Neurobiology

American Journal of Pathology, Vol. 166, No. 1, January 2005
Copyright © American Society for Investigative Pathology

ABCA1 Gene Deletion Protects against Cerebral

Malaria

Potential Pathogenic Role of Microparticles in Neuropathology

Valéry Combes,* Nicolas Coltel,* Mélanie Alibert,
Miranda van Eck,* Cécile Raymond,’

Iréne Juhan-Vague,§ Georges Emile Grau,* and
Giovanna Chiminit

From the Laboratory of Immunopathology,* the Centre
d’Immunologie de Marseille Luminy," INSERM/Centre National de
la Recherche Scientifique/Université de la Méditerranée, and the
Haematology Laboratories,’ Faculty of Medicine, IFR4S, Marseille,
France; and the Division of Biopharmaceutics,*
Leiden/Amsterdam Center for Drug Research, Gorlaeus
Laboratories, Leiden University, The Netherlands

The ATP-binding cassette transporter A1l (ABCA1)
modulates the transbilayer distribution of phosphati-
dylserine at the outer leaflet of the plasma membrane.
This external exposure of phosphatidylserine is a
hallmark of microparticle production and is impaired
in ABCA1~/~ mice. In this study, we report about the
complete resistance to cerebral malaria of these mice.
On analysis of histological and systemic parameters
we evidenced an impairment of cellular responses to
Plasmodium berghei ANKA infection in ABCA1~/~
mice, as shown by lower plasma tumor necrosis fac-
tor levels, a weaker up-regulation of endothelial ad-
hesion molecules in brain microvessels, a reduced
leukocyte sequestration, as well as an ablated platelet
accumulation. Besides, the number and the procoagu-
lant activity of microparticles were dramatically re-
duced in the plasma of ABCA1~/~ compared to
ABCA1*/* mice. Moreover, microparticles derived
from Plasmodium berghei ANKA-infected ABCA1*/™
mice induced a significant increase of tumor necrosis
factor release by noninfected macrophages. In
ABCA1~’~ mice platelet and macrophage responses to
vesiculation agonists were ablated and reduced, re-
spectively. Altogether, by pointing out the ABCA1
transporter as a major element controlling cerebral
malaria susceptibility, these data provide a novel in-
sight into its pathophysiological mechanisms and are
consistent with a pathogenic role of microparticles in

this neurological syndrome. (Am J Patbol 2005,
166:295-302)

The ATP-binding cassette transporter A1 (ABCA1), con-
trols the initial steps of reverse cholesterol transport, ie,
the release of cellular phospholipids to lipid-free apoli-
poproteins. The targeted deletion of the ABCA1 locus in
mouse is an experimental model for the human Tangier
dyslipidemia, a naturally occurring loss of function in
man,’ characterized by low to absent plasma high-den-
sity lipoprotein (HDL) levels and increased deposition of
cholesteryl esters in several tissues.? From a molecular
standpoint the ABCA1-dependent control of cellular lipid
effluxes is a consequence of the intrinsic flippase activity
of the ABCA1 transporter that modulates the transbilayer
distribution of phosphatidylserine (PS) at the plasma
membrane.® Indeed, compared to ABCA1 wild-type mice
(ABCA1 WT), red blood cells from ABCA1 knockout mice
(ABCA1 KO) expose reduced amount of PS after stimu-
lation with A23187, as assessed by prothrombinase ac-
tivity and microparticle (MP) production.”

MPs are submicron membrane elements, mainly ex-
pressing PS at their surface, as well as surface antigens
from their cell of origin.* Originating from physiological
processes, MPs are found in the circulation of healthy
subjects,®” but their numbers can be increased in vari-
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ous pathological conditions such as thrombotic*>® or
infectious diseases.” '3 These MPs derive from acti-
vated blood cells and may carry at their surface proco-
agulant”'® and proadhesive properties,’* suggesting
that they could be implicated in the pathogenesis of
these diseases. Such a role has indeed been recently
demonstrated in mice in which the involvement of proco-
agulant MPs in the development and growth of thrombi
was assessed in vivo.'® In addition in the experimental
model of mouse malarial infection, a correlation between
thrombocytopenia, increased numbers of platelet-de-
rived MPs, and expression of cerebral complications has
been reported.'®

