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ABSTRACT

Neisseria meningitidis is the causative agent of cerebrospinal meningitis and that of a rapidly
progressing fatal septic shock known as purpura fulminans. Meningococcemia is characterized by
bacterial adhesion to human endothelial cells of the microvessels. Host specificity has hampered
studies on the role of blood vessels colonization in N. meningitidis associated pathogenesis. In this
work, using a humanized model of SCID mice allowing the study of bacterial adhesion to human cells
in an in vivo context we demonstrate that meningococcal colonization of human blood vessels is a
prerequisite to the establishment of sepsis and lethality. To identify the molecular pathways involved
in bacterial virulence, we performed transposon insertion site sequencing (Tn-seq) in vivo. Our results
demonstrate that 36% of the genes that are important for growth in the blood of mice are
dispensable when bacteria colonize human blood vessels, suggesting that human endothelial cells
lining the blood vessels are feeding niches for N. meningitidis in vivo. Altogether, our work proposes a
new paradigm for meningococcal virulence in which colonization of blood vessels is associated with
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metabolic adaptation and sustained bacteremia responsible for sepsis and subsequent lethality.

Introduction

Neisseria meningitidis, referred to as the meningococcus,
is the causative agent of cerebrospinal meningitis after
crossing of the blood brain barrier and/or septicemia,
which can progress toward a rapidly progressing fatal
septic shock known as purpura fulminans. In Europe,
the average mortality rate of invasive meningococcal dis-
eases (IMD) is around 8%, with a higher rate for purpura
fulminans."* A specific step in meningococcal pathogen-
esis is the ability of N. meningitidis to interact with
microvessels throughout the body. In the brain, this
interaction is believed to be responsible for invasion of
the meninges.”” Interactions of N. meningitidis with
peripheral microvessels are associated with fibrin deposi-
tion, platelet accumulation, and perivascular inflamma-
tion foci.®” The consequences of this peripheral
interaction remain unknown, even though in patients, a

high bacterial load in the blood is associated with the
more severe forms of IMD (i.e. purpura fulminans).
Previous works performed using various in vitro and
in vivo models have identified several meningococcal vir-
ulence factors. These valuable studies gave important
insights into the role of factors required for survival in
the extra cellular fluids such as the polysaccharide cap-
sule, lipooligosaccharides (LOS), iron uptake and aro-
matic amino acid metabolism™>>'® and the Factor H
binding protein FhBP.!! However, these models do not
allow assessing the consequences of bacterial interactions
with endothelial cells of the peripheral vasculature dur-
ing meningococcal infections. Such close interactions are
restricted to human cells and are mediated by type IV
pili (TFP), the only means by which virulent capsulated
meningococci can interact with endothelial cells.'>"?
This species specificity has hampered the in vivo study of
the role of meningococcal colonization of blood
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microvessels. Recently, a model using SCID mice grafted
with human skin was engineered to study meningococcal
interactions with human endothelial cells during blood-
borne infection.'>'? In this model, vessels of the graft are
of human origin thus allowing meningococci to interact
with human endothelial cells. Previous studies using this
model have shown that piliated capsulated meningococci
strongly adhere to the human microvessels of the graft in
a TFP-dependent manner, whereas no bacteria/endothe-
lial cell interaction was observed in mouse tissues. In
addition, histological examination of biopsies of the graft
revealed elementary lesions similar to those observed in
human disease, i.e. vascular leakage associated with
thrombosis and foci of vasculitis.*'>">

By using the humanized SCID mice model we demon-
strate that bacterial interaction with the microvessels
leads to a sustained colonization of human vessels and
sustained bacteremia that are correlated with mice mor-
tality. Furthermore, we explored the meningococcal fac-
tors that are involved in colonization by combining the
use of a human skin grafted mice model with Tn-seq
analysis (Transposon sequencing).'*'”> Unexpectedly, the
comparison of Tn-seq data obtained from skin grafts
and that of the blood of non-grafted mice revealed that
many genes that are important for growth in the blood
of mice are dispensable when bacteria colonize human
vessels. These genes are mainly related to metabolism
and nutrient uptake suggesting that endothelium of the
blood vessels is a nutritional niche for N. meningitidis in
vivo. Altogether, our work proposes a new paradigm of
meningococcal virulence in which N. meningitidis colo-
nization of blood vessels is associated with metabolic
adaptation leading to a sustained bacteremia responsible
for sepsis and subsequent lethality.

Results

Bacterial colonization of human microvessels is a
prerequisite to mice mortality

As mentioned above, the humanized SCID mice model
of meningococcal infection allows the study of bacterial
adhesion in an in vivo context. Indeed, previously pub-
lished results have shown that meningococci adhere in a
TFP-dependent manner to the endothelial cells of the
graft.'>'>!'® In this work we initially focused at determin-
ing the consequences of this interaction for the outcome
of infection. To achieve this goal, grafted and non-
grafted SCID mice were injected intravenously (IV) with
5.10° colony-forming units (CFU) of 2C4.3, a virulent
adhesive wild type (wt) piliated and capsulated N. men-
ingitidis strain.'” Results reported in Fig. 1A clearly show
that N. meningitidis is particularly virulent in grafted
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SCID mice as 87.5% of the grafted mice did not survive
by day 2, whereas only 12.5% of the non-grafted mice
died (p-value = 0,003; Log-rank Mantel-Cox survival
analysis). To confirm that this increase of virulence
observed in grafted mice was a consequence of the bacte-
rial adhesion to the human skin capillaries, we infected
grafted SCID mice with 5.10° CFU of a non-adhesive
piliated PilC1 defective mutant of strain 2C4.3.'® As pre-
viously described this mutant is indeed unable to adhere
in vitro to endothelial cells'® and cannot colonize the
graft capillaries (Fig. 1B)."” As shown in Fig. 1A, all mice
infected with the PilCl defective strain survived, thus
demonstrating the role of TFP-mediated adhesion to the
graft vessels in the outcome of infection.

