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Meningococcal septic shock is associated with profound vasoplegia, early and severe myocardial dysfunction, and extended skin
necrosis responsible for a specific clinical entity designated purpura fulminans (PF). PF represents 90% of fatal meningococcal
infections. One characteristic of meningococcal PF is the myocardial dysfunction that occurs in the early phase of sepsis. Fur-
thermore, hemodynamic studies have shown that the prognosis of meningococcal sepsis is directly related to the degree of im-
pairment of cardiac contractility during the initial phase of the disease. To gain insight into a potential interaction of Neisseria
meningitidis with the myocardial microvasculature, we modified a previously described humanized mouse model by grafting
human myocardial tissue to SCID mice. We then infected the grafted mice with N. meningitides. Using the humanized SCID
mouse model, we demonstrated that N. meningitidis targets the human myocardial tissue vasculature, leading to the formation
of blood thrombi, infectious vasculitis, and vascular leakage. These results suggest a novel mechanism of myocardial injury in
the course of severe N. meningitidis sepsis that is likely to participate in primary myocardial dysfunction.

eisseria meningitidis is a human pathogen responsible for

life-threatening infections such as septic shock and men-
ingitis, mainly in children and young adults (1). Meningococ-
cal septic shock is associated with profound vasoplegia, early
and severe myocardial dysfunction, and extended skin necrosis
responsible for a specific clinical entity designated purpura ful-
minans (PF). PF represents 90% of fatal cases of severe menin-
gococcal infection (2).

Approximately 60% of patients admitted to intensive care
units for severe sepsis or septic shock present a clinical picture of
cardiac dysfunction responsible for a mortality rate ranging from
70 to 90%. On the other hand, mortality is 20% in septic patients
without cardiovascular involvement (3, 4). A specificity of menin-
gococcal PF is the myocardial dysfunction that occurs in the early
phase of the sepsis and is often present from the start (5, 6). In
contrast, myocardial dysfunction appears during the late phase of
sepsis with septic shock caused by other Gram-negative infections.
Furthermore, hemodynamic studies have shown that the progno-
sis of meningococcal sepsis is directly related to the degree of im-
pairment of cardiac contractility during the initial phase of the
disease (7, 8).

N. meningitidis interacts with endothelial cells of the microvas-
culature throughout the body (9, 10). N. meningitidis forms mi-
crocolonies on the apical surface of endothelial cells and manipu-
lates cell signaling pathways to disrupt cellular and endothelial
tissue architectures; the bacteria eventually cross the vascular en-
dothelium and colonize the surrounding tissue or the adjacent
organ (10-12). A direct interaction of N. meningitidis with the
myocardial tissue and vasculature has not been demonstrated but
is strongly suspected. Indeed, postmortem examination showed
the presence of meningococci in the myocardial tissue associated
with histological features of myocarditis (13). To gain insight into
a potential interaction of N. meningitidis with the myocardial mi-
crovasculature, we modified a previously described humanized
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mouse model by grafting human myocardial tissue to SCID mice
(14). Using this humanized SCID mouse model, we demonstrated
that N. meningitidis targets the human myocardial tissue vascula-
ture, leading to the formation of blood thrombi, infectious vasc-
ulitis, and vascular leakage. These results suggest a novel mecha-
nism of myocardial tissue injury in the course of severe N.
meningitidis sepsis that is likely to participate in primary myocar-
dial dysfunction.

MATERIALS AND METHODS

Bacterial strains. We used the serogroup C meningococcal strain desig-
nated 2C4.3 and a nonpiliated isogenic derivative (N. meningitidis ApilE)
that was constructed by inserting a kanamycin resistance cassette in the
pilE genelocus (15). The N. meningitidis strain 2C4.3, also known as clone
12 of the clinical N. meningitidis strain LNP8013, is a naturally occurring
pilin antigenic variant of the original clinical isolate LNP8013, which ex-
presses a pilin variant responsible for a high adhesive phenotype. N. men-
ingitidis strains were stored frozen at —80°C in Giolitti-Cantoni broth
(GCB) supplemented with 20% glycerol.