The syndrome of cerebral malaria (CM), the major fatal
complication of plasmodium infection, invariably occurs,
in susceptible mice strains, at day 7 after infection with
Plasmodium berghei ANKA (PbA) and is unrelated to par-
asite counts in the blood."” The fatal outcome is generally
attributed to the sequestration of activated blood cells
(notably monocytes/macrophages, parasitized erythro-
cytes, and platelets) in cerebral vessels consequent to
immune responses in the host.'® However, the patho-
genic mechanisms underlying the occurrence of cerebral
lesions are still incompletely understood. Along this line
of thought and in particular considering the suggestion of
a causal relationship between MPs and the clinical se-
verity of malaria, we set out to investigate whether a
reduction of cellular ability to vesiculate, as that evi-
denced in the absence of the ABCA1 transporter, had
any effect on the course of experimental malarial infection
in mice.

In this study we provide evidence that the sole ab-
sence of ABCA1 gene converts the susceptibility of the
DBA/1 strain of mice to complete resistance to CM. This
is accompanied by a lower reactivity of cells within the
brain vessels and a reduced cellular vesiculation, as
assessed both in vivo, by lower levels of plasma MPs
during malarial infection, and in vitro on restimulation of
platelets and macrophages. These findings are thus con-
sistent with a pathogenic role of MPs in the development
of cerebral complications.

Materials and Methods
Mice

ABCA1 WT (ABCA1%/*) and ABCA1 KO (ABCA1~/")
DBA/1 mice (12 to 14 weeks old) were generated in our
laboratory as previously described.” Apo-Al~/~ mice
(Apoal'™¥ney in C57BL/6J background'® and C57BL/6J
control strain mice were purchased from Jackson Labo-
ratories (Bar Harbor, ME). All mice were maintained un-
der pathogen-free conditions in our facilities. Mice were
infected by intraperitoneal injection of 10° pRBC. Blood
was collected from the tail for determination of para-
sitemia, or from retro-orbital puncture under anesthesia
for study of hematological parameters. On the onset of
the neurological phase, ie, days 7 to 11, after anesthesia,
brains were sampled, included in Tissue-Tek (Leica Mi-

crosystemes, Rueil-Malmaison, France), snap-frozen in
liquid nitrogen, and then stored at —80°C.

Immunohistochemistry

For immunostaining, 7-um frozen sections were incu-
bated overnight at 4°C with primary monoclonal antibod-
ies directed against murine ICAM-1 (3E2), VCAM-1(429),
CD40 (3/23), LFA-1(M17/4) (Pharmingen, San Diego,
CA), and CD41 (MWReg30)° after saturation with normal
rabbit serum. After washing, sections were incubated for
1 hour at room temperature with biotinylated goat poly-
clonal antibodies anti-rat or anti-hamster IgG, followed by
the addition of HRPO-avidin (anti-rat or anti-hamster ABC
kits; Vector, Peterborough, England). Color reaction was
obtained by the addition of diaminobenzidine substrate-
chromogen (Sigma, Saint-Quentin Fallavier, France).
Slides were counterstained with Mayer’s hematoxylin be-
fore permanent mounting with Entellan (Merck, Brussels,
Belgium). Slides were pictured at X400 magnification
using an Eclipse 800 microscope (Nikon, Champigny-
sur-Marne, France) and a digital camera; vessel labeling
was then analyzed by quantitative digitalized image anal-
ysis using Lucia software (Nikon). At least 10 brains were
sampled per group and computerized image analysis
was performed on an average of 10 microphotographs
per mouse.

Tumor Necrosis Factor (TNF) Assay

On the same samples, diluted 1:2 in the recommended
buffer, TNF levels were measured using the Quantikine
ELISA kit (R&D Systems, Lille, France). Macrophage cell
culture supernatants were diluted similarly.