We subsequently determined the amount of bacteria
in both the graft and the bloodstream. Mice were
infected IV with 5.10° CFU of wt piliated and capsulated
2C4.3 strain and sacrificed 18 hrs after infection, before
death of the animals. Results showed that the bacteremia
in the blood of infected animals was higher in grafted
animals by 2 orders of magnitude than in non-grafted
animals. In addition, bacteria heavily colonized the
grafted human skin (Fig. 1C). We then estimated the
total bacterial load after 18 hrs of infection in grafted
and non-grafted animals by summing the blood bacterial
load and the graft bacterial load (see material and meth-
ods section). As shown in Fig. 1D, the total bacterial load
per animal was significantly increased when compared
to that of the number of bacteria that were injected (p-
value<0.01; One-Way ANOVA), whereas it dropped to
approximately 1.10° CFU in non-grafted animals. To
confirm that non-adhesive meningococci were cleared
from the blood of mice we followed the bacteremia of a
PilC1 defective strain in human skin grafted animals.
Indeed, bacteremia of this mutant dramatically dropped
to approximately 10* bacteria/ml 18 hrs after infection
(Fig. 1E).

Altogether these data demonstrate that in the absence
of meningococcal interaction with endothelial cells bac-
teria are cleared from the bloodstream, and that adhesion
to endothelial cells in the human graft leads to a sus-
tained colonization correlated with the observed increase
of virulence.

Tn-seq identification of meningococcal genes
required for blood vessels colonization

To identify the meningococcal components required for
bacterial colonization of human microvessels we assessed
the fitness of insertion mutants of a previously described
saturated random transposon insertion library of strain
75463" in SCID mice grafted with human skin. As
shown in figure SIA, we first assessed the total
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Figure 1. Neisseria meningitidis colonization of the human skin graft leads to mice lethality. (A) Kaplan-Meier plot showing the sur-
vival of grafted (n = 8; dot) and non-grafted (n = 8; square) mice after intravenous challenge with 5.10° CFU of N. meningitidis wt
2C4.3 strain (p-value = 0,003; Log-rank Mantel-Cox survival analysis) or grafted mice infected with 5.10° CFU of N. meningitidis non-
adhesive PilC1 defective mutant (n = 6; triangle). (B) Transversal human skin graft sections after infection by N. meningitidis wt 2C4.3
strain and the PilC1 non-adhesive defective derivative (bacteria, red) associated with human vessels (collagen IV-basal lamina, green) in
the human grafted skin 4 hrs after infection. (C) Blood and graft bacterial loads of grafted and non-grafted SCID mice infected intrave-
nously with the wt N. meningitidis 2C4.3 strain. Bacterial counts are expressed in CFU/ml for blood and in CFU/g for human skin grafts
(non-grafted mice, n = 7; grafted mice, n = 5). Horizontal lines represent the mean bacterial load. Statistical significance was deter-
mined using the Wilcoxon-Mann-Whitney U-test (p = 0.0025). (D) Total bacterial load of grafted and non-grafted SCID mice shown in
panel B (see material and methods section). Bacterial counts are expressed in CFU/mice for the inoculum and 18 hrs after infection
(non-grafted mice, n = 7; grafted mice, n = 5). Horizontal lines represent the mean bacterial load. Statistical significance was deter-
mined using One-Way ANOVA (**: p<0.01). (E) Blood bacterial loads of grafted SCID mice infected intravenously with the PilC1 defective
N. meningitidis 2C4.3 strain (APilC1). Bacterial counts are expressed in CFU/ml of blood. Horizontal lines represent the mean bacterial
load. P-value was determined using the Wilcoxon-Mann-Whitney U-test.

meningococcal load in grafted and non-grafted mice
infected with the Tn-seq library 18 hrs after injection.
The total bacterial load in grafted mice was significantly
higher than in non-grafted mice (p-value<0.01;
Wilcoxon-Mann-Whitney U test), thus following the
same trend of the 2C4.3 strain shown in Fig. 1C. Non-
grafted and grafted SCID mice were infected intrave-
nously with 1.10” CFU of the input library. Bacteria were
recovered from the grafts of the human-skin grafted
SCID mice, and from the blood of the non-grafted SCID
mice at 4 hrs or 18 hrs after infection for further deep
sequencing analysis (output libraries were labeled 4h

Graft; 18h Graft; 4h Blood NG mice; 18h Blood NG
mice) (Fig. 2A and S1B). Bacteria recovered 4 and 18 hrs
after infection were allowed to grow in broth to amplify
the DNA content of each sample for only 2 hrs to limit
the amplification bias. Deep sequencing of the libraries
was performed as described in the experimental proce-
dures section thus allowing determination of the fitness
of each gene-disrupted mutant in each condition.

First, we compared the expected and measured
number of transposon insertion sites (TIS) in the input
libraries, as previously described,” in order to identify
the essential and growth-defective genes in the iron
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Figure 2. Tn-seq analysis. (A) Distribution of the CDS containing random Tn insertions on the genome map of N. meningitidis Z2491.
Outer circles: Green bars indicate the N. meningitidis Z2491 CDS. Inner circles: Red and black bars indicate the essential/growth-defective
and non-growth defective gene-disrupted mutants, respectively, in broth; turquoise and purple bars indicate the gene-disrupted
mutants with a significant fitness change in the blood of non-grafted mice 4 hrs and 18 hrs after infection; dark blue and pink bars indi-
cate the gene-disrupted mutants with a significant fitness change in the human skin grafts of grafted mice 4 hrs and 18 hrs after infec-
tion. (B) Venn diagram representing the absolute number of gene-disrupted mutants with a significant differential fitness decrease
(log,FC< —2 with a p-value<0.05) in any of the four tested conditions: blood from non-grafted mice 4 hrs and 18 hrs after infection,

human skin grafts 4 hrs and 18 hrs after infection.