Mice. Six-week-old CB17/Icr-Prkdcscid/IcrIcoCrl SCID female mice
were purchased from Charles River Laboratories (Saint Germain sur
I’Arbresle, France). Experimental procedures were performed under ster-
ile conditions and in accordance with the guidelines of the Institut Na-
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tional de la Santé et de la Recherche Médicale (INSERM). The experimen-
tal protocol was approved by the Animal Experimentation Ethics
Committee of the Université Paris Descartes (study registered under
number 00309.0.02).

Graft protocol. We used the experimental model described by Yan et
al. (14) that was initially designed to study the expression and role of
endothelial cell adhesion molecules for white blood cell migration. Myo-
cardial tissues were obtained from pediatric patients undergoing cardiac
surgery with myomectomy for left ventricular outflow tract obstruction in
the Centre Chirurgical Marie Lannelongue (Clamard, France). In accor-
dance with French legislation, human myocardial samples were obtained
from patients on whose behalf legal tutors gave informed consent for
participation in the study. The myocardial tissue was maintained on ice-
cold cardioplegia medium (Custodiol HTK; Franz Koéhler Chemie
GmbH). Myocardial tissues were grafted under skin on the backs of SCID
mice (16). Briefly, mice were prepared for transplantation by shaving the
hair of the back and abdominal areas after an intraperitoneal (i.p.) injec-
tion of ketamine 100 mg/kg and xylazine 10 mg/kg using a pair of sponge
forceps. Human myocardial tissue was placed onto the wound bed. The
transplants were held in place with up to 6 nonabsorbable monofilament
sutures, and the skin was then sutured above the transplant. Grafted mice
were used for N. meningitidis infection experiments 15 days after human
myocardial tissue transplantation.

Infection protocol and bacterial counts. In vivo, iron-binding pro-
teins such as transferrin and lactoferrin restrict the amount of ferric iron
available in body fluids to a level that does not support meningococcal
growth (17). To counteract these iron-deficient conditions, N. meningiti-
dis has several iron acquisition systems, such as transferrin binding pro-
teins A and B that are expressed when bacteria are grown under iron-
deficient conditions (18). These receptors are specific to human
transferrin; therefore, bacterial strains were grown under iron-deficient
conditions before each infectious challenge, and human holotransferrin
was added to the bacterial inoculum to optimize bacterial growth in vivo
(19, 20). N. meningitidis strains were grown overnight at 37°C on GCB
agar plates prepared without iron and supplemented with deferoxamine
(Desferal; Novartis) at a final concentration of 15 uM. Kanamycin (100
pg/ml) was added to the medium to grow the kanamycin-resistant ApilE
strain. Bacterial colonies were harvested and cultured in RPMI medium
with 1% bovine serum albumin (BSA) and 0.06 uM deferoxamine with
gentle agitation to reach the exponential growth phase. Bacteria were then
concentrated by centrifugation and resuspended in physiological saline
containing 20 mg/ml of human holotransferrin to promote bacterial
growth in vivo (2914HT; R&D Systems) (18). Preliminary experiments
showed that the inoculum necessary to obtain a sustained bacteremia by
intravenous injection of bacteria was 100-fold-higher than that needed by
the intraperitoneal route (data not shown). Mice were infected intraperi-
toneally with 0.5 ml of this bacterial suspension. To assess bacteremia in
infected animals, 10 wl of blood was sampled using a heparinized hemat-
ocrit glass tube either after puncture of the lateral tail vein or at the time of
death by intracardiac puncture after intraperitoneal injection of a lethal
dose of ketamine and xylazine.

Bacterial counts were performed by plating serial dilutions of blood or
of myocardial tissue graft homogenates on GCB agar plates. Results are
expressed as the number of CFU per milliliter of blood.

