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Abstract

NK cells are important mediators of innate immunity and play an essential role for host
protection against infection, although their responses to bacteria are poorly understood.
Recently NK cells were shown to display memory properties, as characterized by an epigenetic
signature leading to a stronger secondary response. Although NK cell memory could be a
promising mechanism to fight against infection, it has not been described upon bacterial
infection. Here, we reveal that NK cells develop specific and long-term memory following sub-
lethal infection with the extracellular pathogen Streptococcus pneumoniae. Memory NK cells
display intrinsic sensing and response to bacteria in vitro, in a manner that is enhanced post-
bacterial infection. In addition, their transfer into naive mice confer protection from lethal
infection for at least 12 weeks. Interestingly, NK cells display enhanced cytotoxic molecule

production upon secondary stimulation and their protective role is dependent on Perforin and
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independent of IFNy. Thus, our study identifies a new role for NK cells during bacterial

infection, opening the possibility to harness innate immune memory for therapeutic purposes.

Introduction

In the last decade, the discovery of memory responses mediated by innate immune cells
has questioned the dogma that only adaptive immune cells retain memory of previous exposure.
Monocytes and macrophages have been shown to acquire an innate immune memory described
by a faster and greater response against a secondary challenge with homologous or even
heterologous pathogens (Divangahi et al. 2021; Hamon and Quintin 2016). This capacity,
termed trained immunity, is defined by a return to basal state of activation after removal of the
primary stimulus, accompanied by the acquisition of persistent epigenetic changes and
metabolic rewiring necessary for enhanced response to secondary challenge (Saeed et al., 2014;
Quintin et al., 2014).

Natural Killer (NK) cells also display memory properties, which are different from those
of macrophages and monocytes. Indeed, memory NK cells display high antigen-specificity and
undergo clonal expansion of specific receptor-defined sub-populations (Cerwenka and Lanier
2016; Geary and Sun 2017; O’Sullivan, Sun, and Lanier 2015). NK cell memory has been well
studied in the context of viral infections (CMV, Epstein-Barr virus, etc.), however, evidence of
memory following bacterial infection, especially extracellular bacteria, remains undefined
(Sun, Beilke, and Lanier 2009; Lopez-Verges et al. 2011; Azzi et al. 2014; Littwitz-Salomon et
al. 2018; Wijaya et al. 2021). In fact, the role of NK cells during bacterial infections is
controversial (Theresine, Patil, and Zimmer 2020). IFNy produced by NK cells, contributes to
bacterial clearance by activating immune cells, such as macrophages and neutrophils to enhance

phagocytosis in the case of lung infections with L. pneumophila, K. pneumoniae or M.
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tuberculosis among others (Sporri et al., 2006; Ivin et al., 2017; Feng et al., 2006). However,
upon infection with bacillus Calmette-Guérin (BCG), S. pneumoniae or S. pyogenes, NK cells
can be deleterious, leading to tissue damage associated with an excessive inflammatory
response (Wang et al. 2018; Kerr et al. 2005; Christaki et al. 2015; Goldmann, Chhatwal, and
Medina 2005). In addition, although some studies show that NK cells induce apoptosis of
infected cells (Dornand et al. 2004; Voskoboinik, Whisstock, and Trapani 2015; Gonzales et
al. 2012), others find that certain intracellular bacterial infections are not affected by NK cells
(Fernandes, Benson, and Baldwin 1995; Junqueira-Kipnis et al. 2003).

Streptococcus pneumoniae (also known as pneumococcus) is a Gram-positive,
extracellular bacterium and natural colonizer of the human upper respiratory tract but also an
opportunistic pathogen (Weiser, Ferreira, and Paton 2018). Indeed, although S. preumoniae
resides asymptomatically in its natural reservoir, the nasopharynx, it can spread to the lungs or
enter the bloodstream causing deadly invasive inflammatory diseases such as pneumonia,
meningitis and sepsis (Kadioglu et al., 2008; Bogaert, de Groot, and Hermans 2004; Gillespie
and Balakrishnan 2000). Comparable to other bacterial infections, the role of NK cells during
S. pneumoniae infection is poorly understood. NK cells contribute to infection clearance by
IFNy production in the lungs (Baranek et al., 2017), however, NK cell production of IL-10 is
detrimental to infected mice (Clark et al. 2020).

In this study, we used S. pneumoniae to explore NK cell responses to an extracellular
bacterial infection. We show that NK cells directly sense and respond to S. pneumoniae, as well
as acquire memory properties. Upon clearance of a primary infection, NK cells retain intrinsic
heightened in vitro response to S. pneumoniae, and in vivo they acquire protective functions
against lethal infection. Interestingly, we demonstrate that NK cell protection is mediated

through higher levels of cytotoxic products (Granzyme B and Perforin), and not through IFNy
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mediated responses or inflammatory cell recruitment, thereby revealing a novel role for NK

cells in bacterial infection.

Results

NK cells acquire intrinsic memory features 21 days after in vivo infection

We set up model in which mice were infected intranasally with a sub-lethal dose of S.
pneumoniae (SPN, 5.10° CFU) or treated with PBS (Figure 1A). 21 days later, to test their
intrinsic features, NK cells from the spleen were extracted, highly purified by negative selection
(~98%, Figure S1A), and stimulated ex vivo. Naive (D21PBS NKs) or previously exposed NK
cells (D21SPN NKs) were incubated for 24 hours with different combinations of cytokines
and/or formaldehyde inactivated SPN (Figure 1B). Upon incubation of NK cells with either
medium alone, SPN alone, or IL-15+IL-18 (to ensure maintenance of cell viability), no
production of IFNy was detected. In contrast, [L-12+IL-18 (activating cytokines) activated both
D21PBS and D21SPN NK cells to the same levels. These results show that under these in vitro
conditions NK cells can be reproducibly activated. Strikingly, upon incubation with IL-15+IL-
18+SPN, D2ISPN NK cells displayed significantly higher signal per cell (MFI) and
percentages of IFNy+ cells compared with control D21PBS NK cells (Figure 1B). These results
indicate that memory [FNy*+ NK cells are both more numerous and express IFNy to higher
levels upon secondary stimulation. Since the higher response of these cells occurs only under
condition where bacteria are present with IL-15+IL-18, we can rule out that D21SPN NK cells
are hyperactivated under any condition and are specifically responding to SPN. Therefore, NK

cells from infected mice acquire intrinsic memory features which are detected ex vivo and
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98  characterized by sensing S. pneumoniae and responding more strongly upon secondary

99  stimulation compared to primo-stimulation.
100 Innate immune memory in macrophages, monocytes and NK cells has been described
101  to correlate with chromatin modifications in various models (Lau, Wiedmann, and Sun 2022;
102 Saeed et al., 2014). In particular, we have previously shown in Rasid et al., 2019 that NK cell
103  memory in a post-endotoxemia model relies on H3K4mel histone modification at an ifing
104  enhancer. To explore whether this might be the case for NK cell memory to S. pneumoniae, we
105  assessed the histone mark H3K4mel associated with upstream regulatory regions of ifng gene
106 in D21PBS and D21SPN NK cells by chromatin immunoprecipitation followed by qPCR
107 (ChIP-gPCR). Interestingly, although we did not reach statistical significance, we always
108  observed the same consistent increase of H3K4mel at the ifng enhancer located at -22 kb in
109 memory NK cells compared to naive cells (Figure S1B). By contrast, we did not observe a
110  difference in H3K4mel at the -55 kb enhancer, suggesting histone modifications are occurring
111 at specific regulatory loci. In addition, the increase of H3K4mel we observed in D21SPN NK
112 cells was located at the same region (-22 kb) than post-endotoxemia memory NK cells.
113 Together, these data suggest that NK cell memory is associated with epigenetic changes at
114  upstream regulatory regions of ifng gene.
115 The Ly49H, NKG2C and NKG2A receptors have been shown to be implicated in NK
116  cell recognition and memory responses to MCMV, HCMV and EBV respectively, leading to
117  anexpression increase upon infection (Sun, Beilke, and Lanier 2009; Lopez-Verges et al., 2011;
118  Azzietal, 2014). We tested the expression levels of several NK cell receptors in post-SPN NK
119 cells. As early as 12 days post-infection, we observe no difference in the percentage of NKG2D,
120  Ly49D, Ly49H, or Ly49F positive cells between D12PBS and D12SPN NK cells. A small
121  increase in the percentage of Ly49C/I" NK cells is observed, which was no longer detectable

122 21 days post-infection (Figure S1C-D). Therefore, although NK cells acquire memory
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123 properties post-bacterial infection, none of the known NK cell receptors previously associated
124 with memory NK cells seem to be involved.

125

126  Sub-lethal infection with S. pneumoniae induces a rapid and transient immune response
127  that returns to basal state before 21 days.

128

129 To understand the immune environment from which NK cells were extracted, we
130  studied a primary infection. Mice were infected as described Figure 1A, and organs were
131  collected at 24 hours, 72 hours and 21 days post-infection (Figure 2A). Using this infection
132 protocol, mice displayed no weight loss and showed minimal clinical signs (Figure S2A-B). At
133 24 hours, bacteria were mostly located in the nasal cavity (Figure 2B) and spread into bronchio-
134 alveolar lavage fluid (BALF) and lungs at 72 hours post-infection (Figure 2C). Importantly, no
135  dissemination was observed following this dose of infection, as demonstrated by the
136  undetectable levels of bacteria in the blood and spleen at both 24 and 72 hours (Figure 2B-C).
137 The sub-lethal infection that we perform is accompanied by a low-level immune
138  response. Indeed, at 24 hours, an increase in the percentage and number of neutrophils in the
139  lungs and BALF was detectable, but rapidly decreased to basal levels at 72 hours (Figure 2B-
140  C, numbers in S2C-D). Furthermore, a small increase of CD69" neutrophils was detected in the
141  BALF at 72 hours, suggesting a low level of activation of these cells (Figure 2C). In contrast to
142 neutrophils, we did not detect an increase in NK cell percentages or numbers in the lungs at any
143 time point (Figure 2B-C, numbers in S2C-D). In addition, we tested responsiveness of NK cells
144 by measuring IFNy, CD69, Perforin and Granzyme B expression. A small increase in IFNy”*
145 and CD69" NK cells was observed in the lungs only at 24 hours and 72 hours respectively
146  (Figure 2B and S2D), but no increase of Perforin® and Granzyme B* cells was detected at both

147 24 and 72 hours post-infection (Figure 2B-C, MFI in S2C-D). Together these data indicate that
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148  sub-lethal infection with SPN induces a low, rapid and transient immune response characterized
149 by the recruitment of neutrophils but no significant NK cell responses.

