nature communications

Article

https://doi.org/10.1038/s41467-023-41372-w

NAD" metabolism is a key modulator of
bacterial respiratory epithelial infections

Received: 29 March 2023

Accepted: 30 August 2023

Published online: 02 October 2023

M Check for updates

Bernd Schmeck

Bjorn Klabunde', André Wesener!, Wilhelm Bertrams', Isabell Beinborn',
Nicole Paczia? Kristin Surmann?, Sascha Blankenburg?, Jochen Wilhelm ®4?>,
Javier Serrania®, Kévin Knoops’, Eslam M. Elsayed®®?®, Katrin Laakmann’,
Anna Lena Jung"'?, Andreas Kirschbaum", Sven Hammerschmidt®'2,

Belal Alshaar™, Nicolas Gisch ®'3, Mobarak Abu Mraheil'*, Anke Becker ®°,

Uwe Voélker ® 3, Evelyn Vollmeister ®", Birke J. Benedikter ® %8/~ &
@ 1,4,6,10,16,17,18

Lower respiratory tract infections caused by Streptococcus pneumoniae (Spn)
are a leading cause of death globally. Here we investigate the bronchial epi-
thelial cellular response to Spn infection on a transcriptomic, proteomic and
metabolic level. We found the NAD" salvage pathway to be dysregulated upon
infection in a cell line model, primary human lung tissue and in vivo in rodents,
leading to a reduced production of NAD*. Knockdown of NAD" salvage
enzymes (NAMPT, NMNATI) increased bacterial replication. NAD" treatment
of Spn inhibited its growth while growth of other respiratory pathogens
improved. Boosting NAD"* production increased NAD" levels in immortalized

and primary cells and decreased bacterial replication upon infection. NAD*
treatment of Spn dysregulated the bacterial metabolism and reduced intra-
bacterial ATP. Enhancing the bacterial ATP metabolism abolished the anti-
bacterial effect of NAD". Thus, we identified the NAD" salvage pathway as an
antibacterial pathway in Spn infections, predicting an antibacterial mechanism

of NAD".

Lower respiratory infections are the fourth leading cause of death
globally, with Streptococcus pneumoniae (Spn) being the most com-
mon respiratory bacterial pathogen'. Thus, an in-depth understanding
of infection processes on the molecular level is vital to enabling the
development of new therapeutic options to face rising antibiotic
resistance. Accordingly, host-pathogen interactions during pneumo-
coccal infections are a field of intensive study. However, while most
studies have focused on host responses towards Spn in dedicated
immune cells?, the respiratory epithelium constitutes the first line of
defence against lower respiratory tract infections. It forms a mechan-
ical barrier, produces a thick, glycan-composed mucus to entrap bac-
teria and secretes various cytokines and chemokines to recruit
immune cells to sites of infection. It also promotes direct bacterial
killing by secreting antibacterial peptides’. Analyzing the immediate

transcriptomic response of infected alveolar epithelial cells up to 4 h
post Spn infection, Aprianto et al. have demonstrated an extensive
dysregulation of gene expression, especially repression of genes
involved in the immune response’. Yet, the effects of prolonged Spn
infection on epithelial cell gene expression and metabolism have not
yet been investigated.

Here, we employed a multi-omics approach to gain insights into
the epithelial response against Spn, strain D39, infection. This
approach revealed a dysregulation of key enzymes and metabolites of
the Nicotinamide adenine dinucleotide (NAD) metabolism. By transi-
tioning between its oxidized (NAD") and reduced (NADH) forms, NAD
acts as key electron transporter in cellular energy pathways. In addi-
tion, it is an important cofactor for a wide array of enzymes that
convert NAD" to the energy-depleted metabolite nicotinamide (NAM)
(e.g., PARP, sirtuins®”). De novo biosynthesis of NAD" starts from
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diet-derived tryptophan or nicotinic acid®. However, the majority of
cellular NAD" is recovered from NAM via the NAD" salvage pathway’.
In the first salvage step, nicotinamide phosphoribosyl transferase
(NAMPT) catalyzes the production of nicotinamide mononucleotide
(NMN) from NAM™. Second, nicotinamide-mononucleotide adenylyl
transferases (NMNAT) use NMN as a substrate to restore NAD"* °*. The
exact contribution of each metabolic pathway to the upkeep of NAD*
homeostasis differs depending on the tissue, environmental conditions
and availability of nicotinamide precursors and other nutrients®.

To explore the functional relevance of the altered NAD" metabo-
lism described here, we manipulated different enzymes or metabolites
and explored their effects on Spn infection. Thereby, we identified the
modulation of the NAD" metabolism as a previously unknown element
in antibacterial defence against Spn. Direct treatment of Spn with NAD*
inhibited bacterial growth in a concentration-dependent manner,
while other bacterial pathogens remained unaffected. Our study dee-
pens the understanding of the interaction between Spn and the host
metabolism and identifies the NAD" metabolism as a potential ther-
apeutic target against lower respiratory tract infection.

Results

Pneumococcal infection dysregulates the epithelial NAD*
metabolism

To investigate host-pathogen interactions during Spn D39 infection of
epithelial cells, we established an in vitro infection system using the
bronchial epithelial cell line BEAS-2B. To assess the proteomic
response of epithelial cells to Spn D39 by SILAC proteomics, BEAS-2B
cells were infected with MOI 0.5 for 16 h or left uninfected. (Fig. 1A).
The 5 most significantly upregulated proteins included two enzymes
involved in the NAD" metabolism, Nicotinamide phosphoribosyl
transferase (NAMPT; fold change (FC)=2.6, p=0.000002) and
Nicotinamide N-Methyl transferase (NNMT; FC=1.7, p=0.000148).
Significant regulation of the NAD" metabolism was further confirmed
by mRNA microarray data (Fig. 1B). NAMPT and NNMT mRNA were
upregulated compared to untreated controls after both Spn D39
infection and stimulation with the bacterial cell wall component lipo-
teichoic acid (LTA) for 9 or 16 h. In addition, mRNA of nicotinamide
mononucleotide adenylyl transferase 1 (NMNAT1) was significantly
downregulated in BEAS-2B cells exclusively during later-stage infection
(16 h). Metabolite measurements by LC-MS/MS revealed that NAD", as
well as multiple NAD* precursors, were decreased after 16 h of Spn D39
infection (Fig. 1C). In summary, we found a clear dysregulation of NAD*
biosynthesis via the Preiss-Handler and NAD" salvage pathways on a
multi-omics scale (Fig. 1D, Supplementary Fig. 1).

We then aimed to confirm the regulation of NAMPT and NMNAT1
upon pneumococcal infection in primary cell culture infection models.
Primary human bronchial epithelial cells (hBECs) from healthy donors
were differentiated into a pseudostratified lung epithelium at an air-
liquid interface. Cells were apically infected with Spn D39, MOI 20 for
16 h and gene expression was analyzed by qPCR (Fig. 2A). In infected
hBECs, we found expression of NAMPT to be upregulated and NMNAT1
to be downregulated compared to uninfected controls (Fig. 2B, C). In
the next step, human lung explants were injected with Spn D39 for 12 h
and gene expression was determined (Fig. 2D). We found an upregu-
lation of NAMPT and downregulation of NMNATI, confirming our
previous results (Fig. 2E, F). Re-analysis of publicly available gene
expression datasets of Spn D39 infected mouse lungs equally revealed
NAMPT upregulation and NMNATI downregulation in vivo. (Fig. 2G,
H). In summary, we found the NAD" salvage gene expression to be
dysregulated upon Spn D39 infection in primary cell culture and
in vivo.

NAD" production shows direct antibacterial effects
To assess the role of NAD* biosynthesis during the infection process,
we performed siRNA knockdowns of NAMPT and NMNATI1 48 h prior

to infection with Spn D39 (MOI 1, 16 h). Successful knockdowns were
confirmed on transcript and protein levels (Supplementary Fig. 2).
After both knockdowns, the intracellular NAD concentration was sig-
nificantly decreased, whereas bacterial CFU after 16 h of infection was
increased by approximately 40% compared to the scramble control
(Fig. 3A, B). Based on these findings, we further addressed whether the
antibacterial activity of NAMPT and NMNATI is mediated by NAD*
production. The addition of NAD" to the Spn D39 infection of BEAS-2B
cells (Fig. 3C; MOI 1, 16 h) or to host cell-free cultures of Spn D39
(Fig. 3D-F) revealed a concentration-dependent reduction of bacterial
replication, suggesting a direct antibacterial effect of NAD".

To further assess the role of NAD" in the infection process, we
aimed to increase the host cell NAD* production during infection. First,
we boosted NAD" production by treatment with the precursor Nicoti-
namide riboside (NR), which was previously shown to increase intra-
cellular NAD' in vitro and in vivo™ . NR treatment of BEAS-2B increased
the intracellular amount of NAD (NAD* and NADH) by a factor 2.3,
compared to untreated controls (Fig. 4A). In the presence of host cells,
NR treatment reduced bacterial replication by factor 0.3 compared to
untreated controls (Fig. 4B). The effect could not be detected in the
absence of host cells, as NR treatment of Spn D39 cultivated in host cell-
free medium only caused a minor reduction of bacterial replication by a
factor 0.9 (Fig. 4B). Knockdown of NMNAT1 prior to infection and NR
treatment reduced NAD production (Fig. 4C) and partially rescued
bacterial replication (Fig. 4D). We further confirmed these results using
the NAD" precursor NMN and NAM. In the absence of host cells, both
precursors did not affect bacterial replication. In the presence of host
cells, NMN and NAM treatment during infection increased intracellular
NAD and reduced bacterial replication (Supplementary Fig. 3A-F).
Furthermore, chemical inhibition of NAMPT using FK-866 increased
bacterial replication (Fig. 4E), while NAMPT activation using SBI-797812
decreased Spn D39 replication (Fig. 4F). Next, we validated the effects
of NR addition on the course of pneumococcal infection in an air-liquid
interface model with well-differentiated primary human bronchial
epithelial cells (Fig. 4G-I). During Spn D39 infection, basolateral addi-
tion of NR caused an increase in intra- and extracellular NAD (Fig. 4G, H)
and a reduction of bacterial replication (Fig. 4I). These results were
confirmed when using NMN to increase NAD' in primary human
bronchial epithelial cells, cultivated at an air-liquid interface, prior to
infection (Supplementary Fig. 3G-I). In summary, NAD* precursors
exhibited no or minor direct antibacterial activity. In contrast, knock-
down and chemical modulation of the NAD* biosynthesis enzymes
NMNAT1 and NAMPT, as well as metabolite treatment of Spn D39,
revealed an anti-pneumococcal effect of NAD".