Histology and immunofluorescence. Mice were killed 24 h after in-
fection. Mouse myocardial tissue grafts and mouse heart were removed,
fixed in 10% buffered formalin, and embedded in paraffin. Hematoxylin,
eosin, and safranin staining and immunofluorescence labeling were per-
formed on 5-pm tissue sections using a Leica Bond-Max automated sys-
tem (Leica Microsystems, Wetzlar, Germany). Tissues were fixed over-
night in phosphate-buffered saline (PBS)—4% paraformaldehyde (PFA).
Cells were incubated with primary antibodies at the recommended con-
centration in PBS containing 0.3% BSA for 1 h. After cells were washed
three times in the same buffer, Alexa-conjugated phalloidin and 4',6'-
diamidino-2-phenylindole ([DAPI] 0.5 jng/ml) were added to Alexa-con-
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FIG 1 (A) Viability of the myocardial tissue xenograft, macroscopic aspect.
(B) Viability of the myocardial tissue xenograft, microscopic aspect. Eosin-
hematoxylin staining of the control graft shows normal myocardial muscular
cells and normal myocardial muscle architecture. Graft vessels of human ori-
gin are perfused by red cells of mouse origin.

jugated secondary antibodies for 1 h. After additional washings, coverslips
were mounted in Mowiol.

For fluorescence microscopy polyclonal anti-PilE antiserum was used.
Anti-rabbit Alexa 56 was used as a secondary antibody. All samples were
mounted in Vectashield mounting reagent (Vector Laboratories, Eurobio
ABCys, France).

Image acquisition was performed on a structured illumination micro-
scope (Apotome 2; Zeiss) with a 63X (numerical aperture [NA], 1.4) oil
objective. Images were collected using Zen 2012 (Zeiss) software. Figures
were created using Fiji (version 1.43) software and the Figure] (version 1.)
plug-in. Final figures were created in Photoshop (Adobe, USA).

RESULTS

Human myocardial tissue xenograft in SCID mice is revascular-
ized by mouse vessels. N. meningitidis does not interact with non-
human cells. In order to study the consequences of a potential
interaction between N. meningitidis and myocardial microvascu-
lature, we modified a previously described humanized mouse
model by grafting human myocardial tissue to SCID mice. Hu-
man myocardial tissues were obtained from pediatric patients un-
dergoing cardiac surgery with myomectomy for left ventricular
outflow tract obstruction, and tissues were grafted less than 2 h
after surgical removal. Our first goal was to assess whether the
vascularization of human myocardial tissues connects with that of
the mouse as in the case for human skin grafts. As shown in Fig.
1A, the macroscopic aspect of the graft at day 14 was satisfactory,
showing well-vascularized tissue. Histological microscopic analy-
sis of the graft showed normal vascularization with healthy cardi-
omyocytes surrounding the vessels. The architecture of cardiac
cells and cardiac tissue was preserved, and there was no evidence
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FIG 2 (A) Control graft of the noninfected animal showing a normal vessel of
human origin in the graft tissue with circulating red blood cells of mouse origin
in its lumen. (B) Graft vessel from an infected animal with a central infectious
clot occupying the entire lumen of the vessel and a large amount of bacteria
localized inside the clot and on the vessel’s internal surface.

of inflammatory cell infiltrates in the graft tissue (Fig. 1B). The
vessels present in the graft are all microvessels with a diameter of
less than 300 pwm, and all of them presented the structure of a vein
or a capillary with thin vascular walls without a layer of smooth
muscle cells. We conclude that human myocardial tissues xeno-
transplanted into SCID mice are efficiently revascularized and
that the tissue displays characteristics of human myocardial tissue.

Neisseria meningitidis colonizes the myocardium venous
and capillary microvessels. Grafted mice were subsequently in-
fected using 10° CFU i.p. as this inoculum produced reproducibly
high and sustained bacteremia in infected animals. Twenty-four
hours after infection, animals were sacrificed. At this time, the
explanted grafts were colored and well perfused, with the aspect of
healthy tissue.

Human myocardial tissue grafts were sampled and analyzed.
All the vessels were colonized by N. meningitidis, while extracellu-
lar bacteria adhering to the intraluminal surface of endothelial
cells involved in microcirculation in myocardial tissue were seen
in all human myocardial tissue grafts sampled from infected ani-
mals (3/3 myocardial tissue grafts obtained from three different
experiments) (Fig. 2; see also Fig. 4 and 5). All the colonized vessels
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FIG 3 Arrow 1 is in the human graft showing a human vessel infiltrated by
polynuclear cells and a total loss of the vessel architecture; arrow 2 is in sur-
rounding mouse tissue showing a mouse vessel of normal aspect, emphasizing
the human specificity of N. meningitidis infection and vasculitis.

were capillaries or venules with thin walls. N. meningitidis was
dispersed as a layer of several strata of bacteria uniformly distrib-
uted on the inner face of the vessel. Bacteria underlined the entire
endoluminal surface of vessels or in some circumstances com-
pletely occluded the vascular lumen (Fig. 2A and B).