150 To study the inflammatory environment at 21 days post-infection, we harvested organs
151  and performed bacterial enumeration. At this time point, no bacteria were recovered in the nasal
152  lavage, BALF, lungs, or spleen (Figure 2D), demonstrating that bacteria had completely been
153 cleared. Additionally, the immune parameters returned to pre-infection state as the percentage
154  and number of neutrophils and NK cells detected in 21 days infected mice was the same as in
155  control PBS mice (Figure 2D, numbers in S2E). Similarly, both neutrophils and NK cells
156  showed no sign of activation in the BALF, lungs and spleen respectively (Figure 2D and S2E).
157  Therefore 21 days after primary exposure, infection by S. pneumoniae is no longer detected and
158  immune cells are similar to uninfected conditions, both in their number and activity.

159

160  Transferred memory NK cells protect mice from lethal S. pneumoniae infection for at
161  least 12 weeks

162

163 As NK cells display intrinsic sensing and memory activities in vitro, we investigated the
164  potential role of D21SPN NK cells during lethal S. pneumoniae challenge in vivo. We
165  adoptively transferred purified D21PBS or D21SPN NK cells into naive mice (2.10° cells,
166  intravenously, Figure 3A) and one day after the transfer, recipient mice were intranasally
167 infected with a lethal dose of SPN (1.107 CFU). At all times points, transferred congenic
168  CD45.2" NK cells were circulating and detectable at similar percentages in lungs and blood,
169  suggesting there is no preferential trafficking between D21PBS and D21SPN NK cells (Figure
170  S3A-B). Importantly, we observed a significant reduction in bacterial counts at 40 hours in all
171  tested organs of mice having received D21SPN NK cells compared with those having received

172 D21PBS NK cells, which is not observed at 24 hours (Figure 3B). Additionally, the transfer of
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173 D2ISPN NK cells reduced mortality and clinical signs in recipient mice infected with S.
174  pneumoniae (5.10° CFU, Figure 3C-D). We observed a 75% survival rate for mice having
175  received D21SPN NK cells compared to only 25% for those having received D21PBS NK cells.
176  Interestingly, both groups of mice lost similar weight during the first days of infection (Figure
177  3E). Thus, our results demonstrate that the transfer of as few as 2.10° D21SPN NK cells confers
178  protection compared to D21PBS NK cells during lethal S. pneumoniae infection.

179 To evaluate long term protection, we purified naive or memory NK cells 12 weeks after
180  primary exposure (W12PBS or W12SPN) and transferred them prior to lethal infection with S.
181  pneumoniae. Remarkably, we observed a similar significant reduction in bacterial counts in the
182  lungs and spleen of mice having received WI12SPN NK cells, as cells from 21 days post-
183  primary exposure (Figure 3F). Therefore, NK cells retain memory of a primo S. pneumoniae
184  infection, and maintain the ability to protect against lethal challenge, for at least 12 weeks.

185 To assess the specificity of the observed memory properties, we performed the same
186  transfer model as described in Figure 3A, and infected recipient mice with a lethal dose of the
187  heterologous bacterium Listeria monocytogenes (1.10° CFU, intravenously). Organs were
188  collected 40 hours post-infection for bacterial enumeration (Figure 3G). Our results showed no
189  differences in bacterial counts in the spleen of infected mice between the two conditions.
190  Surprisingly we counted higher numbers of bacteria in the liver of mice having received
191  D21ISPN NK cells than D21PBS NK cells. Thus, in vivo, S. pneumoniae memory NK cells are
192 not able to protect recipient mice from L. monocytogenes infection, demonstrating a specificity
193 in their response to S. pneumoniae. Together, these data show that memory NK cells protect
194  mice upon secondary in vivo infection, with specific and long-term properties.

195

196  Protection of mice mediated by memory NK cells is IFNy independent

197
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198 Because D21SPN NK cells showed higher expression of IFNy upon secondary
199  stimulation in vitro (Figure 1B), we hypothesized that [FNy production by memory NK cells
200  in vivo could be an important factor for protecting mice against lethal infection. Using CD45.1
201  and CDA45.2 congenic mice, we compared intracellular IFNy expression between transferred
202  and endogenous NK cells in both groups of mice receiving D21PBS or D21SPN NK cells
203  (Figure 4A). Upon lethal infection with SPN, IFNy expression by NK cells increased at 40
204  hours in the lungs at equal levels between endogenous and transferred cells in the same mouse.
205  But surprisingly, both endogenous and transferred NK cells in mice receiving D21SPN NK
206  cells expressed lower levels of IFNy than those having received D21PBS NK cells. In addition,
207  total lung [FNy levels showed no difference between protected mice and control mice (Figure
208  4B). Therefore, memory NK cells are not producing more IFNy upon secondary stimulation in
209  vivo.

210 To further address the role of IFNy in protection, we transferred WT naive or WT
211  memory NK cells into IFNy receptor deficient mice (Ifngr KO, Figure 4C). One day after the
212 transfer, we infected Ifngr KO recipient mice with the same lethal dose of SPN as in Figure 3A
213 and collected organs at 40 hours post-infection. By comparing both WT and Ifngr KO mice
214 having received naive NK cells we did not detect significant differences in bacterial counts,
215  recruitment of neutrophils or activation of NK cells in the lungs at 40 hours (Figure 4D). These
216  results suggest that IFNy signaling is not protective during early times of SPN infection.
217  Importantly, we still found a reduction in bacterial numbers in the spleen and lungs of Ifngr KO
218  recipient mice having received WT D21SPN NK cells compared to Ifngr KO recipient mice
219  having received WT D21PBS NK cells (Figure 4C). Strikingly, these data suggest that IFNy
220  signaling is not necessary for the protection of mice having received memory NK cells.

221

222 Protection of mice appears to be an intrinsic NK cell property
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223

224 To assess the protective functions of memory NK cells, we analyzed the innate immune
225  response in the lungs of recipient mice. Using the transfer model described in Figure 3A, we
226  infected recipient mice with a lethal dose of S. pneumoniae (1.10” CFU) and collected organs
227  at 24 and 40 hours post-infection. With this infection protocol, bacteria are detectable in the
228  BALF and lungs and disseminate to the bloodstream and spleen by 24 hours (Figure 3B). We
229  first compared innate immune cell recruitment in the lungs and BALF of infected mice having
230  received naive or memory NK cells (Figure 5A-B, full gating strategy in Figure S4A). Although
231  we observed a robust recruitment of neutrophils at 24 hours in the lungs and BALF of infected
232 mice, we found similar percentages and numbers of neutrophils between the two groups of
233 recipient mice. We observed the same reduction in the percentages and numbers of alveolar
234  macrophages in the lungs and BALF of infected mice having received either naive or memory
235  NK cells. Surprisingly, we do not observe a significant recruitment or increase in other innate
236  immune cell types (interstitial macrophages, eosinophils, dendritic cells, monocytes or NK
237  cells) in the lungs of either group of infected mice compared to uninfected.

238 We next evaluated innate immune cell activation in the lungs of recipient mice at 40
239  hours post-infection. Although neutrophils and NK cells upregulated CD69 compared to
240  uninfected animals, we did not detect any difference between mice having received naive or
241  memory NK cells (Figure 5C). Additionally, in neutrophils, we did not observe an increase in
242 the intensity of CD11b expression (MFI) or in the percentage of ROS™ cells compared to
243 uninfected cells (Figure S4B). Furthermore, interstitial macrophages had the same values of
244  CDS86" cells and intensity of MHCII expression between mice having received D21PBS or
245  D2ISPN NK cells (Figure 5C and S4B). Therefore, alongside no differential innate immune

246  cell recruitment, we did not detect an increase in immune cell activation in the lungs of

10
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247  protected mice. These results indicate that the protection provided by memory NK cells is not
248  through enhanced recruitment or activation of inflammatory cells.

249 To further investigate the mechanisms of protection mediated by memory NK cells, we
250  quantified selected cytokines and chemokines in lung supernatants by ELISA (Figure 5D at 40
251  hours, Figure S4C at 24 hours). Coherent with our observation that innate immune cells are not
252 recruited and activated to higher levels by memory NK cells, we did not detect an increase of
253  pro-inflammatory cytokines in the lungs of mice having received D21SPN NK cells. In fact,
254  we showed a signification reduction of CXCLI1 production in the lungs of protected mice
255  (Figure 5D).

256 In addition to cytokines/chemokines signaling, we also studied release of cytotoxic
257  molecules in vivo by comparing Granzyme B production in the lungs of infected mice having
258  previously received D21PBS or D21SPN NK cells (scheme in Figure 3A). Importantly, ELISA
259  on lung supernatants showed an increase of Granzyme B at 40 hours post-infection in mice
260  having received D21SPN NK cells compared to control (Figure SE), which was not observed
261  at 24 hours post-infection (Figure S4D). Interestingly, the decrease in bacterial numbers in mice
262  having received D21SPN NK cells is detectable at 40h, not at 24h (Figure 3B). Furthermore,
263  we also found the same increase of Granzyme B production in the lungs of mice having received
264  long term memory NK cells (Wel2SPN NKs, Figure 5F). Therefore, transferring memory NK
265  cells induced a greater production of Granzyme B in the lungs of infected mice. Thus, our
266  results open the possibility that cytotoxic functions of memory NK cells could be important for
267  the protection of mice upon secondary lethal S. pneumoniae infection.

268

269  Cytotoxic proteins are upregulated by memory NK cells and important for protection of
270  mice

271

11
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272 To further investigate an upregulation of cytotoxic proteins by memory NK cells, we
273 stimulated purified naive and memory NK cells in vitro with inactivated S. pneumoniae.
274  Interestingly, cytokines alone did not induce Granzyme B or Perforin expression in either naive
275  or memory NK cells (Figure 6A-B). However, addition of SPN stimulated Granzyme B and
276  Perforin expression specifically in memory NK cells. Indeed, an increase in both percentage of
277  positive cells and intensity of expression was detected under this condition (Figure 6A-B).
278  However, the incubation of memory NK cells with inactivated L. momnocytogenes or
279  Streptococcus agalactiae (GBS) did not induce an increase of Granzyme B and Perforin (Figure
280  6A-B), supporting once again the specificity of the response. Therefore, NK cells respond to
281  and remember SPN in an intrinsic and specific manner, by releasing cytotoxic proteins.

282 To explore whether heightened cytotoxic function of memory NK cells is associated
283  with epigenetic changes, we assessed the histone mark H3K4mel associated with upstream
284  regulatory regions of gzmb gene in D21PBS and D21SPN NK cells. Although we did not reach
285  statistical significance, we showed a consistent increase of H3K4mel at -34kb upstream gzmb
286  gene in D21SPN NK cells compared to D21PBS NK cells (Figure S5A), which was not
287  observed at the intergenic region (IG). Thus, our results suggest that memory NK cells are
288  associated with a gain of H3K4mel at specific regulatory loci of gzmb gene.