HDL Analysis

Lipid analysis was performed as described.?’ Briefly,
serum concentrations of cholesterol were determined us-
ing enzymatic colorimetric assays (Roche Diagnostics,
Mannheim, Germany). The distribution of cholesterol over
the different lipoproteins in serum was analyzed by frac-
tionation of 30 ul of serum of each mouse using a Super-
ose 6 column (3.2 X 30 mm, Smartsystem; Pharmacia,
Uppsala, Sweden). Total cholesterol content of the efflu-
ent was determined using enzymatic colorimetric assays
(Roche Diagnostics), taking the efficiency of recovery
from the column into account.

MP Analysis

Blood samples were collected on 200 wl of 0.129 mol/L
sodium citrate. Platelet-free plasma was prepared as
previously described.® Briefly, samples were spun down
at 1500 X g for 15 minutes, followed by a 2-minute
centrifugation at 13,000 X g, were then labeled with
fluorescein isothiocyanate (FITC)-annexin V (Beckman
Coulter Immunotech, Marseille, France) for 15 minutes at
room temperature, and then diluted in 500 ul of binding



buffer. Samples were then analyzed using an Epics XL
flow cytometer (Beckman Coulter, Villepinte, France).

Platelet-free plasma from either uninfected or PbA-
infected ABCA1~/~ and ABCA1*/* was incubated with
specific monoclonal antibodies directed against endo-
thelium («,B3, CD51; Becton Dickinson Pharmingen),
monocytes (CD14, Becton Dickinson Pharmingen), and
platelets (GPllbllla, CD41), followed by a FITC-F(ab)’,-
goat anti-rat secondary antibody. After addition of phos-
phate-buffered saline (PBS), samples were analyzed by
flow cytometry and the percentages of each cell-derived
MPs were determined.

Procoagulant Activity of MPs

Plasma from PbA-infected mice on day 8 after infection
were prepared as described above (ABCA1™™ n = 14;
ABCA1~/~, n = 10) and centrifuged twice at 20,000 X g
for 1 hour. After each step, MP pellet was resuspended in
PBS. Pellets from centrifugation 1 and 2 were pooled. The
total MP number present in each pellet was quantified by
FITC-annexinV labeling. Numbers of MPs of each sample
were adjusted, by dilution with Owren-Koller buffer (Di-
agnostica Stago, France), to the lowest number obtained.
Procoagulant activity of MPs was quantified as the reduc-
tion of Howell clotting time of a normal mouse plasma
pool (N plasma) using a modified method published by
Combes and colleagues.® Briefly, 75 ul of N plasma were
mixed, in a glass tube containing a magnet, with 37.5 ul
of Owren-Koller buffer (control) or 37.5 ul of MP suspen-
sion (assay). Clotting reaction was initiated by the addi-
tion of 37.5 ul of 100 mmol/L CaCl,. The reaction was
performed in a water bath under stirring at 37°C and the
time for the clot to form was recorded. Procoagulant
activity was expressed as the percentage of reduction of
the control clotting time: (1-ratio assay/control) X 100.

Proinflammatory Potential of MPs

MP pellet were prepared as above, resuspended in Dul-
becco’s modified Eagle’s medium-F12, and counted by
flow cytometry using FITC-annexin V labeling. Nonin-
fected mouse peritoneal exudate cells (100,000 macro-
phages/well) were seeded overnight in RPMI 10%-fetal
calf serum medium at 37°C. Adherent cells were washed
and co-cultured in 96-well flat-bottomed culture plates
with either RPMI medium alone or supplemented with
lipopolysaccharide (LPS) (2 ug/ml), MPs (from infected
or noninfected ABCA1*/* mice) in a 1:7 ratio (macro-
phage:MP) for 3 hours. Plates were then centrifuged at
1000 X g for 5 minutes and supernatants were harvested
and kept frozen at —20°C until TNF assay.

Platelet Activation Assay

After blood collection from noninfected mice, platelet-rich
plasma was prepared by centrifugation at 200 X g during
15 minutes. Platelet-rich plasma was then activated 45
minutes at 37°C with either calcium ionophore (A23187, 5
wmol/L; Sigma) or ADP (10 umol/L, Sigma). After activa-
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tion, plasma was prepared by two successive centrifu-
gations at 1500 X g during 15 minutes and 13,000 X g
during 2 minutes. Plasma was then labeled with FITC-
annexin V and MPs were counted by flow cytometry.