deprived growth conditions used for in vivo experi-
ments (Table S1-B, Figure S2A). Out of the 2065
genes, 798 were found to be important for growth and
were not included in our analysis. These data were in
agreement with those of our previous study'® (Pear-
son’s correlation r = 0.95, p-value < 0.0001)
(Figure S2B), further validating our approach. Impor-
tantly, the genes that were defined as essential or
important for growth in our conditions are evenly dis-
tributed around the chromosome (Fig. 2A). Secondly,
genes were assigned a log, Fold Change (log,FC) and
a statistical score, based on the comparison of the
number of reads between the input and the output
libraries, using the ESSENTIAL tool kit as described
previously'>*° (Table S1-C). Thus, a gene whose dis-
ruption results in a loss of fitness in vivo would be
underrepresented in the output library compared to
that of the input library and would have a log,FC<O0.
On the contrary, a gain of fitness is associated to a
positive log,FC value. A total of 501 transposon-dis-
rupted mutant genes were found to have a significant
differential fitness in at least one of the 4 tested condi-
tions (log,FC> 2 or log,FC< -2 with a p-value<0.05)
(Figure S2C).

Comparison with previous studies on meningococcal
genes required for blood vessel colonization

Previous studies on various models in which bacteria
were unable to adhere to endothelial cells identified a
total of 85 virulence genes important for survival/growth
in the extra cellular fluids®*'° (Table S2A). To validate
our in vivo Tn-seq approach, we first focused on the fit-
ness of these 85 gene-disrupted mutants in the blood of
non-grafted SCID mice obtained at 4 and 18 hrs after
infection (Fig. 2 and Tables S1 and S2A). Tn insertions
in 12 out of these 85 virulence genes were among the 798
mentioned above growth defective gene-disrupted
mutants that were discarded. Based on their log,FC, 41
out of the 85 previously reported genes were identified
here as necessary for growth in the blood of non-grafted
SCID mice obtained 4 and/or 18 hrs after infection.
These mutants have insertions in genes encoding classi-
cal virulence factors such as those involved in the synthe-
sis of the capsular polysaccharide, LOS and the iron
uptake machinery (Table S2A). Conversely, the fitness of
mutants of 32 out of these 85 virulence genes previously
described was not significantly changed in our screen.
No key factors were present in these 32 virulence genes,
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mainly involved in metabolism and transport of ion and
metabolites. Several explanations could account for this
apparent discrepancy. Firstly, the humanized SCID mice
model is different from the models used in the previous
studies since it allows adhesion of bacteria to the vascular
wall. Secondly, a possible heterogeneity may exist within
the N. meningitidis strains in term of metabolic require-
ment. Thirdly, the consequence of a mutation is likely to
be compensated by the other bacterial cells of the
population.

We further identified 307 genes that have not been
described before whose disruption turned to be required
for blood survival. These mutants have insertions in
genes related to classical virulence factors such as the
synthesis and export of the capsular polysaccharide,
LOS, the iron and amino acid uptake machinery. Trans-
posons are also inserted in genes necessary for cofactors
synthesis such as chorismate synthesis. We confirmed
that sulfur acquisition is crucial for the growth of menin-
gococci in the blood in vivo as suggested earlier by Rus-
niok et al.'” and Joseph et al.*” (Table S2). Overall 13%
of these 307 genes were involved in cellular processes,
14% in information storage and processing, and 38%
involved in metabolism (Table S2B). This list of 307
gene-disrupted mutants involved in blood survival is not
conflicting with previous results as Tn-seq approach
offers a deeper analysis that allows the identification of
mutants with decreased fitness.

To further validate the results of the Tn-seq analysis,
we assessed the fitness of 3 defective mutants among
those with a mild decrease of their fitness in the blood
(i.e. —4.5< log,FC<—3.5). The in vivo fitness of N.
meningitidis defective for cysG, putP and NMAO0486,
known to be involved in biosynthesis of secondary
metabolites, solute transport, and biogenesis of outer-
membrane vesicles (OMVs)?® respectively, was tested in
competition assays by simultaneously injecting IV the
wt parental strain and the single defective mutants in
BalbC mice. As control we tested the fitness of a pilC2
defective mutant that showed no defect in any of the 4
conditions (Table S1C). Importantly these four mutants
were neither growth-defective in iron deprived growth
conditions (Table S1-B) nor in GC broth (Figure S3). A
significant decrease of the competition indexes (CI) of
the AputP mutant 18 hrs after infection was shown,
while the ANMAO0486 and AcysG mutants already
showed a significantly decreased of their CI 4 hrs after
infection (Fig. 3). No modification of the CI of the
ApilC2 mutant was observed. These data are in agree-
ment with the Tn-seq results. Altogether, results
obtained in the blood of BalbC mice validated our
approach and allowed us to further analyze the data
obtained in this work.

Genes required for the initial colonization

Meningococcal colonization of the microvessels requires
an initial step of adhesion to endothelial cells followed
by replication of aggregative bacteria in the lumen of the
microvessels. Therefore, we first concentrated on identi-
fying genes required for graft colonization 4 hrs after
infection. A total of 68 meningococcal genes were
required for early colonization of the human graft and
not for bloodstream growth and/or survival (Fig. 2B,
Tables 1A, S1-C). Twenty of those genes were also
required for colonization of grafts harvested 18 hrs after
infection. Among these 68 genes, 14 encode type IV pilus
related genes including the major pilin pilE (pilCl, -E, -F,
-G, -1, -], -K, -M, -N, -P, -Q, -S5, -V, -W). These results
were not unexpected considering that type IV pili have
long been identified as essential for initial adhesion of
capsulated meningococci to host cells. Interestingly, dis-
ruption of pilT, which abolishes pilus retraction and pro-
motes the formation of large aggregates, was positively
selected. Moreover, we observed that pilC2 is not impor-
tant for adhesion, which is consistent with earlier
work.'® These results confirmed the critical role of the
type IV pili machinery in allowing the initial step of
adhesion onto human vessels.'>'®'** Besides the type
IV piliation machinery, 54 gene-disrupted mutants were
found to have a fitness decrease upon early colonization.
Among those, 10 genes were involved in information
storage and processing, including 3 genes involved in
translation processes, such as rsuA, responsible forribo-
some 16S pseudouridylation, while 5 genes coded for
putative transposases. Furthermore, 9 genes were
involved in metabolic processes and 25 encoded hypo-
thetical proteins.