289 To analyze the role of cytotoxic proteins in the protection of mice, we used Perforin KO
290  mice. First, we generated D21PBS or D21SPN Perforin KO NK cells as previously described
291  in Figure 3A. To control that Perforin KO NK cells are still able to acquire memory properties
292 upon S. pneumoniae infection, we stimulated them in vitro and showed that D21SPN Perforin
293 KO NK cells produce more Granzyme B than D21PBS Perforin KO NK cells upon stimulation
294  with IL-15+IL-18+SPN (Figure S5B). Next, we transferred highly purified naive or memory
295  Perforin KO NK cells into naive Perforin KO recipient mice and infected them with a lethal

296  dose of S. pneumoniae (scheme in Figure 3A). Coherent with our in vitro results, we also

12
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297  observed an increased production of Granzyme B in the lungs of mice having received D21SPN
298  Perforin KO NK cells compared to the control group (Figure S5C). In addition, we evaluated
299  the percentages of neutrophils and NK cells in Perforin KO mice and observed a similar
300  recruitment and activation of cells in both groups of recipient mice (Figure S5D). Importantly,
301 by comparing bacterial counts in the organs of recipient mice we do not observe a reduction of
302 CFU in mice having received D21SPN Perforin KO NK cells compared to control group
303  (Figure 6C). Therefore, our data suggest that protection of mice mediated by memory NK cells
304  is abolished in the absence of Perforin production.

305

306  Discussion

307

308 In this study, we show that NK cells play an important role in extracellular bacterial
309 infections, a property previously poorly described. Notably, NK cells retain an intrinsic memory
310  of previous bacterial encounters and display heightened responses upon secondary exposure to
311  the same bacterium and protect naive mice from a lethal infection. Surprisingly, protection does
312 notrequire IFNy or recruitment of inflammatory cells, instead, an inherent property of NK cells
313  and production of cytotoxic factors seem to be required.

314 Although NK cell memory has been described upon various viral infections, such
315 response to bacterial infections remains poorly understood. Upon infection with Ehrlichia
316  muris, an intracellular bacterial pathogen, Habib et al., 2016 suggested that NK cells develop
317  memory-like responses. Indeed, transferred memory-like NK cells from E. muris-primed donor
318  mice conferred protection in Rag2”" IL2rg2"" recipient mice against a high dose E. muris
319  challenge. However, these memory-like NK cells were not characterized and the mechanisms
320 involved in the protection remain undefined. Also, several studies have investigated NK cell

321  memory upon BCG vaccination but resulted in different conclusions. Kawahara, Hasegawa,
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322 and Takaku 2016 showed that purified splenic NK cells from BCG vaccinated mice do not
323  produce more IFNy or enhance macrophage phagocytosis in the presence of BCG in vitro.
324  However, Venkatasubramanian et al. 2017 suggested that a subset of CD27* KLRG1" NK cells
325  expand following BCG inoculation and confer protection against M. tuberculosis infection by
326  reducing the CFU numbers in the lungs at 30 days post-infection. Finally, it has been shown
327  that BCG immunization may induce antigen-independent memory-like NK cells that can
328  protect mice to heterologous challenge with Candida albicans (Kleinnijenhuis et al. 2014).
329  Altogether, these studies, along with our work, indicate that NK cell memory could be a general
330  feature of NK cells to all bacteria, and could have important functions during infection.

331 It remains undefined how NK cells sense and respond to bacteria. Activating receptors
332  are engaged upon sensing of cells infected with intracellular bacteria (Mody et al. 2019),
333  however, NK cell interactions with extracellular bacteria are poorly explored. One study on
334  human NK cells reported an engagement between the inhibitory receptor Siglec-7 and the [3-
335  protein on the surface of group B Streptococcus (Fong et al., 2018). However, neither Siglec-
336 7, nor a homologue, is expressed in mice, and thus NK cell binding-interactions with
337  extracellular bacteria are undefined. In our model, we have shown in vitro that purified NK
338  cells can be directly activated upon incubation with only IL-15+IL-18 and S. prneumoniae.
339  Therefore, our data strongly suggest that NK cells directly interact with bacteria thereby
340  inducing cell responses. Such interaction could occur through an unknown surface receptor
341  recognizing some component of the pneumococcal capsule or membrane.

342 Previous studies have shown that memory or memory-like NK cells to viruses and
343  cytokines display increased IFNy secretion upon re-stimulation (Sun, Beilke, and Lanier 2009;
344  Cooper et al., 2009). Furthermore, endotoxemia-induced memory-like NK cells were also
345  described to produce more IFNy following in vivo secondary LPS injection (Rasid et al., 2019).

346  Altogether, it suggests that IFNy production is the main effector function of memory NK cells
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347  in these models. However, in our model, although we detected an increase of IFNy" NK cells
348  in vitro, the protective effect of memory NK cells was not dependent on IFNy. In fact, the
349  absence of IFNy signaling in recipient mice did not affect bacterial dissemination and
350  neutrophils recruitment at early timepoints. Furthermore, we showed less IFNy" NK cells in the
351  lungs of infected mice receiving memory NK cells. Interestingly, NK cells display a slight
352 remodeling of chromatin at an IFNy enhancer suggesting that at the epigenetic level, memory
353  NK cells are ready to produce more IFNy upon the proper stimulus, such as that provided in
354  vitro. Surprisingly, we find no evidence that IFNy is playing a role in our mouse model and the
355  reduced production of cytokines in the lungs of protected mice could be the consequence of
356  lower number of bacteria in those animals.

357 The function of NK cells in the recruitment of inflammatory cells is well defined, so is
358 their role in cytotoxicity of infected cells. Indeed, the release of cytotoxic molecules into the
359 immune synapse to induce apoptosis of infected cells is well described (Chowdhury and
360  Lieberman 2008; Voskoboinik, Whisstock, and Trapani 2015). Granules secreted by NK cells
361  contain the pore-forming protein Perforin which damages the target cell membrane allowing
362  Granzymes to pass, resulting in the activation of the caspase pathway and reactive oxygen
363  species (ROS) production. Interestingly, the release of Granulysin and Granzyme B into the
364  cytosol of infected cells targets intracellular bacteria (Walch et al. 2014). However, the
365  importance of NK cell cytotoxicity in the context of extracellular bacterial infections is not well
366  understood. A few intriguing in vitro studies report direct receptor-mediated recognition and
367  killing of extracellular bacteria such as Mycobacterium tuberculosis, Burkholderia cenocepacia
368  or Pseudomonas aeruginosa by NK cell degranulation (Lu et al., 2014; Li et al., 2019; Feehan
369 etal., 2022). Recognition of bacteria by NK cells has been suggested to be receptor mediated
370  as soluble NKp44 binding to extracellular Mycobacterium tuberculosis was shown in vitro

371  (Esin et al. 2008). However, neither bacterial recognition nor direct killing has been
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372 demonstrated during an in vivo infection, and the mechanisms at play are unknown. In our
373 model of extracellular bacterial infection in vivo, we have shown that memory NK cells lead to
374  more Granzyme B production in the lungs of protected mice, suggesting this effector protein
375  could contribute to host protection against S. pneumoniae.

376 NK cell-based therapies are the basis of a new generation of innovative immunotherapy
377  for cancer, which yields encouraging results in clinical trials (Shimasaki, Jain, and Campana
378  2020). It is based on activation of NK cells ex vivo for heightened activity against tumor cells.
379  Our work, along with the extensive knowledge on NK cell memory to viruses, could suggest
380  similar ex vivo activation strategies against infections. Gaining a greater understanding of the
381  mechanisms at play as well as the memory features will be paramount.

382

383  Materials and Methods

384

385  Animal model. All protocols for animal experiments were reviewed and approved by the
386 CETEA (Comité d’Ethique pour I’Expérimentation Animale- Ethics Committee for Animal
387  Experimentation) of the Institut Pasteur under approval number dap170005 and were performed
388 in accordance with national laws and institutional guidelines for animal care and use.
389  Experiments were conducted using C57BL/6J females of 7 to 12 weeks of age. CD45.2 mice
390  were purchased from Janvier Labs (France). CD45.1, Ifngr1” (JAX stock #003288) and Prf1™"-
391  (JAX stock #002407) mice were maintained in house at the Institut Pasteur animal facility.
392

393  Bacterial inocula. All experiments that include infection with Streptococcus pneumoniae were
394  conducted with the luminescent serotype 4 TIGR4 strain (Ci49) (containing pAUL-A Tn4001
395  luxABCDE Km’, (Saleh et al. 2014)), and obtained from Thomas Kohler, Universitit

396  Greifswald. Experimental starters were prepared from frozen master stocks plated on 5%
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397  Columbia blood agar plates (Biomerieux ref no.43041) and grown overnight at 37°C with 5%
398  COazprior to outgrowth in Todd-Hewitt (BD) broth supplemented with 50mM HEPES (TH+H)
399  and kanamycin (50 pg/ml), as previously described in (Connor et al. 2021). Inoculum were
400  prepared from frozen experimental starters grown to midlog phase in TH+H broth supplement
401  with kanamycin (50 pg/ml) at 37°C with 5% CO: in unclosed falcon tubes. Bacteria were
402  pelleted at 1500xg for 10 min at room temperature, washed three times in DPBS and
403  resuspended in DPBS at the desired cfu/ml. Bacterial cfu enumeration was determined by serial
404  dilution plating on 5% Columbia blood agar plates.

405  Listeria monocytogenes EGD strain were grown overnight in brain heart infusion (BHI) liquid
406  broth with shaking at 37°C. Overnight culture were then subcultured 1/10 into fresh BHI and
407  grown to an OD600 of 1. Bacteria were washed three times and subsequently resuspended in
408  DPB. Experimental starters were then frozen at -80. For mouse infections, experimental starters
409  were thawed on ice and diluted in fresh DPBS at the desired cfu/ml.

410  For bacteria killed with paraformaldehyde (PFA), the concentrated bacteria, prior to dilution,
411  were incubated in 4% PFA for 30 minutes at room temperature, washed in DPBS and diluted
412 to the desired cfu/ml.