Macrophage Activation Assay

Macrophages from noninfected mice were collected 4
days after intraperitoneal injection with 3% thioglycollate
(Invitrogen, Cergy-Pontoise, France). Thioglycollate-in-
duced macrophages were purified by peritoneal cavity
washes using ice-cold Hanks’ balanced salt solution (In-
vitrogen). Contaminating red blood cells were removed
by incubation for 10 minutes at 37°C in the dark in lysis
buffer (NH,CI, 8.26 g/L~"; NaHCO,, 1.00 g/L~", ethyl-
enediaminetetraacetic acid (4 Na) 0.037 g/L™", pH 7.3).
After washes, cells were allowed to adhere in 24-well
flat-bottom culture plates at a density of 1 x 10° cells per
well, overnight, in medium (Dulbecco’s modified Eagle’s
medium/F12 and 10% fetal calf serum, Invitrogen). Cells
were then washed and placed in serum-free medium
(Dulbecco’s modified Eagle’s medium/F12) for 2 hours.
Medium was then discarded and cells were activated
either overnight with LPS (10 ug/ml~") or for 6 hours with
A23187 (5 wmol/L, Sigma). Activation supernatant was
then removed, centrifuged 2 minutes at 13,000 X g to
pellet cells in suspension, and labeled with FITC-annexin
V before flow cytometric analysis. All these experiments
were performed three times on cells from five mice per

group.

Statistical Analysis

Survival curves (Kaplan-Meier), nonparametric Mann-
Whitney U-tests, and x° tests were performed with
GraphPad Prism 4.0 software and P < 0.05 was consid-
ered significant. Results are expressed as mean = SEM or
SD as mentioned. Linear regression was performed to com-
pare regression lines from MP procoagulant activities.

Results

ABCAT1 Gene Inactivation Fully Protects
against CM

Series of ABCA1 KO (ABCA17/7) and ABCA1 WT
(ABCA1*/") DBA/1 mice were infected by PbA and sub-
sequently monitored for the development of cerebral
signs. The ABCA1™/* mice died within the same time
frame as CM susceptible mice of C57BL/6 strain, ie,
during the second week of infection, referred to as the
“neurological” phase (Figure 1a). As expected, ABCA1
WT mice presented evident clinical signs of neurological
syndrome; these were not seen in ABCA1 KO mice,
despite identical levels of parasitemia on day 8 of infec-
tion (18% and 17%, respectively).’ In ABCA1~/~ mice,
death occurred during the third week of PbA infection in
the context of severe anemia (Figure 1a). The evaluation
of the cumulative incidence of the neurological syndrome
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Figure 1. Susceptibility to CM: relationship to circulating MP levels and to
ABCAL1 gene. a: Survival curves show that the sole absence of the ABCA1
gene (ABCA1™/~, n = 27) significantly (Kaplan-Meier, P < 0.01) prolonged
survival because of the abolition of the cerebral pathology, responsible for
deaths in the neurological phase. In contrast, the ABCA1™* mice (12 = 24),
on the same DBA/1 background were as susceptible as C57BL/6 mice. b: At
day 8 after PbA infection, plasma TNF levels were significantly lower in
ABCA1™/~ (n = 15) than in ABCA1™/" (1 = 14) mice. Results are expressed
as mean *= SEM.

revealed a complete protection in ABCA1~/~ mice,
whereas ABCA1™/* and heterozygous ABCA1*~ mice
showed an incidence of 88% and 75%, respectively.

Because TNF represents a key element in the devel-
opment of the neurological phase, the levels of this cyto-
kine were monitored after PbA infection. Immunoreactive
plasma TNF levels were only moderately increased in
PbA-infected ABCA1~/~ mice, whereas the ABCA1+/*
mice showed the dramatic increase known to occur in
CM-S strains (0.5 = 0.5 versus 18.3 = 4.4, P = 0.0002,
and 0.9 = 0.7 versus 77.4 = 14.7 pg/ml, P < 0.0001,
respectively; Figure 1b). These observations suggest that
contrary to their wild-type counterpart, on PbA infection,
ABCA1~/~ mice behave like other CM-R mice such as
BALB/c or DBA-2.