The antibacterial effect of NAD" is specific to Spn

To determine whether interference with the host NAD" metabolism is a
general process affecting bacterial infections, we performed BEAS-2B
infections with Streptococcus agalacticae (S.aga) and non-typeable
Haemophilus influenzae (NTHi) and determined the resulting expres-
sion of NAMPT and NMNAT1 (Supplementary Fig. 4). Both bacteria
induced a significant upregulation of NAMPT expression 16 h post-
infection (Supplementary Fig. 4A). S.aga infection induced a significant
downregulation of NMNAT1 by approximately a factor of 0.75, while
NTHi infection, by tendency, caused an upregulation of NMNAT1
(Supplementary Fig. 4B). Next, we investigated the effect of NAD*
treatment on S.aga, NTHi and an alternative, highly pathogenic strain
of Spn (TIGR4). Treatment of Spn TIGR4 with NAD" for 9 h caused a
reduction in bacterial growth to approximately factor 0.4, confirming
our previous results with Spn D39. In contrast, the replication of S.aga
and NTHi was increased by approximately 50% (Supplementary
Fig. 4D-F). In summary, these results reveal that, while the upregula-
tion of NAMPT is a general pro-inflammatory process, the down-
regulation of NMNATI1 expression and antibacterial effects of NAD*
appear specific to certain bacteria.
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Fig. 1| NAD" biosynthesis is dysregulated during Spn D39 infection. A Volcano
plot of protein expression upon Spn D39 infection. BEAS-2B cells were infected with
Spn D39, MOI 0.5 for 16 h or left uninfected (ctrl). Afterwards, proteins were iso-
lated and changes in protein expression were determined by SILAC proteomics.
Regulated proteins associated with the NAD* metabolism are marked in red.

B BEAS-2B were either left untreated, infected with Spn D39 MOI1 0.5 or 1, or treated
with 1pg/ml LTA for 9 or 16 h, respectively. RNA was isolated and gene expression
was determined by mRNA microarray. NAD* metabolism-associated genes are
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depicted as a heat map (value = fold change). C BEAS-2B were infected with Spn D39
MOI 1 for 16 h or left untreated. Metabolites were isolated and analyzed by LC-MS/
MS. D Summary of identified regulations of the NAD+ metabolism (red: upregula-
tion; blue: downregulation; square: metabolite; oval: enzyme). Statistics: (A, B) two-
tailed, moderated t-test; (C) two-tailed paired t-test (*p <0.05; **p<0.001; N=3
biologically distinct samples (A, B); 6 biologically distinct samples (C)). MOI mul-
tiplicity of infection.

Transcriptional regulation of NMNATI1 is induced by Spn viru-
lence factor pneumolysin

We next focused on the specific mechanisms by which Spn mediates
NAD' salvage gene regulation in epithelial cells. Upregulation of NAMPT
was previously shown to be induced via JAK-STAT signalling under pro-
inflammatory conditions'. While we confirmed JAK-dependency of

NAMPT upregulation in response to Spn D39 infection using the JAK
inhibitor Ruxolitinib (Supplementary Fig. 5A), repression of NMNAT1
was not JAK-dependent (Supplementary Fig. 5B). Treatment of epithelial
cells with heat-killed Spn D39 or LTA isolated from Spn D39 did not
influence the expression of NMNATI, suggesting that the repression
is mediated by actively produced virulence factors of Spn D39
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Fig. 2| Regulation of NAD" salvage associated genes ex and in vivo. A-C Primary
human bronchial epithelial cells from healthy donors were differentiated into
pseudostratified respiratory epithelium as air-liquid interface cultures. After dif-
ferentiation, cells were apically infected with Spn D39, MOI 20 for 16 h. The
expression of NAMPT (B) and NMNAT1 (C) was determined by qPCR. D-F Human
lung tissue explants were injected with Spn D39 or PBS and incubated for 12 h (D).
Expression of NAMPT (E) and NMNATI1 (F) was determined by qPCR. G, H 3 pub-
lished microarray transcriptome datasets of murine lungs infected with different
strains of Spn D39 were analyzed for the expression of NAMPT (G) and NMNAT1 (H).
Study 1: GSE83612, Mouse strain: C57BL/6, male and female; 24 h post-inoculation

with 5x10° CFU, serotype: 19; Study 2: GSE45644, mouse strain: BALB/C, female;
serotype 2, 48 h post-inoculation with 5 x 10* CFU; Study 3: GSE61459, mouse strain:
BALB/C, female; serotype: 2, 24 h post-inoculation with 5 x 10° CFU. Statistics: two-
tailed paired t-test (B, C, E, F); two-tailed unpaired t-test (G, H); n= 6 biologically
distinct samples (B, C); 4 biologically distinct samples (E, F) 8 distinct animals
(study 1), 9 distinct animals (study 3), 10 distinct animals (study 2) (G, H); box plots:
line at mean, box ranges from min to max; results are normalized to untreated
controls of the corresponding donor (C, D) or average expression values of control
tissue/animals (E-H). Drawings were designed using GraphPad prism. MOI multi-
plicity of infection.

(Supplementary Fig. SE-H). Therefore, we investigated the effects of
three virulence factors that are actively produced and/or released
during pneumococcal growth, the pneumococcal capsule, the oxidant
H,0, and the pore-forming toxin pneumolysin (ply) on NMNAT1

expression. Deletion of the capsule locus (Acps) and the H,0O, produ-
cing pyruvate peroxidase (AspxB) did not influence NMNAT1 or NAMPT
expression during infection (Supplementary Fig. 5C, D). Infection
with a ply deficient mutant of Spn D39 induced NAMPT gene expression
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CFU assay. B BEAS-2B cells were transfected as indicated for 48 h and the intra-
cellular NAD content determined. C BEAS-2B cells were infected with Spn D39, MOI
1 for 16 h. Indicated amounts of NAD* were added at the start of the infection.
Bacterial replication was determined by CFU assays 16 h post-infection. D-F Spn
D39 was cultivated in a host cell-free medium with indicated amounts of NAD*. CFU
were determined at indicated time points. D Bacterial growth curves were
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measured over 21 h. The graph summarizes the mean of four biological indepen-
dent replicates. E Maximally reached CFU/ml of (D). F Time (in h) until maximal
CFU/ml was reached. Statistics: One-way ANOVA with Fisher’s LSD (A, B, E, F);
Agonist vs Response-Fit (three parameters) (C); Error bars indicate SD (D); Sig-
nificances were determined against scramble controls (A, B) or untreated controls
(E, F); N=7 biologically distinct samples (A); 4 biologically distinct samples (B-F);
box plots: line at mean, box ranges from min to max; results are normalized against
untreated controls (A, B).

to a similar extent as wild-type Spn D39 (Fig. 5B). In contrast, a ply
deletion resulted by tendency in a reduced expression of pro-
inflammatory IL-8 (Fig. 5A) and in a significantly attenuated NMNAT1
repression compared to the wild type (Fig. 5C). Treatment of BEAS-2B
with purified, lytical active pneumolysin at non-lytic concentrations
caused a dose-dependent pro-inflammatory response as indicated by
the upregulation of IL-8 and downregulation of both, NAMPT
and NMNATI (Fig. 5SD-F). Interestingly, treatment with a lytical inactive,
non-pore-forming variant of pneumolysin did not cause a reduction
of NAMPT and NMNAT1 expression (Fig. 5G-I). In summary, pneumo-
lysin might mediate the reduction of NMNATI expression via pore
formation.

Resistance against NAD" is associated with a loss of capsule

We next investigated the antibacterial mechanisms of NAD". First, we
confirmed that extrinsic addition of NAD" to Spn D39 cultures results
in increased total intrabacterial NAD (Fig. 6A). Then, resistant clones
were generated by cultivating Spn D39 in liquid medium with

increasing concentrations (50 uM to 5 mM) of NAD". After six passages,
bacteria were plated on blood agar supplemented with 500 uM NAD*
and three clones were picked. All three clones were almost completely
resistant against antibacterial effects of NAD" (Fig. 6B). Genome
sequencing revealed the capsule biosynthesis-associated gene cps2E to
be mutated in all resistant isolates, but not in the control strain
(Fig. 6C). The mutation caused an early stop codon in two of three
isolates (Clone 1, 3, Fig. 6D). Transmission electron microscopy
revealed a complete absence of a capsule for the nonsense-mutated
clones 1 and 3.

NAD" acts antibacterial by interfering with the pneumococcal
energy metabolism

To assess if capsule synthesis and NAD" sensitivity are causally linked,
we performed NAD" treatment of a capsule-deficient mutant of Spn
D39. Treatment of Spn D39Acps with NAD" for 9 h did not show any
growth-limiting effects (Fig. 7A). Biosynthesis of the pneumococcal
capsule is an energetically costly process and closely linked to
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Fig. 4 | NR-mediated growth inhibition is dependent on NAD" production.

A BEAS-2B were treated with NR for 9 h as indicated and intracellular NAD was
measured. B Spn D39 were cultured in a cell-free medium or used to infect BEAS-2B
at MOI 1 with and without NR treatment. CFU were determined after 9 h and are
depicted relative. C BEAS-2B were transfected with siNMNAT1 or a scramble control
for 48 h. Afterwards, cells were treated with NR for 9 h and the intracellular con-
centration of NAD was determined. D Cells were transfected as described. 48 h
post-transfection, cells were infected with Spn D39, MOI 1 or left uninfected and
were treated with NR (500 uM) or PBS. CFU/ml was determined 9 h post-infection
and normalized to scramble control. E Cells were treated with the NAMPT inhibitor
FK-866 (1mM) 24 h prior to and during infection or left untreated. Bacterial CFU
were determined 16 h post-infection. F Cells were treated with the NAMPT activator
SBI-797812 8 h prior to and during infection or left untreated. Cells were infected

with Spn D39, MOI 1 for 16 h and CFU were determined. G-I Primary pseudos-
tratified human bronchial epithelial cells were cultivated at an air-liquid interface.
Cells were infected apically with Spn D39, MOI 20 for 1h. Afterwards, cells were
washed, NR (500 uM) was added basolateral and cells were incubated for 16 h.