413

414  Mouse infection. Animals were anaesthetized with a ketamine and xylazine cocktail (intra-
415  muscular injection) prior to infection. Mice were infected with Streptococcus pneumoniae by
416  intranasal instillation of 20ul containing 5x10° (sub-lethal dose), 5x10° (survival study) or
417  1x107 cfu (lethal dose). Control mice received intranasal injection of 20ul of DPBS. For Listeria
418  monocytogenes infection, mice were injected with 100ul of 1x10° cfu by retro-orbital injection.
419  Animals were monitored daily for the first 5 days and then weekly for the duration of the
420  experiment. Mouse sickness score from (Stark et al. 2018) was used to assess progression of

421  mice throughout S. pneumoniae infection, representing the following scores: 0- Healthy; 1-
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422  transiently reduced response/slightly ruffled coat/transient ocular discharge/up to 10% weight
423 loss; 2 and 3- (2-up to 2 signs, 3- up to 3 signs) clear piloerection/intermittent hunched
424  posture/persistent oculo-nasal discharge/persistently reduced response/intermittent abnormal
425  breathing/up to 15% weight loss; 4-death. Animals were euthanized by CO: asphyxiation at >
426  20% loss of initial weight or at persistent clinical score 3.

427

428  Sampling. The nasal lavage was obtained by blocking the oropharynx to avoid leakage into the
429  oral cavity and lower airway, and nares were flushed two times with 500ul DPBS. Bronchio-
430  alveolar fluid (BALF) was collected by inserting catheter (18GA 1.16IN, 1.3x30 mm) into the
431  trachea and washing the lungs with 2ml of DPBS. Blood was collected by cardiac puncture at
432 left ventricle with 20G needle and immediately mixed with 100mM EDTA to prevent
433  coagulation. Spleens were disrupted by mechanical dissociation using curved needles to obtain
434  splenocytes suspension in DPBS supplemented with 0,5% FCS+0,4% EDTA. Lungs were
435  mechanically dissociated with gentleMACS Dissociator (Miltenyi Biotec) in cTubes containing
436  lung dissociation kit reagents (DNAse and collagenase ref no.130-095-927, Miltenyi Biotec).
437  Lungs, BALF, nasal lavage, blood, spleen homogenates were plated in serial dilutions on 5%
438  Columbia blood agar plates supplemented with gentamycin (5pg/ml) to determine bacterial
439  counts.

440

441  NK cell purification and transfer. Splenocytes were passed successively through 100um,
442 70um and 30um strainers (Miltenyi Biotec) in DPBS (+0,5% FCS+0,4% EDTA) and counted
443  for downstream applications. NK cells were first enriched from splenocytes suspensions using
444  negative enrichment kit (Invitrogen, ref no.8804-6828) according to manufacturer’s protocol
445  but combined with separation over magnetic columns (LS columns, Miltenyi Biotec). NK cells

446  were then re-purified by negative selection using purification kit and magnetic columns
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447  according to manufacturer’s instructions to reach purities of approximately 98% (Miltenyi
448  Biotec, MS columns and isolation kit ref no.130-115-818). Purified NK cells were transferred
449  intravenously by retro-orbital injections into recipient mice (0,2-1.10° cells/mouse) in 100pul of
450  DPBS or cultured for in vitro experiments.

451

452  NK cell culture. Purified NK cells were cultured at 1.10° cells/ml in 200ul RPMI 1640 (Gibco)
453  supplemented with 10% FCS and 1 U/mL Penicillin-Streptomycin (10 000 U/mL, Gibco) in 96
454  well round-bottom plates. Cells were either left unstimulated or activated with
455  paraformaldehyde inactivated bacteria at MOI 20 (S. prneumoniae, L. monocytogenes or S.
456  agalactiae) and/or with various cytokine cocktails composed of IL-15 (2 ng/ml), IL-18 (1,5
457 ng/ml) and IL-12 (1,25 ng/ml) (Miltenyi Biotec). After 20 hours of culture at 37°C, 1X
458  Brefeldin-A (BFA solution 1000X, ref n0.420601, BioLegend) was added into each well to
459  block secretion of IFNy for 4 hours. After incubation at 37°C, cells were collected for
460 intracellular cytokine and cytotoxic proteins by flow cytometry.

461

462  Cell preparation for cytometry staining. Following mechanical dissociation, lung and spleen
463  homogenates were passed through 100um strainers in DPBS supplemented with 0,5%
464 FCS+0,4% EDTA, lysed in 1X red blood cell lysis buffer for 3 minutes (ref no. 420301,
465 BioLegend), and passed successively through 70um and 30um strainers (Miltenyi Biotec).
466  Single cell suspensions from BALF, lung and spleen were counted and prepared for surface
467  staining in 96 well plates. Prior to IFNy staining, single cell suspensions are incubated with 1X
468  Brefeldin-A for 4 hours at 37°C to block secretion of cytokines (ref n0.420601, BioLegend).
469  For all, cells were first stained with anti-mouse CD16/CD32 to block unspecific binding and a
470  cocktail of surface labeling antibodies for 40 minutes in DPBS (+0,5% FCS+0,4% EDTA).

471  Next, cells were stained for viability using fixable viability dye (eFluor780, ref no.65-0865-14,
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472  Invitrogen) for 5 minutes at 4°C and then fixed using commercial fixation buffer for 3 minutes
473 (refno. 420801, BioLegend). For intracellular staining of Granzyme B and Perforin, cells were
474  permeabilized with a Fixation/Permeabilization commercial kit for 30 minutes (Concentrate
475  and Diluent, ref no. 00-5123-43, Invitrogen). After permeabilization and wash, cells were
476  stained with respective antibodies in DPBS (+0,5% FCS+0,4% EDTA) overnight at 4°C. For
477  intracellular staining of IFNy, cells were permeabilized and stained in buffer from commercial
478 kit (Inside Stain Kit, ref no. 130-090-477, Miltenyi Biotec) for 40 minutes at 4°C. After a final
479  wash suspended in DPBS, sample acquisitions were performed on MACSQuant (Miltenyi
480 Biotec) and LSRFortessa (BD Biosciences) flow-cytometers and analysis were done using
481  FlowlJo Software (TreeStar).

482

483  ELISA. Following mechanical dissociation, lung homogenates are centrifuged at 400xg for 7
484  minutes at 4°C. Supernatants are collected and frozen at -20°C for cytokine assays performed
485 by ELISA according to manufacturer’s instructions (DuoSet, R&D Systems).

486

487  ChIP-qPCR assays. Around 4.10%-6.10° NK cells were fixed in 1% formaldehyde (8 min,
488  room temperature), and the reaction was stopped by the addition of glycine at the final
489  concentration of 0,125 M. After two washes in PBS, cells were resuspended in 0.25% Triton
490 X-100, 10 mM Tris-HCI (pH 8), 10 mM EDTA, 0.5 mM EGTA and proteases inhibitors; the
491  soluble fraction was eliminated by centrifugation; and chromatin was extracted with 250 mM
492  NaCl, 50 mM Tris-HCI (pH 8), I mM EDTA, 0.5 mM EGTA and proteases inhibitors cocktail
493  for 30 min on ice. Chromatin was resuspended in 1% SDS, 10 mM Tris-HCI (pH §), 1 mM
494  EDTA, 0.5 mM EGTA and proteases inhibitors cocktail; and sonicated during 10 cycles using
495  Diagenode Bioruptor Pico (30 sec on 30 sec off). DNA fragment size (<1 kb) was verified by

496  agarose gel electrophoresis. ChIP was performed using H3K4mel antibody and nonimmune
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497  IgG (negative control antibody), 10 pg chromatin per condition was used. Chromatin was
498  diluted 10 times in 0.6% Triton X-100, 0.06% sodium deoxycholate (NaDOC), 150 mM NaCl,
499 12 mM Tris-HCI, 1 mM EDTA, 0.5 mM EGTA and proteases inhibitors cocktail. For 6 hours,
500 the different antibodies were previously incubated at 4°C with protein G-coated magnetic beads
501 (DiaMag, Diagenode), protease inhibitor cocktail and 0.1% BSA. Chromatin was incubated
502  overnight at 4°C with each antibody/protein G-coated magnetic beads. Immunocomplexes were
503  washed with 1 x buffer 1 (1% Triton X-100, 0.1% NaDOC, 150 mM NaCl, 10 mM Tris-HCI
504  (pH 8)), 1 x buffer 2 (0.5% NP-40, 0.5% Triton X-100, 0.5 NaDOC, 150 mM NacCl, 10 mM
505  Tris-HCI (pH 8)), 1 x buffer 3 (0.7% Triton X-100, 0.1% NaDOC, 250 mM NaCl, 10 mM Tris-
506  HCI (pH 8)) 1 x buffer 4 (0.5% NP-40, 0.5% NaDOC, 250 mM LiCl, 20 mM Tris-HCI (pH 8),
507 1 mM EDTA) and 1 x buffer 5 (0,1% NP-40, 150 mM NaCl, 20 mM Tris-HCI (pH 8), 1 mM
508 EDTA). Beads were eluted in water containing 10% Chelex and reverse cross-linked by boiling
509  for 10 min, incubating with RNase for 10 min at room temperature, then with proteinase K for
510 20 min at 55°C and reboiling for 10 min. DNA fragment were purified by Phenol Chloroform
511  extraction. Amplifications (40 cycles) were performed using quantitative real-time PCR using
512 iTaq™ Universal Syber Green Supermix (BIORAD) on a CFX384 Touch Real-Time PCR
513  system (BIORAD). qPCR efficiency (E) was determined for the ChIP primers with a dilution
514  series of genomic mouse DNA. The threshold cycles (Ct values) were recorded from the
515  exponential phase of the qPCR for IP and input DNA for each primer pair. The relative amount
516  of immunoprecipitated DNA was compared to input DNA for the control regions (% of
517  recovery) using the following formula:

518 % recovery = E*((Ct(1% input) - Logx(input dilution)) — Ct (IP)) x 100%

519

520  Primer sequences

521
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-22kb enhancer of the IFNy locus
5’CCAGGACAGAGGTGTTAAGCCA3’

S’GCAACTTCTTTCTTCTCAGGGTG3’

-55kb enhancer of the IFNy locus
5’GGCTTCCTGTCATTGTTTCCA3’

5’CAGAGCCATGGGATGACTGA3’

-34kb enhancer of Granzyme B locus
5’CCCTCCCCTCTAATCACACAY’

5S’ACGGTGTTGAGGGAGTTTCAY’

Intergenic Region (IG)
5’CCACACCTCTTCCTTCTGGA3’

S’ATTTGTGTCAGAGCCCAAGC3’

Quantification and statistical analysis. Statistical significance was tested using Prism 9
Software (GraphPad). Mann Whitney test was used for single comparisons, Kruskal-Wallis test
for 3 groups- comparisons, 2way ANOVA for multiple comparisons and Log-rank (Mantel-

Cox) test for survival curves.
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758  Legends

759

760  Figure 1: NK cells acquire intrinsic memory features 21 days after in vivo infection.

761

762  (A) Experimental scheme. C57BL/6 mice were intranasally injected with either PBS (black
763  symbols) or sub-lethal dose of S. pneumoniae (SPN, red symbols, 5.10° CFU) for two

764  consecutive days. After 21 days, NK cells were highly purified from spleens of D21PBS or
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765  D21SPN mice (98% of purity) and stimulated in vitro with cytokines (IL-15 at 2 ng/ml, IL-18
766  at 1,5 ng/ml, IL-12 at 1,25 ng/ml) and formaldehyde inactivated S. pneumoniae (SPN, MOI 20)
767  for 24 hours.