Most of the meningococcal genes required for
colonization of human vessels are also needed for
blood-borne dissemination in non-grafted mice

As we demonstrated that colonization of the human skin
graft is crucial for bacterial virulence in vivo, we focused
on the 195 genes for which Tn-insertion induced a sig-
nificantly decreased fitness for survival and growth in
the human grafts 18 hrs after infection (Fig. 2, Tables 1B
and S1C). Hundred and forty-three of these genes were
also important for survival and growth in the blood-
stream of non-grafted mice. This indicates that most of
the genes required for graft colonization are also impor-
tant for survival in the blood of grafted mice. Among
them we first found genes described above as classical
virulence factors, involved in the synthesis of the capsu-
lar polysaccharide, LOS, iron and amino acid uptake
machinery and chorismate synthesis. We also identified
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Figure 3. In vivo competition assay of defective mutants in
blood of non-grafted mice 18 hrs after infection. A mixture of
the N. meningitidis wt Z5463 strain and one of the 3 different
mutant (AputP, AcysG, ANMA0486) displaying a mild fitness
decrease for survival in the blood of non-grafted mice 18 hrs
infection in our Tn-seq screening were tested for competition in
vivo in Balb/C mice. A mutant derivative strain not having a fit-
ness change in vivo (ApilC2) was used as a control. Competition
indexes confirmed the Tn-seq fitness predictions. The 3 defective
mutants were out-competed by the wt parental strain 18 hrs
after infection, which was not the case of the neutral mutant
ApilC2. Statistical significance was determined for each mutant
using One-Way ANOVA (*: p < 0.05; ™. p < 0.01; " p <
0.0001).

ORFs of the nuo and ngr operon, encoding the respira-
tory complex I and the sodium pumping NADH:quinine
oxidoreductase respectively; the entire pur operon,
important for nucleotide metabolism, was also important
for survival under such condition. A total of 71 genes
involved in metabolic pathways were necessary for sus-
taining graft colonization, including 18 genes related to
amino acid metabolism, and 3 genes involved in coen-
zyme metabolism (hemD; lipA2; panB). Uptake of spe-
cific nutrients was also important since 6 genes encoding
transporters were required for graft colonization. We
further identified 23 genes involved in information, stor-
age and processing, among which 13 were involved in
DNA replication or repair functions (hupA; nth; rdgC;
topA), 5 genes were involved in transcription and 4 in
translation (pnp; rluC; rph; rpsR). We also identified 46
hypothetical uncharacterized proteins as necessary for
colonization of human blood vessels in vivo.

Next, we concentrated on the 52 genes that were
required for colonization of the graft after 18 hrs of
infection, 20 of which were also necessary for early graft
colonization 4 hours after infection (Fig. 2, Tables 1C,
§1-C). The above 52 genes included open reading frames

A. N. meningitidis genes only involved in early colonization of the
human graft (4h after infection) (68 genes: 48 unique to Graft 4h and
20 are also found in Graft 18h)

Cellular processes and signaling (17 genes)

Type IV pili (TFP) (11 genes): pilC, -E, -F, -G, -I, -K, -M, -N, -P, -V, -W

Cell envelope (3 genes): pr¢; rfbC2; NMA1645

Intracellular trafficking (1 gene): pilQ

Posttranslational modifications (1 gene): putative DNA-J like protein
(NMA1461)

Signal transduction mechanisms (1 gene): Two-component system
(NMA1803)

Information storage and processing (10 genes)

Replication, DNA repair (6 genes): mainly transposases (NMA0221;
NMA0664; NMA1115; NMA1212; NMA1738); NMA0151

Transcription (1 gene): NMA1293

Translation (3 genes): rpA, rph, rsuA

Metabolism (9 genes)

Amino acid metabolism (2 genes): argD; NMA1709

Carbohydrate transport (1 gene): pykA

Coenzyme transport(2 genes): lipA2,nicA

Energy production (1 gene): putative thiorredoxin (NMA0966)

Inorganic ion transport (3 genes):sodC (oxidative stress); NMA1679;
NMA2091

Unknown or general prediction (32 genes)

Putative peptidase (NMA0173)

Hypothetical proteins (25 genes)

Type IV pili (TFP) (2 genes): pil, -S5

B. N. meningitidis genes necessary for late human graft colonization
(18h after infection) (195 genes)

Cellular processes and signaling (33 genes)

Capsule expression (1 gene): sacA

LOS synthesis (5 genes): IgtB1; rfaC, -D; -F, -K

Cell motility (4 genes): NMA1833 and 3 type IV pili (TFP): pilD, -E, -W

Iron uptake systems (3 genes): exbB, -D; tonB

Cell envelope (8 genes): dgk; galE; prc; rfak1; rfbC1; rmpM; NMA1630;
NMAO0055

Cell cycle (3 genes): NMA0004; NMA0076; NMA2145

Intracellular trafficking (1 genes):tatB

Posttranslational modifications (6 genes): dsbB; grxB; NMA0428; NMA0710;
NMA1756; NMA2142

Signal transduction mechanisms (2 genes): Two-component system
(NMA1803, NMA0669)

Information storage and processing (23 genes)

Replication, DNA repair (13 genes):hupA; nth; rdgC; topA;NMA0388;
NMA1757; NMA2126; 5 transposases (NMA0221, NMA0471, NMA0531,
NMAOQ769, NMA1115) and 1 deoxyribonuclease (NMA1946)