G, H The amount of intracellular and extracellular NAD was determined 16 h post-
infection in cell lysates (G) and apical wash fluid (H), respectively. I Cells were
washed 16 h post-infection and CFU in the apical wash fluid was determined. Sta-
tistics: two-tailed paired t-test; significance was determined against uninfected/
untreated controls unless indicated otherwise; N =4 biologically distinct samples
(A-E, G-I); 5 biologically distinct samples (F); box plots: line at mean, box ranges
from min to max; error bars indicate min. and max. value (D); results are normalized
against untreated controls. NR nicotinamide riboside, hbec human bronchial
epithelial cells.

bacterial energy metabolism”. Under energetically detrimental con-
ditions, the capsule was shown to interfere with pneumococcal
growth'®, We therefore hypothesized that NAD" interference with
intrabacterial ATP homeostasis is responsible for the growth-limiting
effect of NAD". Spn D39 WT, Acps, and NAD"-resistant clone 3 all
showed a significant reduction in intrabacterial ATP after NAD*
treatment (Fig. 7B). When left untreated, Spn D39 clone 3 and Spn

D39Acps showed an increase in intrabacterial ATP by a factor of 2
compared to the WT strain (Fig. 7B). Treatment of bacteria with 5 mM
of the ATP precursor pyruvate in addition to NAD* treatment abol-
ished the NAD*-dependent reduction in intrabacterial ATP and
reduction in bacterial CFU (Fig. 7C, D). In summary, the NAD*-medi-
ated antibacterial effects were dependent on shifts in bacterial
energy metabolism and capsule biosynthesis.
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Fig. 5 | Transcriptional regulation of NMNAT1 is induced by pneumolysin (ply).
A-CBEAS-2B cells were infected with Spn D39, WT or Aply for 16 h. Gene expression
was determined by qPCR. D-F BEAS-2B cells were treated with pneumolysin in
indicated concentrations for 16 h. Expression of IL-8, NAMPT and NMNAT1 was
determined as indicated. G-1 BEAS-2B cells were treated with 120 nM inactive
pneumolysin for 16 h. Expression of IL-8, NAMPT and NMNAT1 was determined as

indicated. Statistics: two-tailed paired t-test (A-C, G-1); sigmoidal dose-response fit
with variable slope (D-F); Significances were determined against wild-type infected
(A-C) or unstimulated controls; N = 4 biologically distinct samples (A-C) 3 biolo-
gically distinct samples (D-I); box plots: line at mean, box ranges from min to max;
results are normalized against untreated controls. Ply pneumolysin.

Discussion

In this study, we describe a previously unreported interference of
Streptococcus pneumoniae with the host NAD metabolism. Our multi-
omics approach revealed that in response to Spn D39 infection,
NAMPT and NNMT are upregulated in bronchial epithelial BEAS-2B
cells as part of a general, pro-inflammatory response. This is counter-
acted by a Spn-specific mechanism to downregulate NMNATI1 expres-
sion. The observed gene regulations seem to be pathophysiological
relevant, as primary human bronchial epithelial cells cultivated at air-
liquid interface, human lung explants and lungs of Spn-infected mice
showed similar gene regulations. Since NMNATI catalyzes the final
step of the salvage pathway and NNMT transforms NAM into the non-
salvageable metabolite MNA, the identified gene regulations result in a
reduced intracellular concentration of NAD".

Here we report a Spn-mediated interference with the host NAD*
homeostasis. NAD* was, however, shown to be a major player during
other infections. During the viral infection process, NAMPT is routinely
upregulated in a JAK-STAT-dependent manner. This results in an
increased NAD" biosynthesis to fulfil the energetic demands of the
antiviral enzymatic machinery”. To evade this defence mechanism,
several viruses synthesize macrodomains which counteract the func-
tion of NAD"-consuming PARP by hydrolyzing ADP ribosylation sites of
host proteins?®?. In contrast, the murine hepatitis virus, a model cor-
onavirus, was shown to deplete the cellular NAD" storage by upregu-
lating PARP activity”’. Direct interference of viruses with NAMPT

expression was suggested to be mediated by the induction of miRNA
expression, which prevents NAMPT translation”>?*. During bacterial
infections, several bacterial pathogens, among them Shigella flexneri
and the lung pathogens NTHi and Mycobacterium tuberculosis, were
shown to utilize host-produced NAD® for their own energy
metabolism>?. In accordance, with this study, NTHi infection induced
NAMPT expression which might cause an increase in NAD* production.
As NTHi does not contain LTA, this effect might be associated with the
Outer Membrane Protein 2 (porin), which was previously shown to
activate TLR2?. Besides that, bacteria of the gut microbiota were
shown to produce nicotinic acid as an NAD" precursor to enhance host
NAD" production®.

In contrast to these previously described upregulations of host
NAD* production by different bacteria, we here describe a Spn spe-
cific downregulation of the NAD" biosynthesis via repression of
NMNATI1 gene expression mediated by pneumolysin. To assess how
this affects the infection process, we experimentally decreased NAD*
biosynthesis by knockdown of NAMPT or NMNATI prior to bacterial
infections. Knockdown of NAMPT or NMNATI1 both reduced epithe-
lial NAD production and increased bacterial replication. NAMPT is a
multifaceted enzyme with previously reported cytokine function
during pro-inflammatory processes®®. NMNAT]L, in addition to its
biosynthetic function, was reported to act as a chaperone®. To our
knowledge, however, no involvement of NMNATI in infection pro-
cesses has been reported before. To determine whether NAD*
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biosynthesis or secondary effects of NAMPT and NMNATI1 are
responsible for the observed effect, we treated Spn D39 with NAD" in
various concentrations. This resulted in a host-cell independent
reduction of bacterial replication’. Interestingly, the precursors
NAM, NMN and NR showed no or minor inhibition of bacterial
replication. Together, these results demonstrate a direct anti-
bacterial effect of NAD". It was shown that treatment with the NAD*
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precursor NR increases the intracellular concentration of NAD*
in vitro and in vivo” . Boosting cellular NAD* production by NR and
NAM treatment was shown to inhibit murine herpes virus replication
in vitro and connected to the energetic demand of the antiviral
cellular machinery. Accordingly, replenishing intracellular NAD" was
proposed as an immune-enhancing pharmacological invention in the
treatment of viral infections®’. To confirm that epithelial NMNAT1 can
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Fig. 6 | Development of NAD' resistance is associated with loss of capsule. A Spn
D39 was inoculated in a cell culture medium with and without NAD* treatment as
indicated. Bacteria were lysed 6 h post-inoculation and the total intracellular NAD was
determined. B-D Spn D39 was cultivated in a cell culture medium and passaged 6
times with increasing concentrations of NAD*(50 uM to 5 mM) or without treatment.
Afterwards, bacteria were plated on NAD* (500 uM) supplemented agar plates. Indi-
vidual clones were picked and characterized for NAD" resistance and growth beha-
viour and sequenced. B Spn D39 WT and resistant bacteria were treated with 500 uM
NAD* for 6 h and bacterial counts were determined. C Spn D39 clones passaged with
increasing concentrations of NAD* and a control passaged in cell culture medium

without NAD* were sequenced. Identified amino acid changes in the protein CPS2E
are displayed. Asterisks indicate amino acid substitutions. D 3D protein structure of
CPS2E wild type and Arg97-Stop, generated with AlphaFold. E Transmission electron
microscopy of Spn D39 WT, Acps and the NAD" resistant clones. Bacteria were cul-
tivated until the early logarithmic phase in liquid media, cryo-fixated and the capsule
stained using OsO,. Statistics: two-tailed paired t-test (A); One-way ANOVA with
Fisher’s LSD (B); significance was determined against the untreated control (A) or the
wild-type bacteria (B); Scale: 250 nm; N = 4 biologically distinct samples (A); 3 bio-
logically distinct samples (B); box plots: line at mean; box ranges from min to max;
results are normalized against untreated controls. WT wild type.
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Fig. 7 | Development of NAD'" resistance is associated with metabolic adapta-
tion. A Spn D39Acps was treated with NAD* for 9 h or left untreated and bacterial
counts were determined. Relative bacterial counts are depicted. B Spn D39 WT,
clone 3 and Spn D39Acps were incubated in a cell culture medium for 6 h with and
without NAD* treatment. Afterwards, the intrabacterial ATP was determined by a
commercial luminescence assay and normalized against bacterial counts. Mea-
sured luminescence is linear to intrabacterial ATP. C, D Intrabacterial ATP after 6 h
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(C) and bacterial counts after 9 h (D) of combined treatment of Spn D39 WT with
500 uM NAD* and 5 mM pyruvate. Statistics: two-tailed t-test (A, B); Two-way-
ANOVA with Fisher’s LSD (C, D); significance was determined against uninfected/
untreated controls if not indicated otherwise; N =4 biologically distinct samples;
box plots: line at mean; box ranges from min to max; results are normalized against
untreated controls. WT wild type.

produce sufficient NAD* to exert antibacterial activity, we supple-
mented host cells with NR during infection resulting in a significant
increase of intracellular NAD. Similar results were obtained when
boosting host cell NAD* synthesis by treatment with the precursors
NMN and NAM. The NR, NMN and NAM-mediated inhibition of bac-
terial growth was almost or completely abolished in the absence of
host cells, suggesting an involvement of host cell NAD* biosynthesis
in the antibacterial effects of NR. Knockdown of NMNATI in BEAS-2B
prior to infection and NR treatment suppressed the cells’ ability to
utilize NR for NAD* synthesis. Following NMNAT1 knockdown, intra-
host cell concentration of NAD" was reduced and bacterial replica-
tion was partially rescued, confirming the role of NMNAT1 in anti-
bacterial NAD" production. The remaining growth-inhibitory effects
of NR might be due to the observed minor antibacterial effect of NR,
remaining NMNATI, or enzymatic activity of the related enzymes
NMNAT2 and NMNAT3*?*, Results were confirmed when treating
BEAS-2B cells with NMN and NAM, both of which did not exhibit any
antibacterial activity in the absence of host cells. Additionally, NMN
treatment of primary human bronchial epithelial cells cultivated at an
air-liquid interface equally increased intracellular NAD and reduced

bacterial replication, supporting the relevance of the identified
mechanism in physiological settings. Likewise, treatment of BEAS-2B
cells with the NAMPT inhibitor FK-866* and the NAMPT activator
SBI-797812% resulted in increased and decreased Spn D39 replica-
tion, respectively, without requiring an extrinsic NR boost. This
demonstrates the intrinsic potential of the NAD" salvage pathway to
maintain antibacterial NAD* concentrations.