768  (B) Intensity of IFNy expression in NK cells (MFI, left panel), percentage of IFNy* NK cells
769  (middle panel), representative overlay histogram upon IL-15+IL-18+SPN stimulation (right
770  panel, gray represents isotype control). Box plots where each dot represents a pool of mice
771  from one experiment (black dots for D21PBS NKs, red dots for D21SPN NKs), lines are
772 median, error bars show min to max. Data are representative of at least three experiments with
773  n >4 pooled mice/group and n > 3 experimental replicates/group.

774  ns, not significant. **** p <0.0001. 2way ANOVA test comparing D21PBS NKs and D21SPN
775  NKs values in each condition.

776

777  Figure S1:

778

779  (A) Representative contour plots for NK cell purity of D21PBS (black symbols) and D21SPN
780  (red symbols) samples based on NK1.1" CD3-or NK1.1" DX5" markers (left panel). Percentage
781  of NK cells among live cells (purity of cells, right panel). Box plots where each dot represents
782  a pool of mice from one experiment, lines are the median, error bars show min to max. Data
783  are representative of more than three repeats with n > 4 pooled mice/group.

784  (B) Mouse infections are carried out as in the scheme in Figure 1 A. NK cells were isolated from
785  spleens of mice previously infected with S. pneumoniae (red bars, D21SPN NKs) or not (black
786  bars, D21PBS NKs). Highly purified NK cells were fixed, and chromatin was extracted and
787  sheared. ChIP for H3K4mel were performed and resulting positive fractions of the chromatin

788  were amplified using PCR for the indicated targets. Enrichment percentage for H3K4mel pull-
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789  down on regions upstream the ifng gene in NK cells from D21PBS and D21SPN mice. Data
790  are representative of four experiments with n > 4 mice/group.

791  (C-D) Splenocytes were harvested from mice 12 days (B) or 21 days (C) after they were
792  intranasally injected with either PBS (black symbols) or sub-lethal dose of S. pneumoniae (SPN,
793 red symbols, 5.10° CFU) for two consecutive days. NK cell expression of several NK cell
794  receptors in percentages (left panel) and intensity of expression (MFI, right panel). Box plots
795  where each dot represents an individual mouse, lines are the median, error bars show min to
796  max. Data are pooled from one (B) or two (C) repeats with n > 4 mice/group.

797 s, not significant. * p <0.05 and ** p <0.01. Mann-Whitney (A,B) and 2way ANOVA (C,D)
798  tests for statistical significance.

799

800  Figure 2: Sub-lethal infection with S. pneumoniae induces a rapid and transient immune
801  response that returns to basal state before 21 days.

802

803  (A) Experimental scheme, showing that C57BL/6 mice were intranasally injected with either
804  PBS (black symbols) or sub-lethal dose of S. pneumoniae (SPN, red symbols, 5.10° CFU) for
805  two consecutive days. Organs were collected at 24h, 72h and 21 days post-infection for CFU
806  counts and cellular infiltrate determination by flow cytometry.

807  (B-D) Organs were collected at 24h (B), 72h (C) and 21 days post-infection (D). CFU counts
808  in the nasal lavage, BALF, lungs, spleen and blood of infected mice (left panel). Box plots
809  where each dot represents an individual mouse, lines are the mean, error bars show min to max
810  and dotted lines represent limit of detection. Percentage of neutrophils (CD11b* Ly6G") among
811  CDA45" cells in the lungs and bronchio-alveolar lavage fluid (BALF), percentage of CD69*
812  neutrophils in the BALF (middle panel). Percentage of NK cells (NK1.1* CD3") among CD45*

813  cells, percentage of IFNy*, Perforin®, Granzyme B NK cells in the lungs and spleen (right
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814  panel). Box plots where each dot represents an individual mouse (black dots for uninfected
815  mice, red dots for infected mice), lines are the median, error bar show min to max.

816  Data are pooled from one, two or three repeats with n > 3 mice/group. ns, not significant. * p <
817  0.05 and ** p <0.01, Mann-Whitney test for single comparisons and 2way ANOVA test for
818  multiple comparisons.

819

820  Figure S2

821

822  Weight (A) and clinical score (B) following the infection scheme from Figure 2A. Dots
823  represent the mean and error bars are the standard error of the mean (SEM). Data are pooled
824  from two repeats with n = 4 mice/group.

825  (C-E) Organs were collected at 24h (C), 72h (D) and 21 days post-infection (E). Absolute
826  numbers of neutrophils (CD11b" Ly6G") in the lungs and bronchio-alveolar lavage fluid
827  (BALF) (left panel). Absolute numbers of NK cells (NK1.1* CD3"), percentage of CD69" NK
828  cells, intensity of Granzyme B expression (MFI) and representative overlay histogram of
829  Granzyme B staining in NK cells (right panel). Box plots where each dot represents an
830  individual mouse (black dots for uninfected mice, red dots for infected mice), lines are the
831  median, error bar show min to max. Grey histogram represents isotype control. Data are pooled
832  from one, two or three repeats with n > 4 mice/group.

833 s, not significant. * p < 0.05. Mann-Whitney test for statistical significance.

834

835  Figure 3: Transferred memory NK cells protect mice from lethal S. pneumoniae infection
836  for at least 12 weeks.

837
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838  (A) Experimental scheme. C57BL/6 mice (donor mice) were intranasally injected with either
839  PBS (black symbols) or sub-lethal dose of S. pneumoniae (SPN, red symbols, 5.10° CFU) for
840  two consecutive days. After 21 days or 12 weeks, NK cells from spleens were highly purified
841  (98%) and transferred into naive mice (recipient mice, intravenously, 2.10° cells). One day after,
842  all recipient mice were intranasally infected with a lethal dose of S. pneumoniae (5.10° CFU
843  for survival study, 1.107 CFU for bacterial counts comparison) or L. monocytogenes (1.10°
844  CFU, intravenously). Organs were collected at 24h and 40h post-infection for CFU counts and
845  flow cytometry analysis.

846  (B) Bacterial counts at 40h post-infection in the nasal lavage, bronchio-alveolar lavage fluid
847  (BALF), lungs, blood and spleen of mice having received either D21PBS NKs (black symbols)
848  or D21SPN NKs (red symbols). Box plots where each dot represents an individual mouse, lines
849  are the mean, error bars show min to max and dotted lines represent limit of detection. Data are
850  pooled from at least three repeats with n > 3 mice/group.

851  (C) Survival curve. Dots represent the percentage of survival of total mice. Data are
852  representative of two repeats with n = 4 mice/group.

853 (D) Clinical score. Dots represent the mean, error bars show the standard error of the mean
854  (SEM). Data are representative of two repeats with n = 4 mice/group.

855  (E) Weight represented as percentage of initial body weight loss. Dots represent the mean, error
856  bars show the standard error of the mean (SEM). After death, mice have the value of 80%. Data
857  are representative of two repeats with n = 4 mice/group.

858  (F) Bacterial counts at 40h post-infection in the lungs and spleen of mice having received either
859  WI12PBS NKs (black symbols) or WI2SPN NKs (red symbols). Box plots where each dot
860  represents an individual mouse, lines are the mean, error bars show min to max and dotted lines

861  represent limit of detection. Data are pooled from three repeats with n > 4 mice/group
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862  (G) Bacterial counts at 40h post-infection in the spleen and liver of mice infected with Listeria
863  monocytogenes (intravenously) and having previously received either D21PBS NKs (black
864  symbols) or D21SPN NKs (red symbols). Box plots where each dot represents an individual
865  mouse, lines are the mean, error bars show min to max and dotted lines represent limit of
866  detection. Data are pooled from two repeats with n = 3 mice/group.

867  ms, not significant. * p <0.05, ** p <0.01, *** p <0.001 **** p <0.0001. 2way ANOVA (B),
868  Log-rank (Mantel-Cox) (C) and Mann-Whitney (F, G) tests for statistical significance.

869

870  Figure S3

871

872  (A-B) Mouse infections are carried out as in the scheme in Figure 3A. Congenic mice are used
873  to distinguish donor NK cells (CD45.2%) from recipient NK cells (CD45.1%).

874  (A) Representative gating strategy to measure purity of transferred D21PBS NKs (black
875  symbols) or D21SPN NKs (red symbols) in the lungs of recipient mice at 24 hours post-
876  infection. Purity represents the percentage of NK cells among CD45.2* transferred cells. Box
877  plots where each dot represents an individual recipient mouse, lines are the median, error bar
878  show min to max. Data are representative of three repeats with n > 4 mice/group.

879  (B) Representative gating strategy to detect transferred NK cells. Percentages and numbers of
880  CD45.2" transferred NK cells in the lungs and blood of CD45.1 recipient mice at 24h and 40h
881  post-infection. Box plots where each dot represents an individual recipient mouse, lines are the
882  median, error bar show min to max. Data are pooled from at least two repeats with n > 3
883  mice/group.

884  ns, not significant. Mann-Whitney test for statistical significance.

885

886  Figure 4: Protection of mice mediated by memory NK cells is IFNy independent.
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887

888  (A-B) Mouse infections are carried out as in the scheme in Figure 3A. Organs were collected
889  at 24h and 40h post-infection for flow cytometry analysis and ELISA assays.

890  (A) Flow cytometry analysis of IFNy expression in CD45.1* endogenous NK cells and CD45.2*
891 transferred NK cells (hatched) into both mice having received D21PBS NK cells (black) and
892  mice having received D21SPN NK cells (red). Violin plot where each dot represents an
893  individual mouse, lines are the median. Data are pooled from two repeats with n > 2 mice/group.
894  (B) IFNy ELISA assays of lung supernatants from infected mice having received either
895  D21PBS NKs (black) or D21SPN NKs (red) at 24h and 40h post-infection. Bars are the mean
896  ofat least four experiments with n >4 mice/group, each dot represents an individual mouse and
897  error bars are the standard error of the mean (SEM).

898  (C) Mouse infections are carried out as in the scheme in Figure 3A, with the exception that WT
899  mice were used as donor mice and Ifngr KO mice as recipient mice. Bacterial counts at 40h
900  post-infection in the lungs and spleen of Ifngr KO mice having received D21PBS WT NK cells
901  (black symbols) or D21SPN WT NK cells (red symbols). Box plots where each dot represents
902  an individual mouse, lines are the mean, error bars show min to max and dotted lines represent
903  limit of detection. Data are pooled from two repeats with n > 4 mice/group.