Transcription (5 genes): NMA0153; NMA1293; NMA1550; NMA1838;
NMA2197

Translation (5 genes): pnp; rluC; rph; rpsRand 1 endoribonuclease
(NMAO0861)

Metabolism (71 genes)

Amino acid metabolism (18 genes):argD; aroB, -D, -G, -K; fopC; gmhB;ilvG;
metE; serB; thrC; trpE, -G; NMA1113; NMA1278; NMA1460; NMA1684;
NMA1709

Carbohydrate metabolism (6 genes): foa; fop; pgm; pgm; ptsllA; rfaD;
NMA1818

Coenzyme metabolism (3 genes):hemD; lipA2; panB

Energy production (19 genes): atpC; ngrB, -C, -D, -E, -F; nuoB, -G, -E, -F, -G,
-H, -1, -J, -K, -N; sdhB; NMA1565; NMA1966

Inorganic ion transport and metabolism (8 genes): alx; cysW; fbpA, -B; thp;
tbp2; NMA0283; NMA1988

Lipid metabolism (2 genes): crtB; NMA1691

Nucleotide transport and metabolism (12 genes): ths;purC, -D, -E, -F, -K, -L,
-M, -N; pyrl; upp; NMA0849

Secondary metabolism (3 genes): NMA0487; NMA0488; NMA2215

Unknown or general prediction (68 genes)
Type IV pili (TFP) (3 genes):pilS2, -S5, -S7
Capsule expression (2 genes): sacB, -C

(continued on next page)
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Iron acquisition (1 gene): hpuA
Hypothetical proteins (46 genes)

Special categories

Sulfur metabolism (1 gene): cysW

Shikimate pathway, phosphoenolpyruvate + erythrose-4P = >chorismate
(aroB, -D, -G, -K)

Iron metabolism (6 genes): fopA, -B, -C; tbp; tbp2; hpuA

Phosphotransferase system (PTS): ptsllA

Purine metabolism: purC, -D, -E, -F, -K, -L, -M, -N

C. N. meningitidis genes solely necessary for late human graft
colonization (18h after infection) (52 genes: 32 unique to Graft 18h
and 20 are also found in Graft 4h)

Cellular processes and signaling (8 genes)

Cell cycle (1 gene): NMA2145

Cell motility (3 genes): NMA1833 and 2 type IV pili (TFP): pilE, -W

Cell envelope (2 genes): prc,rfoC1

Posttranslational modifications (1 gene): NMA0710

Signal transduction mechanisms (1 gene): Two-component system
(NMA1803)

Information storage and processing (10 genes)

Replication, DNA repair (5 genes): 4 transposases (NMA0221, NMA0471,
NMAO0531, NMA1115) and 1 deoxyribonuclease (NMA1946)

Transcription (2 genes): NMA0153; NMA1293

Translation (3 genes): pnp, rphand 1 endoribonuclease (NMA0861)

Metabolism (7 genes)

Amino acid metabolism (4 genes): argD; trpE; NMA1113; NMA1709

Inorganic ion transport and metabolism (1 gene): NMA0283

Coenzyme transport and metabolism (1 gene): lipA2

Carbohydrate transport and metabolism (1 gene): pts//A
(Phosphotransferase system (PTS))

Unknown or general prediction (27 genes)
Type IV pili (TFP) (3 genes):pilS2, -S5, -S7
Iron acquisition (1 gene): hpuA

Hypothetical proteins (16 genes)

coding for the type IV pilus machinery (pilD, -E, -S2, -S5,
-S7, -W); hpuA, the hemoglobin-haptoglobin utilization
lipoprotein A,** and 27 proteins for which no clear func-
tion is described. Four genes involved in cellular pro-
cesses were critical for long-term graft colonization
(rfbC1, NMA0710, NMA1833, NMA2145), as well as 4
genes involved in amino acid and carbohydrate metabo-
lism, and 5 genes involved in replication or DNA repair
(NMA0471, NMAO0531, NMA1946) or translation
(NMAO0861, pnp).

The wall of microvessels seems to be a more
favorable environment for meningococci than the
bloodstream

Analysis of Fig. 2B unexpectedly showed that 145 out of
the 330 genes required for growth in whole blood of
non-grafted SCID mice 18 hrs after infection were not
required for colonization of the human graft (Table S1).
This suggests that colonization of the graft may offer a
favorable environment. The graft may provide metabo-
lites and factors required by mutants of related uptake
systems or biosynthetic pathways. Out of these 145
genes, we focused on the 119 whose log,FC was at least
3 times higher in the graft than in the blood of non-

Table 2. N. meningitidis genes necessary for early and late
growth/survival in blood of mice that are not involved during
graft colonization (119 genes).”

Cellular processes and signaling (18 genes)

Cell cycle (4 genes): ftsE; NMA2079; NMA0802; NMA1465

Cell envelope (5 genes): galU; IgtF; mtgA; mtrE; NMA0436

Defense mechanisms (2 genes): NMA1036; NMA1620

Intracellular trafficking (1 gene): NMA1383

Posttranslational modifications (3 genes): cysT; ginE; NMAQ707

Signal transduction mechanisms (3 genes): Two-component system
(NMA0160; NMA1805); NMA1698

Information storage and processing (19 genes)

Replication, DNA repair (8 genes): comE1; ger; mutl; uvrA; NMAQ033;
NMAO0772; NMA1543; NMA1621

Transcription (2 genes): NMA0381; NMA1491

Translation (9 genes): cafA; gluQ; prmA; queA; tgt; truB; NMA0331;
NMA1560; NMA2049

Metabolism (39 genes)

Amino acid metabolism (13 genes): argC, -J; cysD, -H; metX, -Z; pepA; putP;
NMAO0579; NMA1274; NMA1640; NMA1811; NMA1932