While a previous study showed shifts in metabolic gene expres-
sion of Spn D39 upon NADH treatment, no growth-limiting effects
were observed”. Besides that, the effect observed in this study is not
limited to the Spn D39, as treatment of Spn TIGR4 with NAD" equally
inhibited bacterial growth. It is, however, not a general antibacterial
mechanism, as S.aga and the host ATP-dependent NTHi*® showed
improved growth upon NAD" treatment. Spn D39 frequently appears
as an asymptomatic colonizer of the upper airways. The bacteria-
specific responses to dysregulated NAD* production raises the inter-
esting question of whether and how NAD" is involved in the interaction
between Spn, airway microbiota and the host. In summary, boosting
the host-cell NAD" metabolism specifically inhibits pneumococcal
replication during the infection process.
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Since NAMPT was previously reported to be regulated via the JAK-
STAT pathway'®*, we hypothesized NMNAT1 to be regulated via a
similar pathway. However, while in accordance with the literature
inhibition of JAK signaling by Ruxolitinib*° reduced NAMPT expression
after Spn D39 infection, expression of NMNAT1 was not affected. In the
following, we assessed which pneumococcal virulence factor is
responsible for the observed gene regulation. Virtually all pathogenic
strains of Spn express the pore-forming cholesterol-dependent cyto-
lysin pneumolysin**% Besides its cytolytic effect, pneumolysin was
shown to induce TLR4-dependent and -independent pro-inflammatory
responses and cause DNA damage in the host cell***. Deletion of
pneumolysin from Spn D39 rescued NMNATI expression in BEAS-2B
after infection, while NAMPT expression remained unaffected. Fur-
thermore, treatment of BEAS-2B with purified pneumolysin in sublytic
concentrations caused a dose-dependent downregulation of NMNAT1
and NAMPT. The effects were dependent on lytic activity, as a lytical
inactive variant of pneumolysin did not affect NMNAT1 and NAMPT
expression. Interestingly, S.aga, which produces another pore-forming
toxin, caused the downregulation of NMNATI similar to Spn*. These
results support the hypothesis of dysregulation of host NMNAT1
expression as a pneumococcal mechanism to inhibit detrimental NAD*
production in the host. In contrast, the observed downregulation of
NAMPT during treatment with purified pneumolysin might be masked
by the pro-inflammatory JAK-STAT-dependent upregulation of
NAMPT. Intracellular bacteria like Mycobacterium tuberculosis were
previously reported to export toxins into the cytoplasm which deplete
host-cell NAD" and interfere with the host metabolism* %, Related
bacteria like Group A Streptococcus were shown to express NAD* gly-
cohydrolases which deplete intra-host-cell NAD* and might thereby
defend themselves against NAD" mediated bacterial killing**. For a
pore-forming cytolysin, to our knowledge, interference with the host
cell energy metabolism has not been reported before.

To gain insight into the antibacterial mechanism of NAD*, we
generated three NAD resistant strains of Spn D39 and compared their
genome sequence to the wild type. All sequenced isolates showed
mutations in the gene encoding for the protein CPS2E. CPS2E catalyzes
an initial step in the attachment of the pneumococcal capsule to the
membrane. Amino acid exchanges in this protein were previously
shown to render Spn D39 unencapsulated*’. The lack of capsule for two
of the generated strains, both containing an early stop codon, was
confirmed by electron microscopy. In line with this observation, a Spn
D39 strain with deleted cps locus was resistant against NAD" treatment
in our experimental setting. The pneumococcal polysaccharide capsule
surrounds the whole bacterial cell and is a major virulence factor, pro-
tecting Spn against adverse environmental conditions and the immune
defense™. Capsule production, however, is a major biosynthetic effort
and closely intertwined with the bacterial energy metabolism*2,
Starvation of Spn leads to a reduction in capsule size®® and under
Cadmium-induced metabolic stress Spn was shown to reduce capsule
production®**. We therefore hypothesized that abolishing capsule
production is an adaptation to a dysregulated energy metabolism. To
test our hypothesis, we measured intrabacterial ATP with and without
NAD* treatment. NAD" treatment of Spn D39 WT resulted in a reduction
of intrabacterial ATP. Strikingly, an NAD" resistant strain and Spn
D394cps showed an approximately two-fold increased amount of basal
intrabacterial ATP, supporting the link between NAD" resistance and
ATP homeostasis. We then aimed to abolish the dysregulation of ATP
production by treating bacteria with the ATP precursor pyruvate in
parallel to NAD" treatment. Indeed, pyruvate treatment increased
intrabacterial ATP and abolished the antibacterial effects of NAD". It is
important to note that NAD* cannot freely diffuse through membranes.
Bacteria like H. influenzae were previously shown to degrade NAD* and
take up the degradation products. In this study, however, the NAD*
precursor NR, NAM and NMN did not exhibit major antibacterial
activity, suggesting a direct antibacterial mechanism of NAD". Different

nucleotide uptake mechanisms were reported in bacteria and yeast.
Nucleotide exchange transporters were described to be involved in
NAD" uptake in chlamydia® and yeast™. In peroxisomes, an NAD/AMP
exchange transporter was reported to import NAD* across membranes®’
and a similar process might be involved in NAD* uptake and metabolic
dysregulation in Spn. Furthermore, Spn is well known for its natural
competence, its ability to take up DNA fragments via membrane chan-
nels and ATP-dependent translocases. This process might be involved in
the uptake of NAD* and reduction of intrabacterial ATP levels™.
Alternatively, NAD" interference with the bacterial ATP homeostasis
might be associated with the recognition of NAD" by bacterial surface
receptors or interference with ATP-consuming processes on the bac-
terial cell surface®. Interestingly, in contrast to other NAD* precursors,
NR caused a mild reduction of bacterial replication in the absence of
cells. NR can likely be imported into Spn by PnuC®'. While the growth-
limiting effect of NR was minor compared to direct NAD* treatment of
bacteria or the growth limitation in the presence of cells, uptake of NR
as a degradation product of NAD" might further be involved in NAD*
mediated growth-limiting effects against Spn. Collectively, these data
highlight the link between NAD* stress, capsule biosynthesis, and bac-
terial metabolic dysregulation, and provide a mechanism for the anti-
bacterial activity of NAD".

There are limitations to our study. It is difficult to determine how
the NAD' concentrations used in this study relate to the actual extra-
cellular concentration of NAD" in vivo. In human blood, NAD* con-
centrations were determined to be approximately 33 uM®2. While this is
below the threshold for significant growth inhibition of Spn in our
study, concentrations might be higher in the infection-relevant
microenvironments like the lung alveoli, especially upon infection-
induced host cell lysis®’.

Furthermore, extensive animal experiments to confirm increased
NAD" concentrations after precursor supplementation and its effect on
bacterial replication were beyond the scope of this study. Nevertheless,
we were able to confirm the NAD" salvage dysregulation in infected
mouse lungs and showed the antibacterial effects of NAD* production in
ex vivo human lung infection models. Since an increase of NAD" levels
following precursor treatment in vivo is well established'>®, it seems
likely that the antibacterial effect of increased NAD* production by
nicotinamide precursor supplementation will hold up in vivo.

While, this study investigated the effect of differentially regulated
host NAD* biosynthesis on the infecting bacteria, changes in metabo-
lite homeostasis and repressed NAD* production are likely to have
important consequences on host cell function as well. Interestingly, in
addition to NAMPT and NMNAT], the expression of NNMT was upre-
gulated in BEAS-2B. MNA, the product of the enzymatic reaction cat-
alyzed by NNMT was previously shown to exhibit anti-inflammatory
effects in mice and humans®*¢, Elevated amounts of MNA were fur-
thermore shown to increase THP-1 proliferation and are associated
with negative outcomes in cancer patients. These results thereby fur-
ther highlight the importance of the nicotinamide metabolism during
pneumococcal infections.

Finally, NAD" is an important energy source for antiviral host
responses'” and is expected to be similarly important for mounting
antibacterial responses. Reduced intracellular NAD" and therefore
reduced activity of NAD*-dependent sirtuins was associated with aging
processes®’. It was recently proposed that residential bacteria contribute
to Alzheimer’s disease and progression®. Should the observed dysre-
gulation of NAD* production continue after bacterial clearance, this
raises the fascinating question of whether pneumococcal infections,
especially pneumonia and meningitis, cause long-term detrimental
metabolic effects, contributing to accelerated lung or brain ageing. The
same question holds for other viral and bacterial infections that interfere
with the expression of genes involved in NAD* biosynthesis.

Taken together, our study reveals NAD" biosynthesis as a previously
overlooked antibacterial defence mechanism against Streptococcus
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pneumoniae and sheds further light on the importance of the energy
metabolism as a key playing field of host-pathogen interaction during
infection.

Methods

Ethics statement

Bronchial tissue for cell isolation was kindly provided by the Biobank
platform of the German Center for Lung Research (DZL, Biobank
Giessen, Hesse, Germany). Donated tissue was handled in accordance
to local ethics regulations (Philipps Universitit Marburg; permit
number: AZ 224/12 for work with primary human bronchial epithelial
cells; permit number AZ 161/17 for work with lung explants) and ana-
lysed anonymously. Informed consent was obtained from all donors.

Statistics and reproducibility statement
No statistical calculation was performed to determine sample size.
Instead, the number of replicates was chosen based on previously
published studies®’°, our experience with the infection experiments
and the observed effect strength. In general, at least 3 replicates were
performed. At least 4 replicates using material from 4 different donors
were performed when primary epithelial tissue was used for experi-
ments. Additional N were performed in case of small effect sizes or
high variation between replicates. 6 N were performed for metabo-
lome analysis, as the metabolites in question can be highly volatile”.
Replicates were excluded if they did not match quality control criteria
(RNA quality, IL-8 expression). When immortalized cell lines were used,
experiments were reproduced with at least 3 different passages of
cells. Observed gene regulations were further reproduced using two
different batches BEAS-2B cells obtained by ATCC and Merck,
respectively. Investigator blinding was not performed in general, but
investigators were blinded during analysis of metabolite MS results
and electron microscopy.

Statistical analysis of results was performed using GraphPad Prism
9.5 (GraphPad Software) and R 4.3 with the limma package. Statistical
tests and number of replicates are indicated in the figure legends.

Bacterial strains and culture

A clinical isolate of S.aga obtained at the University Medical Center
Marburg was kindly provided by Frank Sommer (Phillips University
Marburg, Germany), whereas NTHi 19418 was obtained from ATCC.
Spn and S.aga were plated on Columbia Blood agar plates (Becton
Dickinson, 254005) and incubated over night at 37 °C/5% CO,. Single
colonies were inoculated into Todd-Hewitt-Yeast (THY) media and
incubated at 37°C/5% CO, until early logarithmic phase (ODgoo
0.3-0.4). Bacteria were sedimented (3000 x g, 15 min, RT) and adjus-
ted to OD 0.1in BEGM, corresponding to 5 x 10’ CFU per ml (Spn D39)
or 2x107 CFU/ml (S.aga), respectively. NTHi was plated on Chocolate
Blood agar plates (Becton Dickinson, 257011) and incubated over night
at 37°C/5% CO,. Single colonies were inoculated into Brain-Heart
infusion (BHI) media, supplemented with Hemin and NAD* (Merck,
N7004) and incubated at 37 °C/5% CO, until early logarithmic phase
(ODgoo=0.3-0.4). Bacteria were sedimented (3000 x g, 15 min, RT)
and adjusted to OD 0.1 in BEGM; corresponding to 5x10’ colony
forming units (CFU)/ml. Spn D39 Acps’, Aply” and AspxB™* were
described in previous work. To generate NAD" resistant strains of Spn
D39, bacteria were cultivated in THY medium. After 3 h of incubation
per step, they were continuously diluted to fresh medium with gra-
dually increasing concentrations of NAD" (50 uM, 100 uM, 250 uM,
500 uM, 1 mM).