Immunopathology of Brain Lesions of
ABCA1~"~ Mice
To better characterize the protection of ABCA1™/~ mice,

we analyzed by immunohistochemistry brain specimens
sampled at day 7 after infection, to address the activation
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Figure 2. Phenotypic analysis of brain microvessels from ABCA1™* and
ABCA1™/~ mice on infection by PbA. a: No up-regulation of TNF or of the
endothelial adhesion molecules, ICAM-1 and VCAM-1, was detected on PbA
infection in ABCA1™/~ mice, as compared to ABCA1*/*. In contrast, CD40
expression was comparable in ABCA1™/~ and ABCA1*/" mice. b: Percent-
ages of vessels (£SEM, at least 10 mice per group) with sequestered white
blood cells (WBC, two or more per vessel) showed a dramatic increase on
infection in ABCA1™'* mice, whereas this increase was not significant in
ABCA1™/" mice. Immunohistochemistry, using standard peroxidase staining
as described, and quantitative image analysis for LFA-1 and GPIIblIla showed
a marked up-regulation of both molecules in ABCA1™* mice, but not in
ABCA1™/" mice. Original magnifications, X400.

status of three cells types involved in CM pathogenesis:
endothelium, leukocytes, and platelets. In infected mice
endothelium, the up-regulation of ICAM-1 and VCAM-1
induced by infection was significantly lower in ABCA1~/~
compared to ABCA1*"* mice (P < 0.001; Figure 2a, top
and bottom left). The presence of intravascular TNF was
also significantly reduced in ABCA1~/~ mice (P <
0.0001; Figure 2a, bottom right). In contrast, the expres-
sion of CD40 (Figure 2a, top right), and of INOS (data not
shown) was comparable in ABCA1*/* and ABCA1~/~
mice.

As expected from the absence of neurological signs,
the incidence of perivascular hemorrhages were less
abundant in ABCA1~/~ animals (data not shown). Fur-
thermore, there was a significantly lower percentage of
vessels with sequestered cells when compared to lesions
in wild-type animals (Figure 2b, top left; P = 0.0001). In
addition, LFA-1 expression was significantly lower in mi-



Table 1. HDL Levels in ABCA1™/~ Mice Compared to

Apo-AT~"~
HDL-Cholesterol  Incidence of
Strain Phenotype levels (ng/ml)  the syndrome
DBA/1 ABCA1*/+ 564 + 65 90%
DBA/1 ABCA1 "/~ 64 + 1 0%
C57BL/6-129  Apo-Al*/* 424 + 69 85%
C57BL/6-129  Apo-Al~/~ 148 + 33 100%

A mere modification of plasma HDL levels was not able per se to
prevent CM. Apo-Al~/~ mice showed reduced plasma HDL but were
fully susceptible to CM, as indicated by the cumulative incidence (n =
7 per group).

crovessels from ABCA1~/~ mice than in those from wild-
type controls (Figure 2b, top right; P < 0.0001). This
suggests lower numbers of sequestered leukocytes, or of
platelets, because LFA-1 is also expressed on their sur-
face.?®?® Indeed, platelets were found in reduced num-
bers in the vascular lumen of infected ABCA1~/~ mice,
as quantitated by GPlIbllla staining (Figure 2b, bottom
right; P < 0.0001). Overall these data indicate an im-
paired cellular activation in ABCA1~/~ mice during the
malarial infection.

The reduction in the sequestration of leukocytes in the
brain vessels of ABCA1 KO mice on infection prompted
us to investigate the role of bone marrow (BM)-derived
cells into the generation of resistance in ABCA1 KO mice.
We thus assessed the response to PbA infection into BM
chimeric mice between the two strains. However, total
body irradiation modified the survival curves in the con-
trol grafts, ie, ABCA1 WT into WT and ABCA1 KO into KO
(not shown and N.H. Hunt, personal communication),
thus hampering a conclusive interpretation of the results.
Nonetheless, the chimeras harboring ABCA1 KO BM into
ABCA1 WT recipients died between day 8 and day 22
after infection (five of seven with clinical signs of CM).
Conversely, grafting BM from ABCA1 WT mice into
ABCA1 KO resulted in the death of all mice (n = 7) by
severe anemia without signs of CM.