It should be pointed out that hematoxylin, eosin, and safranin
staining of sections containing both human myocardial tissue
grafts and subcutaneous mouse paniculus carnosus demonstrated
that N. meningitidis interacted specifically with human graft ves-
sels (Fig. 3). Furthermore, hearts of infected animals were sampled
at the same time as the grafts and prepared according to the same
protocol and did not show any vascular colonization by N. men-
ingitidis, as expected (data not shown). Altogether these data dem-
onstrated a specific interaction of N. meningitidis with the human
myocardial vessels.

N. meningitidis myocardium vascular colonization induced
intravascular thrombosis and vascular endothelial destruction
as well as vasculitis. Two different types of vascular lesions were
observed in the myocardial tissue xenograft. The most frequent
type of vascular lesions (type I) were vessel occlusions by infec-
tious clots (75% on a count of 100 vessels), which was mainly
observed in vessels having an average diameter of 20 pm. These
clots are composed of the aggregation of fibrin, blood cells, and
bacteria (Fig. 2). Only a few vessels of the graft did not present any
histological lesion (8% on a count of 100 vessels). These septic
clots had a very peculiar organization. The red blood cells and
fibrin clots were central to the vessels’ lumens and were sur-
rounded by a layer of bacteria adhering to the vascular endothe-
lium (Fig. 4). The clots’ structural organization suggests that the
clot formation followed a centripetal process from the endothe-
lium to the center of the vessel. This organization suggests that the
bacterial interaction with the endothelium triggered the clotting
process leading to the blood clot formation.

A second type of vascular lesion (type II) was observed less
frequently (17% on a count of 100 vessels) and was characterized
by smaller vessels with an average size of 15 pm (count of 100
vessels). These lesions corresponded to vasculitis with massive in-
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FIG 4 (A) A vessel occluded by a septic thrombus composed of meningococcus and a clot of fibrin and platelets. Arrow 1 indicates the central clot mainly
composed of red cells; arrow 2 indicates the ring of meningococci surrounding the clot; arrow 3 indicates meningococci outside the vascular lumen. (B) A vessel
occluded by a septic thrombus composed of meningococcus and a clot of fibrin and platelets with vascular lumen filed by the meningococci. Arrow 1 indicates
the central clot mainly composed of red cells; arrow 2 indicates the ring of meningococci surrounding the clot; arrow 3 indicates a rupture in the vascular
endothelium, with red cells and bacteria passing in the surrounding tissue. (C) Multiple-field (4- by 2-field) reconstruction from Apotome 2 images. Scale bar,
20 pm. Images are as follows: upper left, tissue imaging using transmitted light; upper right, circling of the blood vessels; lower left, DAPI (blue) and 2C43
antibody (red) staining, with white arrows indicating the presence of N. meningitidis in the surrounding tissue; lower right, magnification of the boxed section
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in the lower left image with a central clot circled by a ring of N. meningitidis bacteria.

filtration by polymorphonuclear cells (PMN), with destruction of
the vascular wall and disappearance of the vascular lumen (Fig. 5A
and B). Unlike what was seen in the type I lesions, few bacteria or
bacterial clots are visible in these lesions. This loss of vascular wall
integrity results in vascular leakage, leading to red cells infiltrating
the perivascular space (Fig. 4B). It should be pointed out that in
only 8% of the vessels were no lesions observed.

In many instances, but especially in type II lesions, N. menin-
gitidis was found outside the vascular lumen and in the myocardial
tissue surrounding the vessels, accompanied by red blood cells,
which indicated an endothelial rupture (Fig. 4A and B). These

N

TRTIY A
¥ ’lu!‘\:‘

ade

images shown in Fig. 4 resemble those described in purpuric skin
lesions that are characteristic of the meningococcal purpura ful-
minans (9). Moreover, some bacteria were localized between the
vessels and most frequently in close proximity to polymorphonu-
clear cells (Fig. 4C and 5B). The colonization of the surrounding
tissues by N. meningitidis is clearly visible adjacent to the vessels
(Fig. 4C and 5B).

