH1N1) and 10 days later challenged
intratracheally with Spn or Spn Aply. Mice were euthanized 48 hours after secondary
infection (n=4-7 mice). Treatment with Nec1s was done intraperitoneally at 12 and 24

hours following bacterial challenge. E) Shown are representative images of lung tissue

32


https://doi.org/10.1101/2020.02.20.957951
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.20.957951; this version posted February 21, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

609 sections stained for p-MLKL (separate points are average of 3 pictures per mouse) and
610 F) mean fluorescent intensity of pMLKL staining. Corresponding G) lung bacterial titers
611 (CFU/g tissue) calculated. H) Survival of C57BI/6 mice following intranasal infection with
612 pdmH1N1 for 10 days and subsequent intratracheal challenge with Spn or Spn Aply
613  was monitored.

614

615
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617  Figure 6: Therapeutic neutralization of ROS reduces necroptosis activation

618 during secondary bacterial pneumonia. 8-week-old C57BI/6 mice were intranasally
619 infected with A/California/7/2009 (pdmH1N1) and 10 days later challenged

620 intratracheally with S. pneumoniae (Spn). Mice were euthanized 48 hours after

621  secondary infection (n=5-8 mice). Tempol treatment was done intraperitoneally at 12
622 and 24 hours post bacterial infection. Representative images of lung sections

623  immunofluorescent stained for A) p-MLKL and B) 4 Hydroxynonenal (HNE-J). White bar
624  denotes 50um. C-D) Quantification of the mean fluorescent intensity (MFI) in

625  corresponding captured images. E) Immunoblot for pMLKL and actin of pdmH1N1

626 infected mice, challenged with Spn with subsequent Tempol treatment and its

627  densitometry quantification. F) Bacterial titers measured in lungs at time of death.
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628

629  Figure 7: Inhibition of necroptosis reduces disease severity and tissue injury
630 during secondary bacterial pneumonia. 8-week-old C57BI/6 mice were intranasally
631 infected with A/California/7/2009 (pdmH1N1) and 10 days later challenged

632 intratracheally with S. pneumoniae (Spn). Mice were euthanized 48 hours after

633  secondary infection (n>12 mice). A) Measured bacterial titers in homogenized lungs. B)
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634 Representative H&E staining of corresponding tissue sections. Black bar denotes

635 100um. C) Lung consolidation in tissue sections as measured using ImageJ (white
636  space versus lung area, separate points are the average of 3 pictures per mouse). D)
637 TUNEL stain (white bar denotes 50um) and E) mean fluorescent intensity of TUNEL
638  stain quantified in lung sections. F) IFN- and G) IFN-a levels (pg/mL) in lung

639  homogenates. H) Survival of 8-week-old WT and MLKL KO-C57BI/6 in the secondary

640  Spn infection model.
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