Bacterial infection and cell stimulation

For BEAS-2B infection experiments, bacteria were inoculated into fresh
BEGM (Lonza, CC-3170) medium according to desired multiplicity of
infection (MOI). Alternatively, cells were treated with the putative
TLR2 ligand lipoteichoic acid from Staphylococcus aureus (LTA, 1pg/

ml, Invivogen, tlrl-psita), the pore-forming cytolysin pneumolysin
(Ply), Ruxolitinib (10 uM, SelleckChem, S1378), FK-866 (1uM, R&D
Systems, 4808) or SBI-797812 (1 uM, Merck, SML2791) whereas control
cells were treated with the respective dissolvent.

CFU assay and bacterial growth curve

For analysis of bacterial replication during infection, supernatant of
infected cells was collected at indicated time points and 10-fold serial
dilutions were streaked on blood agar plates. After incubation over-
night at 37 °C and 5% CO,, bacterial colonies were counted manually
and CFU/mL were calculated.

To assess direct inhibitory effects of metabolites on Spn, 5x10°
CFU of Spn in early logarithmic growth phase were inoculated in BEGM
and treated with NAD", NR (Sigma-Aldrich, SMB00907), NAM (Sigma-
Aldrich, 72340) or NMN (Sigma-Aldrich, N3501). Bacterial cultures
were cultivated at 37 °C/RT for indicated times and the CFU assay was
performed as described above.

Bacterial sequencing

Total DNA for sequencing was purified using a DNeasy Blood and
Tissue kit (Qiagen). DNA libraries for sequencing were generated by
applying a Nextera XT DNA Library Preparation kit (Illumina, FC-131-
1024), and sequencing was performed on a MiSeq Desktop Sequencer
(Illumina) using a MiSeq Reagent kit, version 3, for 2 75-bp paired-end
reads (Illumina, MS-102-3001). At least 5.3 mio reads were obtained for
each sample. The investigation for single nucleotide variants was car-
ried out using the Basic Variant Detection tool (Qiagen, v.2.2) of CLC
Genomic Workbench (Qiagen, v.21.0.3) with a minimum coverage of
10, minimum count of 8 and minimum frequency of 80% for
mapped reads.

Electron microscopy

For electron microscopy, Spn D39 strains were inoculated into THY
medium and incubated at 37 °C. When ODgg reached 0.35, the bac-
terial culture was centrifuged at 8000 g for 10 min. A small pellet of
bacteria was cryo-fixed between two golden 75 um apertures in liquid
ethane using the sandwich plunge freezing method” and freeze-
substituted in 2% osmium tetroxide (Sigma, 201030), 0.1% uranyl
acetate, and 5% distilled water in acetone using the fast low-
temperature dehydration and fixation method. Bacteria were infil-
trated overnight in Epon resin (LADD, NC9925769) and polymerized at
60 °C for 48 h. 80-nm-thick sections were cut with a Leica UC6 ultra-
microtome and imaged with a Tecnai T12 (FEI, Eindhoven) transmis-
sion electron microscope running at 120 kV.

ATP measurement

Total concentration of intra-bacterial ATP was determined using a
luminescence assay (Promega, G8230) according to manufacturer’s
instructions. ATP concentrations were normalized to bacterial counts
as determined by CFU assay.

Purification of Pneumolysin

LPS-free pneumolysin was overexpressed in a recombinant Listeria
innocua 6a strain. Lytical inactive pneumolysin was generated by
deleting alanine at position 1467°. Proteins were expressed with an
N-terminal histidine tag and purified by affinity chromatography.
Purity was assessed by Western Blot and MS analysis. The batch of wild
type pneumolysin used in this study had a specific activity of 195 U/ug.

Purification of LTA

LTA purification was done essentially following our published
protocol”’. Bacterial pellets were suspended in citrate buffer (50 mM,
pH 4.7) and disrupted three times by French press (Constant Cell
Disruption System, Serial No. 1020) at 10 °C at a pressure of 20 kPSI
(Spn D39) or 40KkPSI (Sa), respectively. SDS was added to a final
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concentration of 4% to the combined supernatants. The solution was
incubated for 30 min at 100 °C and was stirred at RT overnight. The
solution was centrifuged at 30,000 x g for 15min at 4 °C. The pellet
was washed four times with citrate buffer using the centrifugation
conditions as above. The combined LTA-containing supernatants were
lyophilized. The resulting solid was washed five times with ethanol
(centrifugation: 20 min, 20 °C, 10,650 x g) to remove SDS and lyophi-
lized. The resulting pellet was suspended in citrate buffer and extrac-
ted with an equal volume of butan-1-ol (Merck) at RT under vigorous
stirring. The phases were separated by centrifugation at 2100 x g for
15 min at 4 °C. The aqueous phase (containing LTA) was collected, and
the extraction procedure was repeated twice with the organic phase
plus interphase. The combined aqueous phases were lyophilized and
subsequently dialyzed for 5 days at 4 °C against 50 mM ammonium
acetate buffer (pH 4.7; 3.5kDa cutoff membrane); the buffer was
changed every 24 h. The resulting crude LTA was purified further by
hydrophobic interaction chromatography (HIC) performed on a
HiPrep Octyl-Sepharose column (GE Healthcare; 16 x 100 mm, bed
volume 20 ml). The LTA-containing pellet was dissolved in the HIC
starting buffer at a concentration of 15mgml™ and purified by HIC
using a linear gradient from 15 to 60% propan-1-ol (Roth) in 0.1M
ammonium acetate (pH 4.7). The LTA-containing fractions were com-
bined, lyophilized, and washed with water upon freeze drying to
remove residual buffer. The following bacterial strains were used for
LTA purification: Spn D39Acps, S. aureus 113. The S. aureus strain was
kindly provided by F. Gotz, Tlibingen, Germany.

Culture and transfection of BEAS-2B cells

The human bronchial epithelial cell line BEAS-2B (CRL-9609, ATCC,
discontinued or Merck, 95102433) was routinely cultured in BEGM
(Lonza, CC-3071) according to ATCC protocol without use of fibro-
nectin coating. Cells were seeded at 10° cells/cm2 and cultivated to
80% confluence (usually overnight). Medium was exchanged, followed
immediately by infection or stimulation (see below). Transfection
experiments were performed with 20 nM scramble control (4390843,
Ambion), siNAMPT (Dharmacon, L-004581-00-0005) or siNMNAT1
(Dharmacon, L-008951-00-0005) in Lipofectamin RNAIMAX (diluted
1:100, Invitrogen). Lipofectamin and siRNA were mixed in OptiMem
medium (ThermoFisher, 51985034) and incubated for 10 min at room
temperature. From the transfection mix, 100 ul was used to transfect
approximately 2x10° cells in 400l BEGM (total volume 500 ul).
Transfection was performed when seeding cells. After transfection,
cells were cultivated for 48 h and used for infection experiments as
described.

Culture and infection of primary human bronchial epithe-

lial cells

Primary human bronchial epithelial cells (HBEC) from healthy donors
were obtained and cultivated in an air-liquid interface system’.
6 x10* cells/cm? were seeded onto collagenized (Type 1 Collagen,
Merck, CC0O50) Costar Transwell Permeable supports (3460, Corn-
ing) in Airway Epithelial Growth Medium (AEGM, Promocell, C-
21160)). After reaching confluence, they were airlifted by aspiration
of apical medium. Medium in the basolateral chamber was changed
to differentiation medium (DMEM (ThermoFisher, 31966021)/AEGM
(1:1) supplemented with 0.1 ng/mL retinoic acid (Merck) and peni-
cillin/streptomycin). Cells were cultivated for 28 days and barrier
formation was verified by measuring transepithelial electrical resis-
tance (TEER). All donors developed a TEER > 880 Q/cm?. Cells were
used at passages 3 or 5.

Basolateral medium was exchanged for differentiation medium
without antibiotics on differentiation day 26, and again immediately
before infection on day 29. To assess the effect of NMN on Spn growth,
Spn D39 were added apically at MOI 20 in 50 ul PBS. After one hour of
incubation, cells were washed with 400 ul PBS. NMN 500 uM was

added basolateral and cells were incubated for 16 h. For gene expres-
sion analysis, cells were apically infected with Spn D39 at MOI 5 or 20 in
10 ul PBS without washing for 16 h.

Preparation and infection of human lung tissue explants

For preparation of tissue explants, tumor-distant, macroscopically
tumor-free human lung tissue was obtained from tumor resections of
bronchial carcinoma patients. For infection with S. pneumoniae, lung
tissue was stamped into cylinders (~8 x8 mm) and weighed. Speci-
mens were incubated for 24 h in RPMI 1640 with 10% (vol/vol) heat-
inactivated fetal calf serum (except for bacterial growth) prior to
infection’. 200 pL prepared control or bacteria-containing infection
medium (10° CFU/160 mg tissue) was injected per 100 mg tissue and
incubated for 12 h. Tissue was collected at the University Medical
Centre Marburg by Andreas Kirschbaum in agreement with local ethics
regulations (Marburg 161/17) after obtaining written informed consent
from patients.

mRNA expression analysis

BEAS-2B cells were lysed in TRIzol™ (ThermoFisher, 15596026) and
RNA was isolated by phenol-chloroform extraction. Explorative tran-
scriptomic analysis was performed using DNA microarrays (Human G3
v2 Kit, 8x60k, Agilent technologies). Microarray data are published in
GEO under the accession GSE195778. In brief, purified total RNA was
amplified using the Agilent Low Input QuickAmp kit, 200 ng labelled
aRNA was hybridized following the Agilent protocol. Slides were
scanned using the Innoscan 900 scanner (Innopsys, Carbononne
France) at 2 pp/pixel and images were analyzed with Mapix 6.5.0. Raw
data was processed in R using limma’®. Background correction was
performed with the normexp model and spot intensities were quantile-
normalized between arrays. For quantitative PCR analysis, isolated
mRNA was reverse transcribed to cDNA using the High-Capacity cDNA
Reverse Transcription Kit (Thermo Fisher Scientific) following manu-
facturer’s protocol and detected using the Fast SYBR Green Master Mix
(Thermo Fisher Scientific) according to manufacturer’s protocol. The
following custom-made primers were used for qPCR: IL8: fwd: 5-
ACTGAGAGTGATTGAGAGTGGAC-3, rev: 5-AACCCTCTGCACCCAGT
TTTC-3'; NAMPT: fwd: 5- GGTTACAAGTTGCTGCCACC-3’, rev: 5-
AGCAAACCTCCACCAGAACC; NMNATI: fwd: 5-GTGATCTCCGGTAGC
ACTCG-3, rev: 5-CTTGGCCAGCTCAAACAACC-3’; NNMT: fwd: 5-TAA
GGAGATCGTCGTCACTG-3, rev: 5-CTGCTTGACCGCCTGTCTC-3’;
RPS18: fwd: 5-GCGGCGGAAAATAGCCTTTG-3’, rev: 5-GATCACAC
GTTCCACCTCATC-3". All samples were processed on a Quantstudio
gPCR device (Life Technologies) with QuantStudio Real-Time PCR
software (ThermoFisher, v1.3). Gene expression was calculated as
AACT values and normalized towards mock-treated controls.