Because the ABCA1 transporter plays a key role in
lipid metabolism and its functional impairment results in
drastically reduced plasma HDL levels, it was mandatory
to investigate whether protection against CM occurred as
a mere consequence of dyslipidemia. We thus studied
the response to PbA infection of Apo-Al-deficient mice,
which also show low levels of plasma HDL.'® Despite
similar incidence of the neurological syndrome in the
wild-type corresponding strains, Apo-Al~/~ mice devel-
oped CM similarly to these susceptible strains (Table 1),
showing that the low levels of HDL cannot explain by
themselves the protection of ABCA1~/~ mice.

MP Production Is Reduced in ABCA1 '~ Mice

Another feature of ABCA1~/~ mice is the impaired ca-
pacity to produce erythrocytic MPs in response to ago-
nists.’ We first turned our attention to plasma MP levels,
quantitated by flow cytometry on day 7 or 8 after infec-
tion, as a reflection of the capability of blood cells to
vesiculate in response to PbA infection. We observed a
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Figure 3. Parameters of the host response in ABCA1"" and ABCA1™/~
mice on PbA infection. a: On day 8 of PbA infection, plasma MP numbers
raised significantly less in ABCA1™/~ (72 = 18) than in ABCA1"/" mice (1 =
13). b: No modification was seen in cellular origins of plasma MP in
ABCA1"" and ABCA1™/~ (1 = 5 mice per group), before and 8 days after
PbA infection. ¢z On day 8 of infection, MP isolated from plasma of
ABCA1™" mice (n = 14) displayed a stronger reduction of the control
clotting time (left) than those from ABCA1~/~ mice (1 = 10). This reduction
was dependent on the number of MP added but remained significantly
higher for ABCA1*/* than for ABCA1™/~ mice (right). d: On day 8 of
infection, peritoneal macrophages were incubated with either medium (+),
LPS (black columns, 2 pg/ml), MP isolated from plasma of ABCA1"* mice
(dark gray columns, n = 18), or from noninfected mice (light gray
columns, 7 = 9) during 3 hours, and TNF released in the culture superna-
tant was measured by ELISA. Results are expressed as mean * SEM.

dramatic rise in MP plasma levels in ABCA1™/* mice,
whereas it was significantly less marked in their
ABCA1~/~ counterparts (P = 0.03 versus 0.009; Figure
3a). Using flow cytometry, we then estimated the cell
origin of MPs present in the plasma. This phenotyping
indicated that MPs were mainly of platelet origin, whereas
monocyte and endothelial MPs accounted for less than
30% (Figure 3b). Interestingly, the cellular origin of MPs
was similar in both ABCA1~/~ mice and in ABCA1*/*
mice. In addition, although the number of total plasma
MPs was different between ABCA1™/* and ABCA1~/~
mice on infection, the cell origin of these MPs was not
significantly modified by this infection (Figure 3b).
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MPs from ABCA1~"~ Mice Show a Reduced
Procoagulant Activity

The procoagulant activity of MPs isolated from PbA-in-
fected mice was determined using a modified protocol of
the Howell clotting time. The procoagulant activity was
expressed as the capacity of a suspension of MPs to
reduce the clotting time of normal plasma. MPs from
PbA-infected ABCA1"/* mice reduced more strongly the
clotting time than those from PbA-infected ABCA1~/~
(Figure 3c, left; P = 0.02). Moreover when increasing
numbers of MPs were added to the control plasma, we
found, in both mouse strains, a linear relationship be-
tween the reduction of the clotting time and the number of
MPs (Figure 3c, right). A linear regression between the
two curves showed that although the slopes are not sig-
nificantly different, the elevations are highly significantly
different (P = 0.0065), indicating that the two curves are
distinct and that the ABCA1*/* curve is above the
ABCA1~/~ one. Altogether, these data and the observed
higher numbers of circulating MPs in ABCA1™/* mice,
converge on a higher circulating MP-derived procoagu-
lant activity in the plasma of ABCA1™/* mice.