904 (D) WT and Ifngr KO mice were intranasally infected with a lethal dose of S. pneumoniae
905  (1.107 CFU). Lungs were collected at 40h post-infection for CFU counts and flow cytometry
906 analysis. Percentages of neutrophils (Ly6G" CD11b"), NK cells (NK1.1" CD3") and CD69" NK
907  cells. Box plots where each dot represents an individual mouse, lines are the mean, error bars
908  show min to max and dotted lines represent limit of detection. Data are pooled from two repeats
909  with n> 3 mice/group

910 s, not significant. * p < 0.05, ** p < 0.01. 2way ANOVA (A,B) and Mann-Whitney (C,D)

911 tests for statistical significance.
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912

913  Figure 5: Protection of mice appears to be an intrinsic NK cell property.

914

915  Mouse infections are carried out as in the scheme in Figure 3A. Organs were collected at 24h
916  and 40h post-infection for flow cytometry analysis, ELISA assays and CFU counts.

917  (A) Cellular infiltrate analysis in the lungs at 24h post-infection. Percentage of respective cell
918  types among CD45" cells (left panel) and absolute number of cells for each cell type (right
919  panel): neutrophils (Ly6G" CD11b"), alveolar macrophages (AM) (Ly6G- SiglecF* CD64*
920  CDI11b), interstitial macrophages (IM) (Ly6G- SiglecF- CD11b"e" MHCII" CD64" CD24"),
921  monocytes (Ly6G™ SiglecF- CD11bMe" MHCII'), eosinophils (Ly6G- SiglecF* CD11b"),
922  dendritic cells (DCs) (CD103" DCs : Ly6G SiglecF- CD11b"Y CD103* CD24" + CD11b" DCs
923  : Ly6G  SiglecF- CD11bMeh MHCII" CD64" CD24"), NK cells (NK1.17 CD3"), T cells (NK1.1-
924  CD3"). Radar plots with each value representing the geometric mean of three repeats with n =
925 4 mice. The blue line for uninfected mice, black line for mice having received D21PBS NKs
926  and red line for mice having received D21SPN NKs.

927  (B) Cellular infiltrate analysis in the bronchio-alveolar lavage fluid (BALF) at 24h post-
928 infection. Percentage of respective cell types among CD45" cells (left panel) and absolute
929  number of cells for each cell type (right panel): neutrophils (Ly6G* CD11b"), alveolar
930  macrophages (SiglecF™ CD64" CDI11b"). Box plots where each dot represents an individual
931  mouse (blue dots for uninfected mice, black dots for mice having received D21PBS NKs, red
932 dots for mice having received D21SPN NKs), lines are the median, error bar show min to max.
933  Date are pooled from at least two repeats with n > 2 mice/group.

934  (C) Cellular activation analysis in the lung at 40h post-infection. Percentages of CD69"
935  neutrophils, CD69" NK cells and CD86" interstitial macrophages. Box plots where each dot

936  represents an individual mouse (the blue dots are for uninfected mice, black dots for mice
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937  having received D21PBS NKs, red dots for mice having received D21SPN NKs), lines are the
938  median, error bar show min to max. Data are pooled from two repeats with n > 1 mice/group.
939 (D) ELISA assays of lung supernatants from infected mice at 40h post-infection. Bars are the
940  mean of at least 3 experiments with n > 3 mice/group, error bars are the standard error of the
941  mean (SEM).

942  (E-F) At 40h post-infection, lung supernatants of mice having received either D21PBS NKs
943 (black) or D21SPN NKs (red) (C) - either Wel2PBS NKs (black) or Wel2SPN NKs (red) (D)
944  were collected to perform Granzyme B ELISA assays. Bars are the mean of at least three
945  experiments with n > 3 mice/group, each dot represents an individual mouse and error bars are
946  the standard error of the mean (SEM).

947 s, not significant. * p < 0.05, ** p < 0.01, *** p < 0.001. Kruskal-Wallis (A,B,C), 2way
948  ANOVA (D) and Mann-Whitney (E,F) tests for statistical significance.

949

950  Figure S4

951

952 Mouse infections are carried out as in the scheme in Figure 3A. Organs were collected at 24h
953  and 40h post-infection for flow cytometry analysis and ELISA assays.

954  (A) Gating strategy used to identify myeloid-cell subsets in the lungs at 24h post-infection,
955 adapted from Misharin et al. 2013. After the exclusion of debris, doublets and dead cells,
956  immune cells were identified by CD45 staining. Neutrophils, alveolar macrophages and
957  eosinophils are defined with the following specific markers respectively: Ly6G* CD11b",
958  SiglecF" CD11b, SiglecF* CD11b". Gating on CD11b"¢" was used to distinguish myeloid cells
959  from lymphoid cells with the exception of CD103* dendritic cells that are defined as CD11b""
960 CD103* CD24" cells. In CD11b"e" subset, gating on MHCII" cells allow to identify interstitial

961  macrophages as MHCII" CD64" CD24 cells and CD11b" dendritic cells as MHCIT® CD64
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962  CD24" cells. On the contrary, CD11b"e" MHCII" cells are monocytes/immature macrophages
963  that can have different maturation states based on Ly6C marker.

964  (B) Cellular activation analysis in the lungs at 40h post-infection. Intensity of CDI11b
965  expression in neutrophils (MFI), percentage of ROS" neutrophils and intensity of MHCII
966  expression in interstitial macrophages (MFI). Box plots with each dot representing individual
967  mice (blue dots for uninfected mice, black dots for mice having received D21PBS NKs, red
968  dots for mice having received D21SPN NKs), lines are the median, error bar show min to max.
969  Data are pooled from two repeats with n > 1 mice/group.

970  (C) ELISA assays of lung supernatants from infected mice having received either D21PBS NKs
971  (black) or D21SPN NKs (red) at 24h post-infection. Bars are the mean of at least 3 experiments
972 with n > 3 mice/group, error bars are the standard error of the mean (SEM).

973 (D) Granzyme B ELISA assays of lung supernatants from infected mice having received either
974  D21PBS NKs (black) or D21SPN NKs (red) at 24h post-infection. Bars are the mean of at least
975 3 experiments with n > 3 mice/group, error bars are the standard error of the mean (SEM).

976 s, not significant. Kruskal-Wallis (B), 2way ANOVA (C) and Mann-Whitney (D) tests for
977  statistical significance.

978

979  Figure 6: Cytotoxic proteins are upregulated by memory NK cells and important for
980  protection of mice.

981 (A-B) C57BL/6 mice were intranasally injected with either PBS (black symbols) or sub-lethal
982  dose of S. pneumoniae (SPN, red symbols, 5.10° CFU) for two consecutive days. After 21 days,
983  NK cells were highly purified from spleens of D21PBS or D21SPN mice (98% of purity) and
984  stimulated in vitro with cytokines (IL-15 at 2 ng/ml, IL-18 at 1,5 ng/ml, IL-12 at 1,25 ng/ml)
985  and formaldehyde inactivated bacteria (MOI 20) for 24 hours.

986  SPN : S. pneumoniae, GBS : S. agalactiae, Listeria : L. monocytogenes.
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987  (A) Intensity of Granzyme B expression in NK cells (MFI, left panel), percentage of Granzyme

988 B" NK cells (middle panel), representative overlay histogram upon IL-15+IL-18+SPN

989  stimulation (right panel, gray represents isotype control). Box plots where each dot represents

990  apool of mice from one experiment (black dots for D21PBS NKs, red dots for D21SPN NKs),

991 line are median, error bar show min to max. Data are representative at least one experiment

992  with n >4 pooled mice/group and n > 3 experimental replicates/group.

993  (B) Intensity of Perforin expression in NK cells (MFI, left panel), percentage of Perforin® NK

994  cells (middle panel), representative overlay histogram upon IL-15+IL-18+SPN stimulation

995  (right panel, gray represents isotype control). Box plots where each dot represents a pool of

996  mice from one experiment (black dots for D21PBS NKs, red dots for D21SPN NKs), line are

997  median, error bar show min to max. Data are representative of at least one experiments with n

998 >4 pooled mice/group and n > 3 experimental replicates/group.

999  (C) Mouse infections are carried out as in the scheme in Figure 3A, with the exception that Prfl
1000 KO mice were used as both donor and recipient mice. Bacterial counts at 40h post-infection in
1001  the nasal lavage, bronchio-alveolar lavage fluid (BALF), lungs and spleen of Prfl KO mice
1002  having received D21PBS Prfl KO NK cells (black symbols) or D21SPN Prfl KO NK cells (red
1003  symbols). Box plots where each dot represents an individual mouse, lines are the mean, error
1004  bars show min to max and dotted lines represent limit of detection. Data are pooled from two
1005  repeats with n > 3 mice/group.

1006  ns, not significant. * p < 0.05, *** p < 0.001. 2way ANOVA (A,B) and Mann-Whitney (C)
1007  tests for statistical significance.

1008

1009  Figure S5

1010  (A) Mouse infections are carried out as in the scheme in Figure 1A. NK cells were isolated

1011  from spleens of mice previously infected with S. pneumoniae (red bars, D21SPN NKs) or not
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1012 (black bars, D21PBS NKs). Highly purified NK cells were fixed, and chromatin was extracted
1013 and sheared. ChIP for H3K4mel were performed and resulting positive fractions of the
1014  chromatin were amplified using PCR for the indicated targets. Enrichment percentage for
1015  H3K4mel pull-down on -34kb upstream the gzmb gene and intergenic regions (IG) in NK cells
1016  from D21PBS and D21SPN mice. Data are representative of at least three experiments with n
1017 >4 mice/group.

1018  (B) Mouse infections and in vitro experiments are carried out as in the scheme in Figure 1A,
1019  with the exception that Prfl KO mice were used. Purified D21PBS (black) or D21SPN (red)
1020  Prfl KO NK cells were stimulated in vitro with cytokines (IL-15 at 2 ng/ml and IL-18 at 1,5
1021  ng/ml) and formaldehyde inactivated S. pneumoniae (SPN, MOI 20) for 24 hours. Intensity of
1022 Granzyme B expression in NK cells (MFI, left panel) and percentage of Granzyme B* NK cells
1023 (right panel) upon in vitro stimulation. Box plots where each dot represents a pool of mice
1024  from one experiment, lines are median, error bar show min to max. Data are representative of
1025  one experiment with n = 4 pooled mice/group and n > 2 experimental replicates/group.