Proteomic analysis

For SILAC (stable isotope labelling with amino acids in cell culture)
standard generation, BEAS-2B cells were cultivated in DMEM with 2%
FCS with heavy isotopes of lysine and arginine (EurisoTop) for at least
three passages. For sample generation, cells were cultivated in DMEM
with 2% FCS, without addition of labelled amino acids and control-
treated or infected with Spn D39 MOI 0.5 for 16 h as described above.
Cells were then washed with PBS and harvested in solubilisation buffer
(8 M urea, 2M thiourea in H,O) and proteins were extracted by 5
freeze-thaw-circles combines with ultrasonification (3x3 seconds;
SonoPuls, Bandelin electronic, Germany)®’. Each control or infected
sample was mixed 1:1 with the marked standard and analysed by 1D gel
electrophoresis (NUPAGE 4-12% Acrylamide Bis-Tris Medi Gel, Novex,
Life Technologies) according to the manufacturer’s protocol. All bands
were separately extracted from the gel and digested with 10 pg/ml
trypsin, following peptide extraction and Cyg purification (Merck Mil-
lipore). Five fractions of each sample were separated by nanolLC
(Dionex UltiMate 3000, Dionex/ThermoFisher Scientific), ionized by
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TriVersa NanoMate (Advion, Ltd.) and measured by mass spectrometry
(Q Exactive™ Hybrid-Quadrupole-Orbitrap, Thermo Fisher Scientific).
By using Proteome Discoverer™ 1.4 (Thermo Fisher Scientific), detec-
ted peptides were mapped to the Uniprot protein database limited to
human entries. Per sample and identified protein, a light-to-heavy (i.e.,
sample-to-standard) ratio was calculated. These ratios were used to
further calculate log2 fold-changes (infected vs control) and g-values
by moderated t-test (data analysis described in®). The mass spectro-
metry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE partner repository®* with the dataset iden-
tifier PXD039059. Details on data acquisition are outlined in Table SI.

Metabolite analysis

After 16 h of infection with Spn D39 MOI 1, infected BEAS-2B cells or
uninfected controls were washed with 0.9%, 37 °C NaCl solution. Cell
culture plates were placed on ice and cells lysed in ice-cold Tris-EDTA/
MeOH buffer (100 mM Tris, 1 mM EDTA in A.dest, 1:1 mixture with 98%
MeOH). An equal volume of ice-cold chloroform was added, and
samples were incubated for 30 min at 4 °C prior to centrifugation
(10,000 g, -10 °C, 10 min). Supernatants were filtered (Minisart RC4,
0.2 uM, Sartorius), snap-frozen in liquid nitrogen and stored at -80 °C
until analysis. Tris-EDTA/MeOH and chloroform were gassed with N,
immediately before use to prevent oxidation of metabolites. Quanti-
tative determination of intracellular metabolites was performed using
LC-MS/MS. The chromatographic separation was performed on an
Agilent Infinity 11 1290 HPLC system using a ZicpHILIC SeQuant column
(150 x 2.1 mm, 5 um particle size, 100 A pore size) connected to a guard
column of the same specificity (Merck) at a constant flow rate of
0.35 ml/min, with mobile phase A being 10 mM ammonium hydroxide
in water adjusted to a pH of 9.8, and eluent B being acetonitrile
(Honeywell) at 30 °C. The injection volume was 2 ul. The mobile phase
profile consisted of the following steps and linear gradients: 0-7 min
from 90 to 55% B; 7-10 min constant at 55% B; 10-10.1 min from 55 to
90% B; 10.1-12.5 min constant at 90% B. An Agilent 6495 ion funnel
mass spectrometer was used in positive mode with an electrospray
ionization source and the following conditions: ESI spray voltage
1500V, nozzle voltage 500V, sheath gas 400 °C at 12 I/min, nebulizer
pressure 30 psig and drying gas 250 °C at 13 I/min. Compounds were
identified based on their mass transition and retention time compared
to standards. Chromatograms were integrated using MassHunter
software (Agilent, Santa Clara, CA, USA). Absolute concentrations were
calculated based on an external calibration curve prepared in sample
matrix.

ELISA and Western Blot

Concentration of IL-8 in the cell supernatant was analysed with a com-
mercial ELISA kit (OptEIA, BD Biosciences) according to the manu-
facturer’s instructions. For Western Blotting, cells were harvested in
RIPA buffer and cell debris removed by centrifugation (8000 g, RT).
SDS-PAGE (10% polyacrylamide) and wet blotting to a nitrocellulose
membrane was performed with 25 pg protein as determined by BCA
assay. For NAMPT detection, rabbit anti-human NAMPT (dilution 1:500;
Thermo Fisher Scientific, PA1-1045) and anti-rabbit-HRP (dilution
1:1,000, NEB, 5127 S) were used. Actin detection was performed using
the Goat anti-human actin (dilution 1:1,000, SantaCruz, sc-1616) and
anti-goat HRP (dilution 1:5,000, SantaCruz, sc-2020). Turnover of ECL
substrate (GE Healthcare, 28980926) was detected on a chemo-
luminescence imager (INTAS Science Imaging Instruments).

NAD-/NADH measurement

Total extracellular, intracellular and intrabacterial concentration of NAD
(NAD" and NADH) was determined using a commercial colorimetric
assay (Abcam, ab65348) according to manufacturer’s instructions on a
Tecan Infinite M200 PRO (ThermoFisher). Approximately 2 x 10° BEAS-
2B cells were infected with Spn D39 for 16 h as described above. After

infection, cells were lysed and NAD'/NADH concentrations were deter-
mined. Cell counts of infected and uninfected samples were determined
for normalization. To calculate intracellular concentrations, a BEAS-2B
volume of 2.2 pl/cell was assumed based on literature®.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The mRNA microarray data generated in this study have been depos-
ited in the GEO accession viewer under accession code GSE195778. The
proteome data generated in this study have been deposited in the
PRIDE database under the accession number PXD03905. Bacterial
sequencing data generated in this study have been deposited in the
BioStudies database under the accession number E-MTAB-12644.
Source data are provided with this manuscript. Biological material and
bacterial strains are available from Bernd Schmeck upon reasonable
request. Source data are provided with this paper.

References

1. GBD 2019 Antimicrobial Resistance Collaborators. Global mortality
associated with 33 bacterial pathogens in 2019: a systematic ana-
lysis for the Global Burden of Disease Study 2019. Lancet (London,
England); (2022).

2. Ritchie, N. D. & Evans, T. J. Dual RNA-seq in Streptococcus pneu-
moniae infection reveals compartmentalized neutrophil respon-
ses in lung and pleural space. mSystems 4, e00216-e00219
(2019).

3. Kuek, L. E. & Leg, R. J. First contact: the role of respiratory cilia in
host-pathogen interactions in the airways. Am. J. Physiol. Lung Cell.
Mol. Physiol. 319, L603-L619 (2020).

4. Aprianto, R., Slager, J., Holsappel, S. & Veening J. W. Time-resolved
dual RNA-seq reveals extensive rewiring of lung epithelial and
pneumococcal transcriptomes during early infection. Genome Biol.
17, 198 (2016).

5. Imai, S., Armstrong, C. M., Kaeberlein, M. & Guarente, L. Tran-
scriptional silencing and longevity protein Sir2 is an NAD-
dependent histone deacetylase. Nature 403, 795-800 (2000).

6. Katsyuba, E., Romani, M., Hofer, D. & Auwerx, J. NAD+ homeostasis
in health and disease. Nat. Metab. 2, 9-31 (2020).

7. Wilk, A. et al. Extracellular NAD+ enhances PARP-dependent DNA
repair capacity independently of CD73 activity. Sci. Rep. 10, 651
(2020). 9.

8. Yang,Y.&Sauve, A. A. NAD(+) metabolism: bioenergetics, signaling
and manipulation for therapy. Biochim. Biophys. Acta 1864,
1787-1800 (2016).

9. Stremland, J. et al. Keeping the balance in NAD metabolism. Bio-
chem. Soc. Trans. 47, 119-130 (2019).

10. Revollo, J. R., Grimm, A. A. & Imai, S. The NAD biosynthesis pathway
mediated by nicotinamide phosphoribosyltransferase regulates
Sir2 activity in mammalian cells. J. Biol. Chem. 279,

50754-50763 (2004).

1. Sestini, S., Jacomelli, G., Pescaglini, M., Micheli, V. & Pompucci, G.
Enzyme activities leading to NAD synthesis in human lymphocytes.
Arch. Biochem. Biophys. 379, 277-282 (2000).

12. Bogan, K. L. & Brenner, C. Nicotinic acid, nicotinamide, and nicoti-
namide riboside: a molecular evaluation of NAD+ precursor vita-
mins in human nutrition. Annu. Rev. Nutr. 28, 115-130 (2008).

13. Bieganowski, P. & Brenner, C. Discoveries of nicotinamide riboside
as a nutrient and conserved NRK genes establish a Preiss-Handler
independent route to NAD+ in fungi and humans. Cell 117,
495-502 (2004).

14. Yang, T., Chan, N. Y.-K. & Sauve, A. A. Syntheses of nicotinamide
riboside and derivatives: effective agents for increasing

Nature Communications | (2023)14:5818

13


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE195778
https://www.ebi.ac.uk/pride/archive/projects/PXD039059
https://www.ebi.ac.uk/biostudies/arrayexpress/studies/E-MTAB-12644?key=b32e2efd-ee57-454b-afb9-33738809f574

Article

https://doi.org/10.1038/s41467-023-41372-w

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

290.