MPs from PbA-Infected ABCA1* Mice
Display a Higher Proinflammatory Activity than
Those MPs from Noninfected Mice

When added to macrophages at a ratio of 1:7 (macro-
phage:MP), MPs isolated from the plasma of noninfected
mice induced a significantly lower release of TNF (Figure
3d; P = 0.028) than MPs isolated from PbA-infected
mice. As a control, macrophages were incubated with
medium alone or LPS and, as expected, LPS induced a
significantly higher TNF release than either medium alone
or MPs from PbA-infected mice (Figure 3d; P = 0.004 and
P = 0.04, respectively). These data show that MPs pro-
duced in conditions of infection display a proinflamma-
tory potential that is not present on the MPs produced in
physiological conditions.

Cellular Responses to Vesiculation Agonists

Platelets and monocyte/macrophages are two cell types
known to play a crucial role in the pathogenesis of the
cerebral syndrome. As we observed a reduced number
of MPs in the plasma, we assessed whether these two
cell types present an altered response to in vitro stimula-
tion by agonists of vesiculation as it has already been
shown for erythrocytes.! Platelets were purified from
whole blood and activated with ADP and A23187. In
parallel, thioglycollate-induced peritoneal macrophages
from noninfected mice were restimulated in vitro with cal-
cium ionophore (A23187) and LPS. Although both plate-
lets (Figure 4a) and macrophages (Figure 4b) purified
from ABCA1"/* mice showed the significant increase in
vesiculation similar to the one known to occur in human
cells,"" in ABCA1~/~ mice, platelets showed a complete
lack of vesiculation and macrophages presented a re-
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Figure 4. MP release capacity of platelets and macrophages. The release of
MPs after activation with vesiculation agonists by platelets (a) and macro-
phages (b) was impaired in uninfected ABCA1™"~ mice (12 = 8) as compared
to ABCA1™* mice (12 = 9). Platelets were stimulated with either ADP ( gray
columns, 10 nmol/L) or A23187 (black columns, 5 umol/L) and macro-
phages with either LPS (gray columns, 10 pg/ml) or A23187 (black col-
umns, 5 umol/L). Results are expressed as mean * SD.

duced capacity to release MPs when submitted to the
agonists. Moreover, stimulation-induced MP release was
statistically higher in ABCA1*/* than in ABCA1~/~ mice
for both platelets (ADP, P = 0.04; A23187, P = 0.01) and
macrophages (LPS, P = 0.013; A23187, P = 0.024).
These data thus confirm and extend the previous findings
of reduced membrane vesiculation from ABCA1~/~ cells
in vitro and evidence a similar lack of response after in
vivo stimulation of the animals by plasmodial antigens.



Discussion

In this study we evidenced a direct relationship between
the complete resistance to CM and the functional inacti-
vation of the ABCA1 gene. We could indeed exclude any
modification in susceptibility to infection by PbA conse-
quent to the inactivation of gene, as witnessed by the
similar levels of parasitemia in ABCA1*/* and ABCA1~/~
animals. The ABCA1 gene is known to be a crucial de-
terminant of reverse cholesterol transport and to greatly
alter lipid metabolism in vivo. However, we demonstrated
that low levels of plasma HDL per se are not sufficient to
alter the incidence of CM. Indeed, mice with similarly
reduced HDL levels, but consequent to the inactivation
Apo-Al gene, another key regulator of lipid metabolism,
are not protected against CM. Thus, the intrinsic activity
of ABCA1 gene rather than its metabolic consequences
are to be considered causal in the reversion of suscep-
tibility of DBA1 mice to CM.