Carbohydrate transport (2 genes): ptsH, -/

Coenzyme transport (5 genes):bioD; cysG; ispA; mrtf; thiC

Energy production (7 genes): aldA; cytC; fumA; nuoA, -L; NMAQ061;
NMA1368

Inorganic ion transport (9 genes): cysl, -J, -N; hpuB2; NMA0414; NMAOQ506;
NMA1243; NMA1539; NMA1639

Lipid transport (1 gene): NMA1202

Nucleotide transport (1 gene): NMA0365

Secondary metabolites (1 gene): NMA1336

Unknown or general prediction (43 genes)

Hypothetical proteins (26 genes)

TCA cycle: mqgo

Endotoxin related proteins: frpA/C-like proteins (3 genes: frpD; NMA1623;
NMA2123)

Biotin synthesis: bioH’

Special categories

Sulfur metabolism (9 genes): ¢ysD, -G, -H, -I, -J, -N, -T; metZ; NMA1243

Transporters (15 genes): ftsE, ptsH, - (PTS system); putP; NMAQ046;
NMAO0365; NMA0414; NMA0506; NMA0616; NMA1539; NMA1620;
NMA1811

Iron acquisition (1 gene): hpuB2

*We considered only genes with a significant decreased fitness in the blood of
non-grafted mice and whose log,FC was at least 3 times higher in the graft,
corresponding to a fold change of 8 between both conditions.

grafted animals after 18 hrs of infection (Table 2 and
Table S1-C). Seventeen of these genes were involved in
cellular processes, such as cell envelope biogenesis (galU;
IgtE; mtgA; mtrE; NMAO0436) or two-component systems
(TCSs), developed by bacteria to sense and respond to
changes in different environmental conditions
(NMAO0160, NMA1805 and NMA1698). Furthermore,
19 genes were involved in DNA processes of which 8 are
involved in DNA repair (such as mutL, uvrA, gcr), and
39 in metabolism. Remarkably, for gene-disrupted
mutants involved in sulfur acquisition (cysD, -G, -H, -I,
-], -N, -T; metZ; NMA1243) a fitness decrease was only
observed in the blood, which indicates that bacteria
require less sulfate and thiosulfate while colonizing the
graft. Similarly, mutants of biotin and thiamine synthesis
genes can survive while colonizing the graft (bioD and
bioH’ or thiC, respectively). Moreover, 15 genes coding



for transporters and 43 genes coding for hypothetical
proteins displayed this same pattern. Altogether, these
data suggest that many metabolites are dispensable for
growth when colonizing human vessels and that this
environment provides N. meningitidis with niche-
specific nutrients.

Discussion

The most severe forms of IMD in human (i.e. purpura
fulminans and meningococcal meningitis) are associated
with colonization of the peripheral blood vessels. In this
study, we demonstrated that meningococcal colonization
of the endothelium is important for sustained bacteremia
in vivo and that bacterial load in mice is directly corre-
lated with mortality. This demonstrates that bacterial
sustained colonization of human vessels in vivo is crucial
for meningococcal virulence and suggests that coloniza-
tion of the endothelium may provide new nutrients and
a better environment for survival and growth.

In this work we characterized the meningococcal
genes involved in early adhesion and colonization of
human vessels in vivo by combining the use of the
human skin grafted mice model with Tn-seq analysis.
We performed a genome-wide analysis to screen for the
genes required to colonize the human vessels at an early
and late stage of infection. In parallel, we used non-
grafted mice as a control, which allowed us to study the
genes responsible for the survival of the meningococcus
in the blood of mice.

As expected, genes encoding the type IV pilus
machinery are essential for early colonization of the
microvessels. Few other genes, mostly of unknown func-
tion, were also found to be required for early adhesion
and/or colonization. Interestingly, some of these genes
involved exclusively in early colonization have only a
slight fitness defect in the graft 18 hrs after infection, not
reaching statistical significance. This may be explained
by the concomitant colonization of the graft by other
mutants of the library, which can complement adhesion-
defective mutants in the graft via aggregative type IV
pili. In addition, the local formation of thrombosis could
possibly trap non-adhesive mutants in the graft.

We analyzed genes important for sustained coloniza-
tion of human vessels 18 hrs after infection. Unexpect-
edly, we discovered that 36% of the genes that were
involved in the growth in blood of mice were no longer
required to colonize the human graft. The majority of
these genes were involved in metabolic processes, which
is in accordance with the concept of nutritional viru-
lence, where bacteria would take advantage of the
nutrients available on the host to proliferate. For
instance, gene-disrupted mutants compensated by the
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colonization of the graft were involved in sulfur acquisi-
tion, biotin and thiamine synthesis, as well as some inor-
ganic ion transporters. Further studies will be needed to
understand how and why these nutrients and factors are
available in this niche. Type IV pili interaction with
endothelial cells may be directly involved since meningo-
coccal adhesion to endothelial cells promotes very spe-
cific cell signaling events. On the other hand,
colonization of the human vessels in a biofilm-like man-
ner may induce several modifications in the metabolism
of N. meningitidis that may compensate for several muta-
tions or it may also favor the production of meningococ-
cal secondary messengers that could induce specific
signaling pathway in endothelial cells, which will eventu-
ally increase the synthesis of nutrients and factors
required by the bacteria for growth.

Interestingly, the study of the late colonization of
human grafts revealed that most of the genes involved
in graft colonization are also important for survival in
the blood. Adhesion to microvessels may be considered
as a strategy to evade the innate immune system espe-
cially considering that N. meningitidis inhibits mono-
cytes and neutrophils docking to endothelial cells.”*
Here, we show that adhesion to human vessels is
responsible for mice lethality and probably provides N.
meningitidis with important nutrients and/or metabo-
lites. Thus, we propose a new paradigm for meningo-
coccal virulence in which meningococcal colonization
of blood vessels is associated with metabolic adaptation
and sustained bacteremia responsible for sepsis and
subsequent lethality.

Taken altogether, interaction of meningococcus with
the vasculature seems to be the support of growth and
bacterial virulence in vivo. Our findings open a door to
better identify the host metabolic pathways exploited by
meningococci so that new strategies to tackle this strict
human pathogen can be undertaken.