30.

31.

32.

33.

34.

35.

36.

nicotinamide adenine dinucleotide concentrations in mammalian
cells. J. Med. Chem. 50, 6458-6461 (2007).

Trammell, S. A. J. et al. Nicotinamide Riboside opposes type 2 dia-
betes and neuropathy in mice. Sci. Rep. 6, 26933 (2016).

Dantoft, W., Robertson, K. A., Watkins, W. J., Strobl, B. & Ghazal, P.
Metabolic regulators Nampt and Sirt6 serially participate in the
macrophage interferon antiviral cascade. Front. Microbiol. 10,

355 (2019).

Echlin, H. et al. Pyruvate oxidase as a critical link between meta-
bolism and capsule biosynthesis in Streptococcus pneumoniae.
PLoS Pathog. 12, €1005951 (2016).

Hathaway, L. J. et al. Capsule type of Streptococcus pneumoniae
determines growth phenotype. PLoS Pathog. 8, 1002574 (2012).
Wellen, K. E. & Hotamisligil, G. S. Inflammation, stress, and dia-
betes. J. Clin. Investig. 115, 1111-1119 (2005).

Chen, D. et al. Identification of macrodomain proteins as novel O-
acetyl-ADP-ribose deacetylases. J. Biol. Chem. 286,

13261-13271 (2011).

Shang, J., Smith, M. R., Anmangandla, A. & Lin, H. NAD+-consuming
enzymes in immune defense against viral infection. Biochem J. 478,
4071-4092 (2021).

Heer, C. D. et al. Coronavirus infection and PARP expression dys-
regulate the NAD metabolome: An actionable component of innate
immunity. J. Biol. Chem. 295, 17986-17996 (2020).

Chen, X.-Y., Zhang, H.-S., Wu, T.-C., Sang, W.-W. & Ruan, Z. Down-
regulation of NAMPT expression by miR-182 is involved in Tat-
induced HIV-1 long terminal repeat (LTR) transactivation. Int. J.
Biochem. Cell Biol. 45, 292-298 (2013).

Gong, H. et al. miR-146a impedes the anti-aging effect of AMPK via
NAMPT suppression and NAD+/SIRT inactivation. Sig Transduct.
Target Ther. 7, 66 (2022). 3.

Kemmer, G. et al. NadN and e (P4) are essential for utilization of NAD
and nicotinamide mononucleotide but not nicotinamide riboside in
Haemophilus influenzae. J. Bacteriol. 183, 3974-3981 (2001).
Mantis, N. J. & Sansonetti, P. J. The nadB gene of Salmonella
typhimurium complements the nicotinic acid auxotrophy of Shi-
gella flexneri. Mol. Gen. Genet.: MGG 252, 626-629 (1996).
Boshoff, H. I. M. et al. Biosynthesis and recycling of nicotinamide
cofactors in mycobacterium tuberculosis. An essential role for NAD
in nonreplicating bacilli. J. Biol. Chem. 283, 19329-19341 (2008).
Galdiero, M. et al. Haemophilus influenzae porin induces Toll-like
receptor 2-mediated cytokine production in human monocytes and
mouse macrophages. Infect. Immun. 72, 1204-1209 (2004).

Shats, I. et al. Bacteria boost mammalian host NAD metabolism by
engaging the deamidated biosynthesis pathway. Cell Metab. 31,
564-579.e7 (2020).

Galli, U. et al. Recent advances in NAMPT inhibitors: a novel
immunotherapic strategy. Front. Pharmacol. 11, 656 (2020).

Zhai, R. G. et al. Drosophila NMNAT maintains neural integrity
independent of its NAD synthesis activity. PLoS Biol. 4, €416 (2006).
Brenner, C. Viral infection as an NAD+ battlefield. Nat. Metab. 4, 2-3
(2022). 3.

Raffaelli, N. et al. Identification of a novel human nicotinamide
mononucleotide adenylyltransferase. Biochem. Biophys. Res.
Commun. 297, 835-840 (2002).

Emanuelli, M. et al. Molecular cloning, chromosomal localization,
tissue mMRNA levels, bacterial expression, and enzymatic properties
of human NMN adenylyltransferase. J. Biol. Chem. 276,

406-412 (2001).

Hasmann, M. & Schemainda, |. FK866, a highly specific non-
competitive inhibitor of nicotinamide phosphoribosyltransferase,
represents a novel mechanism for induction of tumor cell apopto-
sis. Cancer Res. 63, 7436-7442 (2003).

Gardell, S. J. et al. Boosting NAD+ with a small molecule that acti-
vates NAMPT. Nat. Commun. 10, 3241 (2019). z.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Afzal, M., Shafeeq, S. & Kuipers, O. P. NADH-mediated gene expres-
sion in Streptococcus pneumoniae and role of Rex as a transcrip-
tional repressor of the Rex-Regulon. Front. Microbiol. 9, 1300 (2018).
GILDER, H. & GRANICK, S. Studies on the Hemophilus group of
organisms; quantitative aspects of growth on various porphin
compounds. J. Gen. Physiol. 31, 103-117 (1947).

Huffaker, T. B. et al. A Stat1 bound enhancer promotes Nampt
expression and function within tumor associated macrophages.
Nat. Commun. 12, 2620 (2021). 5.

Mesa, R. A. Ruxolitinib, a selective JAK1 and JAK2 inhibitor for the
treatment of myeloproliferative neoplasms and psoriasis. IDrugs:
Investig. Drugs J. 13, 394-403 (2010).

Canvin, J. R. et al. The role of pneumolysin and autolysin in the
pathology of pneumonia and septicemia in mice infected with a
type 2 pneumococcus. J. Infect. Dis. 172, 119-123 (1995).

Tweten, R. K. Cholesterol-dependent cytolysins, a family of versatile
pore-forming toxins. Infect. Immun. 73, 6199-6209 (2005).
McNeela, E. A. et al. Pneumolysin activates the NLRP3 inflamma-
some and promotes proinflammatory cytokines independently of
TLR4. PLoS Pathog. 6, 1001191 (2010).

Zysk, G. et al. Pneumolysin is the main inducer of cytotoxicity to
brain microvascular endothelial cells caused by Streptococcus
pneumoniae. Infect. Immun. 69, 845-852 (2001).

Rai, P., He, F., Kwang, J., Engelward, B. P. & Chow, V. T. K. Pneu-
mococcal Pneumolysin induces DNA damage and cell cycle arrest.
Sci. Rep. 6, 22972 (2016).

Aroian, R. & van der Goot, F. G. Pore-forming toxins and cellular
non-immune defenses (CNIDs). Curr. Opin. Microbiol. 10,

57-61 (2007).

Sun, J. et al. The tuberculosis necrotizing toxin kills macrophages
by hydrolyzing NAD. Nat. Struct. Mol. Biol. 22, 672-678 (2015).
Tak, U. et al. The tuberculosis necrotizing toxin is an NAD+and NADP
+ glycohydrolase with distinct enzymatic properties. J. Biol. Chem.
294, 3024-3036 (2019).

Hsieh, C.-L. et al. NAD-glycohydrolase depletes intracellular NAD+
and inhibits acidification of autophagosomes to enhance multi-
plication of Group A streptococcus in endothelial cells. Front.
Microbiol. 9, 1733 (2018).

James, D. B. A., Gupta, K., Hauser, J. R. & Yother, J. Biochemical
activities of Streptococcus pneumoniae serotype 2 capsular gly-
cosyltransferases and significance of suppressor mutations affect-
ing the initiating glycosyltransferase Cps2E. J. Bacteriol. 195,
5469-5478 (2013).

Paton, J. C. & Trappetti, C. Streptococcus pneumoniae Capsular
Polysaccharide. Microbiol. Spectrum 7; https://doi.org/10.1128/
microbiolspec.GPP3-0019-2018 (2019).

Echlin, H., Frank, M., Rock, C. & Rosch, J. W. Role of the pyruvate
metabolic network on carbohydrate metabolism and virulence in
Streptococcus pneumoniae. Mol. Microbiol. 114, 536-552 (2020).
Hamaguchi, S., Zafar, M. A., Cammer, M. & Weiser, J. N. Capsule
prolongs survival of Streptococcus pneumoniae during starvation.
Infect. Immun. 86, e00802-e00817 (2018).

Neville, S. L. et al. Cadmium stress dictates central carbon flux and
alters membrane composition in Streptococcus pneumoniae.
Commun. Biol. 3, 694 (2020).

Haferkamp, I. et al. A candidate NAD+ transporter in an intracellular
bacterial symbiont related to Chlamydiae. Nature 432,

622-625 (2004).

Palmieri, F. et al. Molecular identification and functional char-
acterization of Arabidopsis thaliana mitochondrial and chlor-
oplastic NAD+ carrier proteins. J. Biol. Chem. 284,

31249-31259 (2009).

van Roermund, C. W. T. et al. The peroxisomal NAD carrier from
arabidopsis imports NAD in exchange with AMP. Plant Physiol. 171,
2127-2139 (2016).

Nature Communications | (2023)14:5818

14


https://doi.org/10.1128/microbiolspec.GPP3-0019-2018
https://doi.org/10.1128/microbiolspec.GPP3-0019-2018

Article

https://doi.org/10.1038/s41467-023-41372-w

58. Muschiol, S., Balaban, M., Normark, S. & Henriques-Normark, B.
Uptake of extracellular DNA: competence induced pili in natural
transformation of Streptococcus pneumoniae. BioEssays: N. Rev.
Mol. Cell. Develop. Biol. 37, 426-435 (2015).

59. Chen, I. & Dubnau, D. DNA uptake during bacterial transformation.
Nat. Rev. Microbiol. 2, 241-249 (2004).

60. Mempin, R. et al. Release of extracellular ATP by bacteria during
growth. BMC Microbiol. 13, 301 (2013).

61. Johnson, M. D. L., Echlin, H., Dao, T. H. & Rosch, J. W. Characterization
of NAD salvage pathways and their role in virulence in Streptococcus
pneumoniae. Microbiol. (Read., Engl.) 161, 2127-2136 (2015).

62. Yang, F. et al. Association of human whole blood NAD+ contents
with aging. Front. Endocrinol. 13, 829658 (2022).

63. Adriouch, S. et al. NAD+ released during inflammation participates
in T cell homeostasis by inducing ART2-mediated death of naive
T cells in vivo. J. Immunol. (Baltim., Md.: 1950) 179, 186-194 (2007).