1026  (C-D) Mouse infections and in vivo transfers are carried out as in the scheme in Figure 3A, with
1027  the exception that Prfl KO mice were used as both donor and recipient mice.

1028  (C) Granzyme B ELISA experiment of lung supernatants from infected mice at 40h post-
1029  infection, having received either D21PBS (black) or D21SPN (red) Prfl KO NK cells. Dots
1030  represent individual mice, bars are the mean and error bars are the standard error of the mean
1031  (SEM). Data are representative of one experiment with n > 3 mice/group.

1032 (D) Percentages of neutrophils, CD69" neutrophils and NK cells in the lungs of Prfl KO
1033 recipient mice having received either D21PBS (black) or D21SPN (red) Prfl KO NK cells. Box
1034  plots with each dot representing individual mice, lines are the median, error bar show min to
1035  max. Data are representative of one experiment with n > 3 mice/group.

1036 s, not significant. Mann-Whitney tests for statistical significance.
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Figure 1: NK cells acquire intrinsic memory features 21 days after in vivo infection

Normalized To Mode

Overlay histogram

IL15+IL18+SPN

IFNg = APC

(A) Experimental scheme. C57BL/6 mice were intranasally injected with either PBS (black symbols) or sub-lethal dose
of S. pneumoniae (SPN, red symbols, 5.10° CFU) for two consecutive days. After 21 days, NK cells were highly purified
from spleens of D21PBS or D21SPN mice (98% of purity) and stimulated in vitro with cytokines (IL-15 at 2 ng/ml, IL-
18 at 1,5 ng/ml, IL-12 at 1,25 ng/ml) and formaldehyde inactivated S. pneumoniae (SPN, MOI 20) for 24 hours.

(B) Intensity of IFNy expression in NK cells (MFI, left panel), percentage of IFNy* NK cells (middle panel),
representative overlay histogram upon IL-15+IL-18+SPN stimulation (right panel, gray represents isotype control). Box
plots where each dot represents a pool of mice from one experiment (black dots for D21PBS NKs, red dots for D21SPN
NKs), lines are median, error bars show min to max. Data are representative of at least three experiments with n > 4
pooled mice/group and n > 3 experimental replicates/group.
ns, not significant. **** p < 0.0001. 2way ANOVA test comparing D21PBS NKs and D21SPN NKs values in each

condition.
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Figure S1:

(A) Representative contour plots for NK cell purity of D21PBS (black symbols) and D21SPN (red symbols) samples
based on NK1.1" CD3-or NK1.1* DX5" markers (left panel). Percentage of NK cells among live cells (purity of cells,
right panel). Box plots where each dot represents a pool of mice from one experiment, lines are the median, error bars
show min to max. Data are representative of more than three repeats with n >4 pooled mice/group and n > 3
experimental replicates/group.

(B) Mouse infections are carried out as in the scheme in Figure 1A. NK cells were isolated from spleens of mice
previously infected with S. pneumoniae (red bars, D21SPN NKs) or not (black bars, D21PBS NKs). Highly purified NK
cells were fixed, and chromatin was extracted and sheared. ChIP for H3K4mel were performed and resulting positive
fractions of the chromatin were amplified using PCR for the indicated targets. Enrichment percentage for H3K4mel
pull-down on regions upstream the ifng gene in NK cells from D21PBS and D21SPN mice. Data are representative of
four experiments with n > 4 mice/group.

(C-D) Splenocytes were harvested from mice 12 days (C) or 21 days (D) after they were intranasally injected with either
PBS (black symbols) or sub-lethal dose of S. pneumoniae (SPN, red symbols, 5.10° CFU) for two consecutive days. NK
cell expression of several NK cell receptors in percentages (left panel) and intensity of expression (MFI, right panel).
Box plots where each dot represents an individual mouse, lines are the median, error bars show min to max. Data are
pooled from one (C) or two (D) repeats with n > 4 mice/group.

ns, not significant. * p < 0.05 and ** p <0.01. Mann-Whitney (A,B) and 2way ANOVA (C,D) tests for statistical
significance.
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Figure 2: Sub-lethal infection with S. pneumoniae induces a rapid and transient immune response that returns to
basal state before 21 days

(A) Experimental scheme, showing that C57BL/6 mice were intranasally injected with either PBS (black symbols) or
sub-lethal dose of S. pneumoniae (SPN, red symbols, 5.10° CFU) for two consecutive days. Organs were collected at
24h, 72h and 21 days post-infection for CFU counts and cellular infiltrate determination by flow cytometry.

(B-D) Organs were collected at 24h (B), 72h (C) and 21 days post-infection (D). CFU counts in the nasal lavage, BALF,
lungs, spleen and blood of infected mice (left panel). Box plots where each dot represents an individual mouse, lines are
the mean, error bars show min to max and dotted lines represent limit of detection. Percentage of neutrophils (CD11b*
Ly6G*) among CD457 cells in the lungs and bronchio-alveolar lavage fluid (BALF), percentage of CD69" neutrophils in
the BALF (middle panel). Percentage of NK cells (NK1.1* CD3-) among CD45™ cells, percentage of IFNy™, Perforin®,
Granzyme B NK cells in the lungs and spleen (right panel). Box plots where each dot represents an individual mouse
(black dots for uninfected mice, red dots for infected mice), lines are the median, error bar show min to max.

Data are pooled from one, two or three repeats with n > 3 mice/group. ns, not significant. * p < 0.05 and ** p <0.01,
Mann-Whitney test for single comparisons and 2way ANOVA test for multiple comparisons.
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Figure S2

Weight (A) and clinical score (B) following the infection scheme from Figure 2A. Dots represent the mean and error
bars are the standard error of the mean (SEM). Data are pooled from two repeats with n = 4 mice/group

(C-E) Organs were collected at 24h (C), 72h (D) and 21 days post-infection (E). Absolute numbers of neutrophils
(CD11b* Ly6G") in the lungs and bronchio-alveolar lavage fluid (BALF) (left panel). Absolute numbers of NK cells
(NK1.1* CD3"), percentage of CD69" NK cells, intensity of Granzyme B expression (MFI) and representative overlay
histogram of Granzyme B staining in NK cells (right panel). Box plots where each dot represents an individual mouse
(black dots for uninfected mice, red dots for infected mice), lines are the median, error bar show min to max. Grey
histogram represents isotype control. Data are pooled from one, two or three repeats with n > 4 mice/group.

ns, not significant. * p < 0.05. Mann-Whitney test for statistical significance.
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Figure 3: Transferred memory NK cells protect mice from lethal S. pneumoniae infection for at least 12 weeks

(A) Experimental scheme. C57BL/6 mice (donor mice) were intranasally injected with either PBS (black symbols) or
sub-lethal dose of S. pneumoniae (SPN, red symbols, 5.10° CFU) for two consecutive days. After 21 days or 12 weeks,
NK cells from spleens were highly purified (98%) and transferred into naive mice (recipient mice, intravenously, 2.10°
cells). One day after, all recipient mice were intranasally infected with a lethal dose of S. pneumoniae (5.10° CFU for
survival study, 1.107 CFU for bacterial counts comparison) or L. monocytogenes (1.10° CFU, intravenously). Organs
were collected at 24h and 40h post-infection for CFU counts and flow cytometry analysis.

(B) Bacterial counts at 40h post-infection in the nasal lavage, bronchio-alveolar lavage fluid (BALF), lungs, blood and
spleen of mice having received either D21PBS NKs (black symbols) or D21SPN NKs (red symbols). Box plots where
each dot represents an individual mouse, lines are the mean, error bars show min to max and dotted lines represent limit
of detection. Data are pooled from at least two repeats with n > 3 mice/group.

(C) Survival curve. Dots represent the percentage of survival of total mice. Data are representative of two repeats with n
= 4 mice/group.

(D) Clinical score. Dots represent the mean, error bars show the standard error of the mean (SEM). Data are
representative of two repeats with n = 4 mice/group.

(E) Weight represented as percentage of initial body weight loss. Dots represent the mean, error bars show the standard
error of the mean (SEM). After death, mice have the value of 80%. Data are representative of two repeats with n = 4
mice/group.

(F) Bacterial counts at 40h post-infection in the lungs and spleen of mice having received either W12PBS NKs (black
symbols) or W12SPN NKs (red symbols). Box plots where each dot represents an individual mouse, lines are the mean,
error bars show min to max and dotted lines represent limit of detection. Data are pooled from three repeats with n > 4
mice/group

(G) Bacterial counts at 40h post-infection in the spleen and liver of mice infected with Listeria monocytogenes
(intravenously) and having previously received either D21PBS NKs (black symbols) or D21SPN NKs (red symbols).
Box plots where each dot represents an individual mouse, lines are the mean, error bars show min to max and dotted
lines represent limit of detection. Data are pooled from two repeats with n = 3 mice/group.

ns, not significant. * p < 0.05, ** p <0.01, *** p < 0.001 **** p <0.0001. 2way ANOVA (B), Log-rank (Mantel-Cox)
(C) and Mann-Whitney (F, G) tests for statistical significance.
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bar show min to max. Data are representative of three repeats with n > 4 mice/group.

(B) Representative gating strategy to detect transferred NK cells. Percentages and numbers of CD45.2" transferred NK
cells in the lungs and blood of CD45.1 recipient mice at 24h and 40h post-infection. Box plots where each dot represents
an individual recipient mouse, lines are the median, error bar show min to max. Data are pooled from at least two repeats
with n > 3 mice/group.

ns, not significant. Mann-Whitney test for statistical significance.
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Figure 4: Protection of mice mediated by memory NK cells is IFNy independent

(A-B) Mouse infections are carried out as in the scheme in Figure 3A. Organs were collected at 24h and 40h post-
infection for flow cytometry analysis and ELISA assays.

(A) Flow cytometry analysis of IFNy expression in CD45.1* endogenous NK cells and CD45.2" transferred NK cells
(hatched) into both mice having received D21PBS NK cells (black) and mice having received D21SPN NK cells (red).
Violin plot where each dot represents an individual mouse, lines are the median. Data are pooled from two repeats with n
> 2 mice/group.

(B) IFNy ELISA assays of lung supernatants from infected mice having received either D21PBS NKs (black) or
D21SPN NKs (red) at 24h and 40h post-infection. Bars are the mean of at least four experiments with n > 4 mice/group,
each dot represents an individual mouse and error bars are the standard error of the mean (SEM).

(C) Mouse infections are carried out as in the scheme in Figure 3A, with the exception that WT mice were used as donor
mice and Ifngr KO mice as recipient mice. Bacterial counts at 40h post-infection in the lungs and spleen of Ifngr KO
mice having received D21PBS WT NK cells (black symbols) or D21SPN WT NK cells (red symbols). Box plots where
each dot represents an individual mouse, lines are the mean, error bars show min to max and dotted lines represent limit
of detection. Data are pooled from two repeats with n > 4 mice/group.