Materials and methods
Bacterial strains and growth conditions

N. meningitidis NEM 8013 strain 2C4.3, a piliated and
capsulated serogroup C strain and its isogenic non-adhe-
sive PilC1 defective mutant were used for in vivo viru-
lence experiments.'”*> N. meningitidis 75463, a naturally
highly transformable piliated and capsulated serogroup
A strain®** was used instead of 2C4.3 to generate satu-
rating Tn insertion mutant libraries'> and for in vivo
competition experiments. Bacterial strains were stored
frozen at —80°C and routinely grown at 37°C under 5%
CO2 on GC agar plates (Difco) containing Kellogg’s sup-
plements. Kanamycin was added when required at a
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concentration of 100 and 200 pg/ml for 2C4.3 and
75463 strains, respectively.

Animal experiments: bacteria recovered either from
GC agar plates or Tn-seq libraries aliquots were cultured
in RPMI - 1% BSA medium with 10 uM deferoxamine
under agitation to reach the exponential phase of growth
(also referred to as iron deprived growth conditions).

The input pool and the bacteria recovered from the
blood or the graft were cultured two hours in GC broth
in order to amplify the bacteria content.

Transposon (Tn) mutant library

The Tn-seq library used in this work is a merge of the 3
Tn-seq libraries described previously.'” Briefly, an ali-
quot (750 ul) of each library was mixed in a single cul-
ture with 42.75 ml GC liquid medium (Difco) under
shaking conditions containing Kellogg’s supplements™
and kanamycin. The resultant Tn mutant library was
split up into multiple starter cultures and stored at
—80°C in 10% glycerol GC medium.

Construction of mutant strains

Deletion mutants of the selected candidate genes (cysG,
putPNMAO0486 and pilC2) were obtained from an avail-
able library of signature-tagged mutants of N. meningiti-
dis?' The disrupted gene was PCR amplified from
genomic DNA and the purified product was introduced
by transformation into N. meningitidis strain Z5463. The
transformants were selected in the presence of kanamy-
cin. Genomic DNA from the resulting mutants was
extracted and used to transform a second time our tem-
plate strain Z5463. The resulting mutants were then
stored at —20°C in 10% glycerol GC medium. Primers
used to generate these mutants are listed in supplemental
materials.

Animals and ethics

Six week old CB17/Icr-Prkdc™® (Severe Combined
Immunodeficiency: SCID) and Balb/C female mice were
obtained from Charles River Laboratories (Saint Ger-
main sur I’Arbresle, France) and Janvier Labs (Saint-Ber-
thevin, France). The experimental procedures described
in this paper were conformed to the European ethical
legislation (Directive 2010/63/EU). The experimental
protocol was approved by the Comité d’Expérimentation
Animale de I'Université Paris Descartes (project number
CEEA 12-030). Human skin grafts were obtained from
surgical waste from patient undergoing plastic surgery at
Groupe Hospitalier Paris Saint-Joseph (Paris, France).
According to the French legislation, the patients were

informed of the research finality and their non-opposi-
tion was orally received.

In vivo humanized mice infection model

CB17 SCID mice were grafted with normal human skin as
described by Join-Lambert et al."” The experiments were
performed in independent occasions, with two different
skin donors for survival experiments and with two different
skin donors for bacterial load at 18 hours after infection.

N. meningitidis strains grown overnight at 37°C on
GC agar plates without iron (without Kellogg’s supple-
ment IT) and supplemented with deferoxamine (Desferal,
Novartis) at a final concentration of 8 uM were cultured
in iron deprived growth conditions as explained above
and resuspended in physiological saline at the required
OD and mice were infected intravenously. Inocula of
1.107 and 5.10° colony-forming units were used for the
strains 25463 and 2C4.3 respectively. These inocula cor-
respond to the minimum inoculum necessary to obtain
sustained bacteremia in grafted mice 18 hrs after infec-
tion. Ten mg of human holotransferrin (R&D Systems)
was administered intraperitoneally just before infection.
Bacteremia was assessed on blood samples obtained by
tail vein puncture at different time-points of infection
while crushing and homogenizing a sample of the
human skin determined the skin graft bacterial load.
Bacterial counts were determined by plating serial dilu-
tion of the samples onto GC agar plates. The bacterial
aggregates were disrupted before plating. The total bacte-
rial load, referring to the overall quantity of bacteria
present in a mouse at a time-point of infection was
expressed as CFU per mice. Considering that N. menin-
gitidis is unable to colonize mouse organs in this human-
ized model,” it was estimated by adding up the blood
bacterial load and the graft bacterial load (for grafted
mice). For this calculation, we considered a mean blood
volume of 1.4 ml for CB17 SCID mice, and a mean graft
mass of 600 mg. For instance a bacteremia of 5.10° CFU/
ml associated with a graft bacterial load of 1.10” CFU/g
corresponds to a total bacterial load of 1.3.107 bacteria
(5.10° x 1,4 + 1.10” x 0,6 = 1,3.107).

Survival assay

For survival experiments, CB17 SCID mice were infected
IV with an inoculum of 5.10° CFU of Neisseria meningi-
tidis 2C4.3 strain as described above. Mice survival was
assessed twice daily during 3 days. Bacteremia, expressed
in CFU/ml, were measured 1 hour after infection and
then daily on blood samples obtained by tail vein punc-
ture. Mice were sacrificed when presenting signs of lethal
infection.