N. meningitidis adhesion to endothelial cells of the coronary
microvascularization and infectious vasculitis require type IV
pilus. Type IV pili have a central role in meningococcal pathogen-
esis (15). In vitro and in vivo meningococcal adhesion to human

FIG 5 (A) Massive infiltration of two vessels by polynuclear cells that results in the loss of their architecture and the surrounding tissue. (B) Multiple-field (4-
by 2-field) reconstruction from Apotome 2 images. Scale bar, 20 pm. Images are as follows: upper left, tile scan tissue imaging using transmitted light; upper right,
circling of the blood vessels; lower left, DAPI (blue) and 2C43 antibody (red) staining; lower right, magnification of the boxed area in the lower left image with
a massive infiltration of the vessel by PMN. White arrows indicate N. meningitidis bacteria present in the surrounding tissue.
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FIG 6 In the micrographs on the left, the upper panel is an image of a control graft with no infection, the central panel is an image of a graft infected with an
isogenic mutant (N. meningitidis ApilE) and showing normal graft vessels and no inflammatory cells, and the lower panel is an image of a graft infected with
wild-type strain 2C4.3 and showing N. meningitidis underlining the vascular endothelium (black arrow). The data in graph A indicate similar levels of bacteremia
in mice at 1 (H1) and 6 (H6) hours after infection with the wild-type 2C4.3 N. meningitidis strain or with the ApilE derivative of 2C4.3 (NS, not significant; two
mice per group). The data in graph B show that the bacterial load of the myocardial graft was lower in mice infected with the nonpiliated strain 24 h after infection

(one sample of myocardial tissue analyzed for both conditions).

endothelial cells has been shown to require type IV pili. We sub-
sequently tested the ability of a capsulated nonpiliated derivative
of N. meningitidis 2C4.3 (ApilE strain) to target the human myo-
cardial tissue graft vasculature. As shown in Fig. 6, the nonpiliated
strain failed to target the human myocardial tissue graft, as dem-
onstrated by the absence of bacteria sticking to the vessel endothe-
lium. In addition, no thrombosis or vascular lesions were ob-
served in the graft microvasculature when grafts were infected by
the nonpiliated strain, thus demonstrating that the histologic le-
sions observed in the vasculature of grafts infected with wild-type
N. meningitidis are type IV pilus dependent.

DISCUSSION

The model allowed, for the first time, an analysis of the intimate
relations between N. meningitidis, coronary microcirculation, and
myocardial tissue in vivo. Our results showed that N. meningitidis
adhered to myocardial microvessel walls and induced septic vasc-
ulitis of the coronary microcirculation. Moreover, N. meningitidis
induced septic thrombosis of the microvessels, followed by de-
struction of the vascular endothelium. The damage observed re-
sembled that observed in the skin of patients with meningococce-
mia. Vascular lesions were similar to those described in patients’
purpuric skin lesions specific to purpura fulminans, including
thrombosis of vessels, perivascular infiltrates, and vascular leakage
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(Fig. 4) (10). Inflammatory cells, including mononuclear cells and
neutrophils, surrounded capillaries located in the superficial and
middermis and infiltrated their walls (Fig. 2A and B). A mutant of
N. meningitidis, defective for the pilin PilE, did not cause any
vasculitis, demonstrating that type IV pilin is required for vascu-
litis.

Our results give experimental evidence that a direct interaction
between N. meningitidis and the heart takes place. To our knowl-
edge, this represents the first report of myocardial tissue coloniza-
tion by bacteria. Moreover, our findings corroborate the observa-
tions made by Monsalve et al. obtained from postmortem
examination of three patients suffering from meningococcemia
that showed the presence of myocarditis associated with the pres-
ence of Gram-negative diplococci (13). From this study it was
hypothesized that N. meningitidis colonizes the myocardial tissue
and induces tissue inflammation. Considering our results, it is
likely that the mechanism of this colonization is an infectious
vasculitis of the coronary microvascularization. Destruction of the
vascular endothelium allowed N. meningitidis to enter the myo-
cardial tissue, generating neutrophil inflow and subsequent local
inflammation.