64. Nadeeshani, H., Li, J., Ying, T., Zhang, B. & Lu, J. Nicotinamide
mononucleotide (NMN) as an anti-aging health product - Promises
and safety concerns. J. Adv. Res. 37, 267-278 (2022).

65. Bryniarski, K., Biedron, R., Jakubowski, A., Chlopicki, S. & Marcin-
kiewicz, J. Anti-inflammatory effect of 1-methylnicotinamide in
contact hypersensitivity to oxazolone in mice; involvement of
prostacyclin. Eur. J. Pharmacol. 578, 332-338 (2008).

66. Adamiec, M., Adamus, J., Ciebiada, I., Denys, A. & Gebicki, J. Search
for drugs of the combined anti-inflammatory and anti-bacterial
properties: 1-methyl-N'-(hydroxymethyl)nicotinamide. Pharmacol.
Rep.: PR 58, 246-249 (2006).

67. Zhu,Y., Lobato, A. G., Zhai, R. G. & Pinto, M. Human Nmnat1 promotes
autophagic clearance of Amyloid Plaques in a Drosophila model of
Alzheimer’s disease. Front. Aging Neurosci. 14, 852972 (2022).

68. Bulgart, H. R., Neczypor, E. W., Wold, L. E. & Mackos, A. R. Microbial
involvement in Alzheimer disease development and progression.
Mol. Neurodegenerat. 15, 42 (2020). 4.

69. Zahlten, J. et al. Streptococcus pneumoniae-induced oxidative
stress in lung epithelial cells depends on pneumococcal autolysis
and is reversible by resveratrol. J. Infect. Dis. 211, 1822-1830 (2015).

70. Szymanski, K. V. et al. Streptococcus pneumoniae-induced reg-
ulation of cyclooxygenase-2 in human lung tissue. Eur. Respir. J. 40,
1458-1467 (2012).

71. Fu, X. et al. Targeted determination of tissue energy status by LC-
MS/MS. Anal. Chem. 91, 5881-5887 (2019).

72. Rennemeier, C. et al. Thrombospondin-1 promotes cellular adher-
ence of gram-positive pathogens via recognition of peptidoglycan.
FASEB J.: Off. Publ. Federation Am. Societies Exp. Biol. 21,
3118-3132 (2007).

73. Pracht, D. et al. PavA of Streptococcus pneumoniae modulates
adherence, invasion, and meningeal inflammation. Infect. Immun.
73, 2680-2689 (2005).

74. Surabhi, S. et al. Hydrogen peroxide is crucial for NLRP3
inflammasome-mediated IL-13 production and cell death in pneu-
mococcal infections of bronchial epithelial cells. J. Innate Immun.
14, 192-206 (2022).

75. Baba, M. Electron microscopy in yeast. Methods Enzymol. 451,
133-149 (2008).

76. Kirkham, L.-A. S. et al. Construction and immunological character-
ization of a novel nontoxic protective pneumolysin mutant for use in
future pneumococcal vaccines. Infect. Immun. 74, 586-593 (2006).

77. HeB, N. et al. Lipoteichoic acid deficiency permits normal growth
but impairs virulence of Streptococcus pneumoniae. Nat. Commun.
8, 2093 (2017).

78. Karwelat, D. et al. Influenza virus-mediated suppression of bron-
chial Chitinase-3-like 1 secretion promotes secondary pneumo-
coccal infection. FASEB J.: Off. Publ. Federation Am. Soc. Exp. Biol.
34, 16432-16448 (2020).

79. Ritchie, M. E. et al. limma powers differential expression analyses
for RNA-sequencing and microarray studies. Nucleic Acids Res. 43,
e47 (2015).

80. Surmann, K. et al. A proteomic perspective of the interplay of Sta-
phylococcus aureus and human alveolar epithelial cells during
infection. J. Proteom. 128, 203-217 (2015).

81. Benedikter, B. J. et al. Proteomic analysis reveals procoagulant
properties of cigarette smoke-induced extracellular vesicles. J.
Extracell. Vesicles 8, 1585163 (2019).

82. Perez-Riverol, Y. et al. The PRIDE database resources in 2022: a hub
for mass spectrometry-based proteomics evidences. Nucleic Acids
Res. 50, D543-D552 (2022).

83. Madanayake, T. W., Lindquist, I. E., Devitt, N. P., Mudge, J. & Row-
land, A. M. A transcriptomic approach to elucidate the physiological
significance of human cytochrome P450 251 in bronchial epithelial
cells. BMC Genom. 14, 833 (2013).

Acknowledgements

The authors wish to thank Manuela Gesell Salazar for conducting the
mass spectrometric measurements and Kerstin Hoffmann and Peter
Claus as well as the team of the Microscopy CORE Lab, Maastricht for
their excellent technical assistance. This work has been funded in part by
the Bundesministerium fur Bildung und Forschung (Federal Ministry of
Education and Research: PermedCOPD - FKZ 01EK2203A; ERACo-
SysMed2 - SysMed-COPD - FKZ 031L0140; e:Med CAPSYS - FKZ
01ZX1604E), the Deutsche Forschungsgemeinschaft (SFB/TR-84 TP CO1
to B.S.; SFB/TR-84 TP A4 to M.A.; HA 3125/5-2to S.H.; GI 979/1-2to N.G.),
the von-Behring-Rontgen-Stiftung (66-LV0O7) to B.S., and the Hessisches
Ministerium fiir Wissenschaft und Kunst (LOEWE Diffusible Signals
LOEWE-Schwerpunkt Diffusible Signals) to B.S., A.L.J., A.B. and E.M.E.
Illustrations for Fig. 2A and Fig. 2D were created using biorender.com.

Author contributions

Conceptualization: B.K., AW., E.V., B.B., B.S.; Methodology: B.K., AW.,
K.S., J.S., KK., UV, E.V., B.B., B.S.; Formal analysis: B.K., W.B., J.W., N.P.,
J.S., B.B.; Investigation: B.K., AW., K.S., S.B., KK., I.B., J.S.; Resources:
AK., M.AM,, S.H., B.A,, N.G.; Writing - Original Draft: B.K., B.B.; Writing:
Review and Editing. B.K., AW., W.B.,N.P.,K.S., JW., J.S.,EEIM.E., AK, K.L.,
A.J., AB., UV, EV,, B.B., B.S.; Visualization: B.K., E.M.E., B.B.; Super-
vision: A.B., U.V., E.V., B.B., B.S.; Funding acquisition: B.S.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-41372-w.

Correspondence and requests for materials should be addressed to
Birke J. Benedikter or Bernd Schmeck.

Peer review information Nature Communications thanks Charles Bren-
ner and the other, anonymous, reviewer(s) for their contribution to the
peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Nature Communications | (2023)14:5818

15


https://doi.org/10.1038/s41467-023-41372-w
http://www.nature.com/reprints

Article

https://doi.org/10.1038/s41467-023-41372-w

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

TInstitute for Lung Research, Universities of Giessen and Marburg Lung Center (UGMLC), German Center for Lung Research (DZL), Philipps-Universitat
Marburg, Marburg, Germany. 2Core Facility for Metabolomics and Small Molecule Mass Spectrometry, Max Planck Institute for Terrestrial Microbiology,
Marburg, Germany. ®Department of Functional Genomics, Interfaculty Institute for Genetics and Functional Genomics, University Medicine Greifswald,
Greifswald, Germany. “Institute for Lung Health (ILH), Giessen, Germany. ®Universities of Giessen and Marburg Lung Center (UGMLC), Justus-Liebig-
Universitat Giessen, German Center for Lung Research (DZL), Giessen, Germany. éCenter for Synthetic Microbiology (SYNMIKRO), Philipps-Universitat
Marburg, Marburg, Germany. ’Microscopy CORE Lab, Maastricht Multimodal Molecular Imaging Institute (M4l), Maastricht University, Universiteitssingel 50,
6229 ER Maastricht, The Netherlands. ®Department of Biology, Philipps-Universitat Marburg, Marburg, Germany. ®Department of Microbiology and Immu-
nology, Faculty of Pharmacy, Zagazig University, Zagazig, Egypt. °Core Facility Flow Cytometry - Bacterial Vesicles, Philipps-Universitit Marburg,
Marburg, Germany. "Department of Visceral, Thoracic and Vascular Surgery, University Hospital GieBen and Marburg (UKGM), Marburg, Germany.
2Department of Molecular Genetics and Infection Biology, Interfaculty Institute for Genetics and Functional Genomics, Center for Functional Genomics of
Microbes, University of Greifswald, Greifswald, Germany. *Division of Bioanalytical Chemistry, Priority Area Infections, Research Center Borstel, Leibniz Lung
Center, Borstel, Germany. ™Institute for Medical Microbiology, Justus-Liebig Universitat Giessen, Giessen, Germany. University Eye Clinic Maastricht,
Maastricht University Medical Center (MUMC+), School for Mental Health and Neuroscience, Maastricht University, P. Debyelaan 25, 6229 HX Maastricht, The
Netherlands. "®Department of Medicine, Pulmonary and Critical Care Medicine, University Medical Center Marburg, Philipps-Universitat Marburg,

Marburg, Germany. "Member of the German Center for Infectious Disease Research (DZIF), Marburg, Germany. "®These authors contributed equally: Birke J.
Benedikter, Bernd Schmeck. e-mail: b.benedikter@maastrichtuniversity.nl; schmeck@staff.uni-marburg.de

Nature Communications | (2023)14:5818

16


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:b.benedikter@maastrichtuniversity.nl
mailto:schmeck@staff.uni-marburg.de

	NAD+ metabolism is a key modulator of bacterial respiratory epithelial infections
	Results
	Pneumococcal infection dysregulates the epithelial NAD+ metabolism
	NAD+ production shows direct antibacterial effects
	The antibacterial effect of NAD+ is specific to Spn
	Transcriptional regulation of NMNAT1 is induced by Spn virulence factor pneumolysin
	Resistance against NAD+ is associated with a loss of capsule
	NAD+ acts antibacterial by interfering with the pneumococcal energy metabolism

	Discussion
	Methods
	Ethics statement
	Statistics and reproducibility statement
	Bacterial strains and culture
	Bacterial infection and cell stimulation
	CFU assay and bacterial growth curve
	Bacterial sequencing
	Electron microscopy
	ATP measurement
	Purification of Pneumolysin
	Purification of LTA
	Culture and transfection of BEAS-2B cells
	Culture and infection of primary human bronchial epithelial cells
	Preparation and infection of human lung tissue explants
	mRNA expression analysis
	Proteomic analysis
	Metabolite analysis
	ELISA and Western Blot
	NAD+/NADH measurement
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