In vivo screening of Tn library for colonization

A starter culture of the N. meningitidis Tn library was
thawed and grown for 2-3 h in RPMI - 1% BSA medium at
37°C under shaking conditions to reach the exponential
growth phase. The starter culture was then grown under
iron-deprived conditions for 2-3 hrs. Mice were infected
with an inoculum of 1.10” CFU. DNA was extracted from
the rest of the inoculum culture for subsequent deep
sequencing analysis (input pool). Bacteremia was quantified
at 1, 4 and 18 hrs post-infection and the graft bacterial load
was assessed at the time of sacrifice. A total of five indepen-
dent infections were performed to recover bacteria 4 hrs
post-infection, and six independent infections were also per-
formed to recover bacteria 18 hrs post-infection. The bacte-
ria recovered at 4 hrs and 18 hrs post infection were allowed
to grow in GC broth for 2 hrs and were then harvested by
centrifugation. This additional growth step was performed
in order to reach a sufficient amount of bacterial DNA to
perform the Tn-seq experiment. We expected that the 2 hrs
amplification step did not cause any bias since the input
pool was also amplified in GC broth."” The number of mice
used to obtain the different output libraries is indicated on
sheet A from Table S1. Bacterial pellets from blood samples
were resuspended in erythrocytes lysis solution called ACK
(150 mM ammonium chloride, 10 mM potassium bicarbon-
ate, 0.1 mM EDTA). Chromosomal DNA extraction was
performed using the Wizard® Genomic DNA Purification
Kit (Promega) and the DNeasy Blood and Tissue Kit (Qia-
gen) on the input and output mutant pools, respectively.

Bioinformatic analysis of Tn libraries

Transposon insertion sites (TIS) were identified using a
strategy of capture by hybridization combined to next gen-
eration sequencing (Illumina technology) as described
before,'®> with minor modifications. Libraries enriched in
Tn containing bacterial fragments were sequenced on an
[Mlumina HiSeq (Paired-End sequencing 250+250 bases).
The Ilumina sequencing reads were filtered on phred30
quality and 150 bp length using the fastx toolkit.”® Reads
that contained the Tn inverted terminal repeat (ITR)
sequence were identified in the raw fasta files of the Tn-seq
results and trimmed of the Tn sequence via the cutadapt
tool.”” Reads shorter than 15 bp were removed. Tn con-
taining reads were processed using the ESSENTIALS soft-
ware with default settings as described before.'>*’
Processed sequence reads of Tn-seq libraries, typically
50 bp in length, were mapped on the genome of N. menin-
gitidis 72491.>> Transposon containing reads in the control
and target samples were tested for significant differences
(adjusted p-value < 0.05) by the Cox-Reid paired test
implemented in EdgeR™® assuming moderated tagwise
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dispersion of replicates. The prior n value to determine the
amount of smoothing of tagwise dispersions was set at 5.
Gene essentiality in the input libraries was determined
by taking the log, of the measured number of transposon
containing reads per gene divided by the expected num-
ber of transposon containing reads per gene (based on
the number of possible TIS per gene, the mutant library
size, and the sequencing depth) as determined by the
TMM normalization (see Table S1-B). Determination of
the log,FC for identification of genes with a fitness change
in any of the four tested conditions (4h Graft; 18h Graft;
4h Blood NG mice; 18h Blood NG mice) was calculated
as the binary logarithm of the number of reads of the tar-
get sample (output libraries harvested after selection
in vivo) divided by the number of reads of the gene within
the control sample (input libraries grown before selection)
(See Table S1-C). Reads have been submitted to Sequence
Read Archive (SRA) under accession numberPRJEB20828
(http://www.ebi.ac.uk/ena/data/view/PRJEB20828).

In vitro and in vivo competition assays

To confirm the results obtained by Tn-seq, we tested four
gene interruption mutants in competition with the parental
75463 strain for survival in the blood of Balb/C mice. We
first verified in vitro that insertion mutants had no growth
defect compared to the parental strain. Each mutant and
wild type parental strains were grown as above. For both in
vitro and in vivo experiments, mutants and wild type strains
were mixed in a 1:10 ratio. For in vitro assays, bacterial
counts were performed at the set of competition and 6 hrs
after a mixed culture in GC liquid medium containing Kel-
logg’s supplements. For in vivo assays, Balb/C mice were
infected IV with a mix of 1.10” CFU of the wt Z5463 strain
and 1.10° CFU of the mutant strain. Bacterial counts were
performed at the set of competition and at 4 hrs and 18 hrs
post-infection. Bacterial counts were determined by plating
in parallel serial dilutions of the samples onto GC agar plates
with or without 200 ptg/ml of kanamycin for both in vitro
and in vivo experiments. Results were expressed in CFU/ml
The competition index (CI) was calculated as the mutant/wt
ratio in the output divided by the initial mutant/wt ratio. The
data from at least five independent experiments were exam-
ined for 1% significance using a two-tailed Student’s t-test.

Immunofluorescence microscopy

After infection, human skin grafts were removed and
fixed in paraformaldehyde-lysine-periodate for 24 hrs at
4°C, dehydrated in successive sucrose gradient solutions
(10%, 20%, 30% prepared in phosphate buffer 0.1 M) for
2 hrs at 4°C each, and embedded in OCT before being
snap frozen on liquid nitrogen. Seven pm sections of the
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dermis were immobilized on Superfrost plus microscope
slides and analyzed via immunofluorescence. Sections
were incubated with the following primary antibodies for
1 h in PBS/BSA 0.1%: monoclonal anti-human collagen
IV (1/100) and a rabbit polyclonal serum against the N.
memingitidis 2C4.3 strain (1/1000). Alexa Fluor-conju-
gated secondary antibodies (1/300) for 2 hrs. After addi-
tional washing, coverslips were mounted in mowiol
(Sigma) and processed for image acquisition with an epi-
fluorescence Axio Observer.Zlmicroscope (Zeiss, Ger-
many). Images were processed using the Image] software.

Web tools used for analysis

Metabolic pathways and subsystems for N. meningitidis
strain Z2491 were obtained from the Kyoto Encyclopedia
of Genes and Genomes orthology (http://www.genome.
jp/kegg/). Amino acid sequences of hypothetical proteins
were scanned against the Conserved Domain Database
(cdd v3.15, E-Value cut-off: 0.01) using the NCBI's CD-
Search tool.”
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