Diverse mechanisms underlying septic myocardial depression
have been described previously (21, 22). Sepsis-induced cardio-
myopathy appears to be an excessive physiological adaptation of
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the heart function to the sepsis and not a myocardial tissue injury.
Indeed, clinical studies have shown a specific hemodynamic pro-
file of the sepsis-induced cardiac depression, i.e., a transient and
global defect of the heart function, sometimes profound, followed
by full recovery (23). It was shown that myocardial ischemia and
necrosis are not the mechanisms of myocardial septic dysfunction,
the main hypothesis being a massive signaling to the heart muscle.
This signaling would be responsible for hibernation-like condi-
tions where the myocardial muscle downregulates its function in
order to reduce energy expenditure, thus preventing activation of
cardiomyocyte cell death pathways (22, 24). Endotoxins, Toll-like
receptors (TLR), and cytokines mediate this signaling. Cytokines
are produced and liberated from activated immune cells after con-
tact with bacterial compounds. The signaling is systemic, via cy-
tokines, as well as local, via TLR4 activation, leading to myocardial
septic dysfunction (22, 24). TLR4 must be present on macrophage
and neutrophils to cause myocyte dysfunction during endotox-
emia (25, 26). Interleukin-6 has been shown to have an important
role in myocardial depressant activity in children with meningo-
coccal septic shock (6). Our results, showing a massive presence of
N. meningitidis in the coronary microvascularization as well as in
myocardial tissue, suggest that N. meningitidis septicemia may be
associated with strong local signaling. Massive stimulation of the
TLRs by N. meningitidis, emphasized by the local septic thrombi
and increased concentration of N. meningitidis lipopolysaccharide
(LPS) analog due to endothelium adherence of the bacteria, could
generate such antigenic stimulation, resulting in strong innate im-
mune signaling and myocardial dysfunction. Polynuclear infiltra-
tion of the myocardial muscle has been demonstrated to be of
critical importance in the TLR4-mediated contractile dysfunction
induced by sepsis (26, 27). Polynuclear infiltration is present in
almost 20% of the vessels analyzed in our model and may also
participate in myocardial dysfunction. This model will help pro-
vide a better understanding of the septic myocardial depression
induced by N. meningitidis, but mouse and human differences in
complement, binding receptors, and signaling receptors would
probably limit its exploitation at the molecular level.

In the case of severe meningococcal infection, our results
showed vascular damage of the coronary microcirculation, pres-
ence of massive amount of LPS, and infiltration of polymorpho-
nuclear cells and bacteria in the myocardial tissue. Indeed, the
histological lesions of the coronary microcirculation observed in
our model mimic the lesions observed at the skin level in purpura
fulminans. The results of our ex vivo experiments suggest that this
damage participates in the specificity of the N. meningitidis-asso-
ciated sepsis-induced cardiomyopathy that takes place early in the
course of the disease and is usually severe. The exact nature of the
signaling and its consequences would need further investigation,
but the trigger of the vascular damage appears to be linked to the
presence of type IV pili. Indeed, the role of type IV pili in the
disorganization of the cell-cell junctions and in the opening of a
paracellular route in brain capillaries has already been shown to
allow N. meningitidis to cross the blood-brain barrier and invade
the meninges and in the skin capillaries to induce the skin lesions
typical of the disease (Fig. 6) (10, 12). All together, these results
may explain the early and profound septic cardiac dysfunction
associated with N. meningitidis septic shock.

Conclusion. We describe for the first time a model of human
cardiac muscle tissue xenograft in SCID mice providing a new tool
to study intimate interaction of human pathogens with the human
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heart. Our work demonstrates the tropism of N. meningitidis for
human coronary microcirculation in vivo and its pilus-mediated
specificity. This interaction with human coronary microcircula-
tion may play a role in the profound and early cardiac dysfunction
that classically goes with severe meningococcal sepsis. Our model
will allow a better understanding of the pathogenesis of septic
heart dysfunction and will open the path to specific treatments of
this major complication of severe meningococcal sepsis.
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