On malaria infection, in ABCA1~/~ mice, we evidenced
a lower activation status of the cells present in the brain
lesion, as showed by the weaker up-regulation of endo-
thelial adhesion molecules in brain microvessels such as
ICAM-1 and VCAM-1, the reduced leukocyte sequestra-
tion, as well as the ablated platelet accumulation. The
endothelial alteration, subsequent to inflammatory cyto-
kine release, is a crucial step in the pathogenesis of
CM."®2% The absence of elevated TNF levels in the
plasma of PbA-infected ABCA1 KO mice could therefore
partly explain this impaired cell reactivity. A similar lack of
ICAM-1 up-regulation correlated with protection has
been found in TNFR2-deficient mice®® and, more re-
cently, in a series of cytokine knockout (TNF, interleukin-
12, or interferon-y) and T-cell-deficient Rag1~/~ mice, on
infection by PbA.2° Besides, ICAM-1"/~ mice infected by
PbA do not develop CM.?” A modulation of lymphotoxin
(LT) could also be envisaged since recent data have
shown that LT/~ mice are protected against the neuro-
logical syndrome.?® The lack of platelet accumulation in
brain vessels from PbA-infected ABCA1~/~ mice could
also be explained by the fact that platelets from
ABCA1~/~ mice display an impaired platelet aggregation
in whole blood on in vitro ADP stimulation®® and thus
present a compromised platelet function.

Because of its flippase activity, ABCA1 is one of the
determinants of the lipid transbilayer remodeling, and
thereby is involved in MP production. Indeed, ABCA1
deficiency led to a reduced externalization ability and
consecutive membrane vesiculation of red blood cells.”
In addition to this in vitro role on vesiculation, we demon-
strated here that ABCA1 is necessary for an enhance-
ment of the in vivo vesiculation during the course of PbA
infection. This is consistent with the previous demonstra-
tion that reducing platelet-derived MP levels via caspase
inhibitors lowers CM incidence.'® Moreover, we found
that platelets and macrophages of ABCA1-deficient mice
are significantly less reactive in terms of MP production
when restimulated in vitro. Indeed, the ABCA1 transporter
controls the outward translocation of PS at the plasma
membrane® and is thus likely to affect the vesiculation
process. On the other hand, we provide evidence that, on
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infection, MPs can be envisaged as pathogenic elements
in view of their procoagulant and proinflammatory prop-
erties. Indeed, we demonstrated here that, added at
identical numbers, MPs derived from the plasma of PbA-
infected ABCA1™/* mice displayed a higher procoagu-
lant activity than those derived from the plasma of
ABCA1~/~ mice. This suggests that because the abso-
lute number of MPs in the plasma is higher in WT than in
KO mice, the global circulating procoagulant activity is
therefore higher in WT. This is compatible with a higher
susceptibility of these mice to develop thrombotic events
within the vessels where the endothelial activation is the
highest. However, ABCA1 knockout mice produce less
TNF during infection (Figure 1b) and this may explain
their relative resistance to CM. This finding is consistent
with the importance of proinflammatory cytokines in CM.

Similarly, we demonstrated that MP isolated from PbA-
infected mice display a higher proinflammatory activity
than those isolated from noninfected mice. This suggests
that MPs produced during malarial infection could be
pathogenic also via the induction of the release of proin-
flammatory mediators, such as TNF, by circulating mono-
nuclear cells. This would maintain an inflammatory atmo-
sphere within the vessels, in a way that favors a
worsening of the endothelial lesion occurring during CM.
To further assess this pathogenic role of MPs, it will be
worth assessing whether resistance to CM invariably ac-
companies the down-modulation of genes that, like
ABCA1, control vesicle formation from membranes.

The finding that ABCA1 deletion confers a complete
protection against CM, associated to an impaired MP
production, orientates toward new therapeutic ap-
proaches to the search for candidate genes controlling
vesiculation. Vesiculation also is implicated in diseases
such as atherosclerosis in which one of the main goals of
research is to prevent the thrombogenic effect of PS in
the atherosclerotic plaque by preventing both MP release
and PS exposure at the cell surfaces. Thus, lower MP
levels are likely to reduce the incidence of CM and throm-
botic diseases.*3° Although these data may appear con-
tradictory with the known anti-atherogenic properties of
the ABCA1,®" one has to keep in mind that CM is an
acute thrombotic event limited to microvessels whereas
atherosclerosis is a chronic alteration of cell lipid metab-
olism essentially expressed in macrovessels. Taken to-
gether, our data provide new insights in CM pathogene-
sis and suggest that interventions on the ABCA1 gene
product could be of interest, not only in severe malaria,
but more widely in thrombotic disorders.
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