(D) WT and Ifngr KO mice were intranasally infected with a lethal dose of S. pneumoniae (1.107 CFU). Lungs were
collected at 40h post-infection for CFU counts and flow cytometry analysis. Percentages of neutrophils (Ly6G*
CD11b"), NK cells (NK1.1" CD3-) and CD69* NK cells. Box plots where each dot represents an individual mouse, lines
are the mean, error bars show min to max and dotted lines represent limit of detection. Data are pooled from two repeats
with n > 3 mice/group

ns, not significant. * p < 0.05, ** p < 0.01. 2way ANOVA (A,B) and Mann-Whitney (C,D) tests for statistical
significance.
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Figure S: Protection of mice appears to be an intrinsic NK cell property

Mouse infections are carried out as in the scheme in Figure 3A. Organs were collected at 24h and 40h post-infection for
flow cytometry analysis, ELISA assays and CFU counts.

(A) Cellular infiltrate analysis in the lungs at 24h post-infection. Percentage of respective cell types among CD45* cells
(left panel) and absolute number of cells for each cell type (right panel): neutrophils (Ly6G* CD11b"), alveolar
macrophages (AM) (Ly6G- SiglecF* CD64* CD11b"), interstitial macrophages (IM) (Ly6G- SiglecF- CD11bhigh MHCIT*
CD64" CD24), monocytes (Ly6G- SiglecF- CD11bhigh MHCII"), eosinophils (Ly6G- SiglecF™ CD11b"), dendritic cells
(DCs) (CD103* DCs : Ly6G- SiglecF- CD11bl*v CD103* CD24* + CD11b* DCs : Ly6G- SiglecF- CD11bhigh MHCIT*
CD64- CD24%), NK cells (NK1.1* CD3-), T cells (NK1.1-CD3"). Radar plots with each value representing the geometric
mean of three repeats with n = 4 mice. The blue line for uninfected mice, black line for mice having received D21PBS
NKs and red line for mice having received D21SPN NKs.

(B) Cellular infiltrate analysis in the bronchio-alveolar lavage fluid (BALF) at 24h post-infection. Percentage of
respective cell types among CD45" cells (left panel) and absolute number of cells for each cell type (right panel):
neutrophils (Ly6G* CD11b"), alveolar macrophages (SiglecF" CD64" CD11b"). Box plots where each dot represents an
individual mouse (blue dots for uninfected mice, black dots for mice having received D21PBS NKs, red dots for mice
having received D21SPN NKs), lines are the median, error bar show min to max. Date are pooled from at least two
repeats with n > 2 mice/group.

(C) Cellular activation analysis in the lung at 40h post-infection. Percentages of CD69" neutrophils, CD69* NK cells and
CD86" interstitial macrophages. Box plots where each dot represents an individual mouse (the blue dots are for
uninfected mice, black dots for mice having received D21PBS NKs, red dots for mice having received D21SPN NKs),
lines are the median, error bar show min to max. Data are pooled from two repeats with n > 1 mice/group.

(D) ELISA assays of lung supernatants from infected mice at 40h post-infection. Bars are the mean of at least 3
experiments with n > 3 mice/group, error bars are the standard error of the mean (SEM).

(E-F) At 40h post-infection, lung supernatants of mice having received either D21PBS NKs (black) or D21SPN NKs
(red) (C) - either Wel2PBS NKs (black) or Wel2SPN NKs (red) (D) were collected to perform Granzyme B ELISA
assays. Bars are the mean of at least 3 experiments with n > 3 mice/group, each dot represents an individual mouse and
error bars are the standard error of the mean (SEM).

ns, not significant. * p < 0.05, ** p < 0.01, *** p < 0.001. Kruskal-Wallis (A,B,C), 2way ANOVA (D) and Mann-
Whitney (E,F) tests for statistical significance.
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Figure S4

Mouse infections are carried out as in the scheme in Figure 3A. Organs were collected at 24h and 40h post-infection for
flow cytometry analysis and ELISA assays.

(A) Gating strategy used to identify myeloid-cell subsets in the lungs at 24h post-infection, adapted from Misharin et al.
2013. After the exclusion of debris, doublets and dead cells, immune cells were identified by CD45 staining.
Neutrophils, alveolar macrophages and eosinophils are defined with the following specific markers respectively: Ly6G*
CD11b", SiglecF* CD11br, SiglecF* CD11b*. Gating on CD11bh"igh was used to distinguish myeloid cells from lymphoid
cells with the exception of CD103" dendritic cells that are defined as CD11blo¥ CD103* CD24" cells. In CD11bhigh
subset, gating on MHCII* cells allow to identify interstitial macrophages as MHCII" CD64* CD24- cells and CD11b*
dendritic cells as MHCIT* CD64- CD24" cells. On the contrary, CD11bhigh MHCII- cells are monocytes/immature
macrophages that can have different maturation states based on Ly6C marker.

(B) Cellular activation analysis in the lungs at 40h post-infection. Intensity of CD11b expression in neutrophils (MFI),
percentage of ROS™ neutrophils and intensity of MHCII expression in interstitial macrophages (MFI). Box plots with
each dot representing individual mice (blue dots for uninfected mice, black dots for mice having received D21PBS NKs,
red dots for mice having received D21SPN NKs), lines are the median, error bar show min to max. Data are pooled from
two repeats with n > 1 mice/group.

(C) ELISA assays of lung supernatants from infected mice having received either D21PBS NKs (black) or D21SPN NKs
(red) at 24h post-infection. Bars are the mean of at least 3 experiments with n > 3 mice/group, error bars are the standard
error of the mean (SEM).

(D) Granzyme B ELISA assays of lung supernatants from infected mice having received either D21PBS NKs (black) or
D21SPN NKs (red) at 24h post-infection. Bars are the mean of at least 3 experiments with n > 3 mice/group, error bars
are the standard error of the mean (SEM).

ns, not significant.. Kruskal-Wallis (B), 2way ANOVA (C) and Mann-Whitney (D) tests for statistical significance.
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Figure 6: Cytotoxic proteins are upregulated by memory NK cells and and important for protection of mice

(A-B) C57BL/6 mice were intranasally injected with either PBS (black symbols) or sub-lethal dose of S. pneumoniae (SPN, red
symbols, 5.10° CFU) for two consecutive days. After 21 days, NK cells were highly purified from spleens of D21PBS or
D21SPN mice (98% of purity) and stimulated in vitro with cytokines (IL-15 at 2 ng/ml, IL-18 at 1,5 ng/ml, IL-12 at 1,25 ng/ml)
and formaldehyde inactivated bacteria (MOI 20) for 24 hours.

SPN : S. pneumoniae, GBS : S. agalactiae, Listeria : L. monocytogenes.

(A) Intensity of Granzyme B expression in NK cells (MFI, left panel), percentage of Granzyme B™ NK cells (middle panel),
representative overlay histogram upon IL-15+IL-18+SPN stimulation (right panel, gray represents isotype control). Box plots
where each dot represents a pool of mice from one experiment (black dots for D21PBS NKs, red dots for D21SPN NKs), line are
median, error bar show min to max. Data are representative of at least one experiment with n > 4 pooled mice/group and n > 3
experimental replicates/group.

(B) Intensity of Perforin expression in NK cells (MFI, left panel), percentage of Perforin® NK cells (middle panel),
representative overlay histogram upon IL-15+IL-18+SPN stimulation (right panel, gray represents isotype control). Box plots
where each dot represents a pool of mice from one experiment (black dots for D21PBS NKs, red dots for D21SPN NKs), line are
median, error bar show min to max. Data are representative of at least one experiment with n > 4 pooled mice/group and n > 3
experimental replicates/group.

(C) Mouse infections are carried out as in the scheme in Figure 3A, with the exception that Prfl KO mice were used as both
donor and recipient mice. Bacterial counts at 40h post-infection in the nasal lavage, bronchio-alveolar lavage fluid (BALF),
lungs and spleen of Prfl KO mice having received D21PBS Prfl KO NK cells (black symbols) or D21SPN Prfl KO NK cells
(red symbols). Box plots where each dot represents an individual mouse, lines are the mean, error bars show min to max and
dotted lines represent limit of detection. Data are pooled from two repeats with n > 3 mice/group.

ns, not significant. * p <0.05, *** p <0.001. 2way ANOVA (A,B) and Mann-Whitney (C) tests for statistical significance.
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(A) Mouse infections are carried out as in the scheme in Figure 1A. NK cells were isolated from spleens of mice previously
infected with S. pneumoniae (red bars, D21SPN NKs) or not (black bars, D21PBS NKs). Highly purified NK cells were fixed,
and chromatin was extracted and sheared. ChIP for H3K4mel were performed and resulting positive fractions of the
chromatin were amplified using PCR for the indicated targets. Enrichment percentage for H3K4mel pull-down on -34kb
upstream the gzmb gene and intergenic regions (IG) in NK cells from D21PBS and D21SPN mice. Data are representative of
at least three experiments with n > 4 mice/group.

(B) Mouse infections and in vitro experiments are carried out as in the scheme in Figure 1A, with the exception that Prfl KO
mice were used. Purified D21PBS (black) or D21SPN (red) Prfl KO NK cells were stimulated in vitro with cytokines (IL-15
at 2 ng/ml and IL-18 at 1,5 ng/ml) and formaldehyde inactivated S. pneumoniae (SPN, MOI 20) for 24 hours. Intensity of
Granzyme B expression in NK cells (MF]I, left panel) and percentage of Granzyme B* NK cells (right panel) upon in vitro
stimulation. Box plots where each dot represents a pool of mice from one experiment, line are median, error bar show min to
max. Data are representative of one experiment with n =4 pooled mice/group and n > 2 experimental replicates/group.

(C-D) Mouse infections and in vivo transfers are carried out as in the scheme in Figure 3A, with the exception that Prfl KO
mice were used as both donor and recipient mice.

(C) Granzyme B ELISA experiment of lung supernatants from infected mice at 40h post-infection, having received either
D21PBS (black) or D21SPN (red) Prfl KO NK cells. Dots represent individual mice, bars are the mean and error bars are the
standard error of the mean (SEM). Data are representative of one experiment with n > 3 mice/group.

(D) Percentages of neutrophils, CD69" neutrophils and NK cells in the lungs of Prfl KO recipient mice having received either
D21PBS (black) or D21SPN (red) Prfl KO NK cells. Box plots with each dot representing individual mice, lines are the
median, error bar show min to max. Data are representative of one experiment with n > 3 mice/group.

ns, not significant. Mann-Whitney tests for statistical significance.
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