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Plasmodium, the parasite that causes malaria, is transmitted

by a mosquito into the dermis and must reach the liver before

infecting erythrocytes and causing disease. We present here

a quantitative, real-time analysis of the fate of parasites

transmitted in a rodent system. We show that only a proportion

of the parasites enter blood capillaries, whereas others are

drained by lymphatics. Lymph sporozoites stop at the proximal

lymph node, where most are degraded inside dendritic

leucocytes, but some can partially differentiate into

exoerythrocytic stages. This previously unrecognized step of the

parasite life cycle could influence the immune response of the

host, and may have implications for vaccination strategies

against the preerythrocytic stages of the parasite.

Plasmodium sporozoites are transmitted to a mammalian host during
the bite of an infected mosquito1,2 and are deposited in the dermis of
the host3–6. To analyze the in vivo behavior of sporozoites, we used
Anopheles stephensi mosquitoes and clones of the rodent-infecting
parasite Plasmodium berghei that express the green fluorescent
protein7,8. Sporozoites naturally transmitted to different rodent
species were imaged by epifluorescence time-lapse microscopy.

To examine sporozoites in the dermis, we allowed a single mosquito
to probe the ear pinnae of an anesthetized hairless mouse for 1 min,
and observed the probed site by wide-field or confocal microscopy. In
12 such experiments, we detected an average of B20 fluorescent
sporozoites in the imaged tissue volume (Supplementary Table 1
online). Most sporozoites in the dermis showed a robust forward-
gliding locomotion that followed a tortuous and apparently random
path (Fig. 1a and Supplementary Movie 1 online), contrasting with
the circular pattern of sporozoites gliding in vitro in the presence of
serum9 or with the typically back-and-forth motion of sporozoites in
mosquito salivary ducts2. Approximately 75% of sporozoites were
gliding in the dermis and in vitro upon observation intervals of 10 s,
whereas less than 10% were moving in mosquito salivary ducts upon
observation intervals of 100 s. Motile sporozoites both in the dermis
and in vitro glided at an average speed of 1–2 mm/s, whereas
sporozoites in the salivary ducts glided at only 0.1 mm/s (Fig. 1b).
Despite their strongly induced motility, most dermis sporozoites

remained in the imaged volume over time (Fig. 1c,d), owing to both
their sinuous gliding path and declining average velocity (Fig. 1e). This
allowed a quantitative assessment of the sporozoite fate in the dermis.

To image how sporozoites leave the site of mosquito bite, blood
vessels were revealed by tracking the movement of erythrocytes with
transmission light at high image-acquisition rates before or after
imaging fluorescent sporozoites, or the blood flow was tracked
by intravenous injection of fluorescent bovine serum albumin. As
expected, sporozoites invaded blood vessels (Supplementary Movie 2
online). Sporozoites gliding in the dermis interacted with blood vessel
walls, frequently decreased their speed when gliding along them
(Fig. 2a and Supplementary Movie 2 online) and were suddenly
carried away at speeds similar to that of erythrocytes in the dermal
capillary bed, that is, B40–50 mm/s (Fig. 2a–c). A typical blood
vessel invasion process took less than 1 min, and could follow
periods of sporozoite active motility or arrest along the blood vessel
wall (Fig. 2b,c).

Sporozoites also invaded lymphatic vessels (Supplementary
Movie 3 online). Sporozoites gliding in the dermis with their anterior
poles oriented forward were subsequently seen drifting in a sideward
and low-velocity movement (Fig. 3a–c) along a path that did not
coincide with the trajectory of a blood vessel (Fig. 3c). The presence of
sporozoites inside lymphatic vessels was confirmed by confocal
microscopy after intradermal injection of sporozoites with red fluor-
escent dextran (Fig. 3d). Furthermore, parasites were found in the first
draining lymph node after inoculation in the ear (data not shown) or
in the footpads of mice (Supplementary Fig. 1 online). Based on data
collected from 1-h time-lapse analysis of dermis sporozoites delivered
during 12 independent mosquito bites, we estimate that in 1 h B50%
of the inoculated sporozoites leave the site of bite by invading either
blood (B70%; Fig. 2a) or lymphatic (B30%; Fig. 3a) vessels
(Fig. 3e). Unexpectedly, an important proportion of the sporozoites
remained in the dermis, where some were detected up to 7 h after
injection.

The traditional assumption is that sporozoites potentially drained
by lymphatic vessels would eventually reach the blood and the
liver10,11. To analyze sporozoites in the lymphatic system, 10 infected
mosquitoes were allowed to bite for 1 min the footpad of anesthetized
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hairless mice. At 1 h, 2 h and 4 h after bite, we dissected the proximal
(popliteal) and distal (iliac) draining lymph nodes and determined the
number of fluorescent sporozoites. We found an average of B50
parasites in the popliteal node at the various times after bite (Fig. 4a),
which represent B25% of the inoculated sporozoites, assuming that
B20 sporozoites are delivered by each mosquito. In the iliac node,
however, sporozoites were only exceptionally encountered up to 4 h
after bite (Fig. 4a). To test whether some
lymph sporozoites could nonetheless reach
the blood circulation through the thoracic
duct, the latter was cannulated in mice that
were subsequently infected as above. In three
experiments, we could not detect sporozoites
in the lymph collected for 3 h after bite (B2
ml). We carried out similar experiments with
C57/Bl6 mice and in Brown-Norway rats,
which are both highly permissive to P. berghei.
Again, only a very small proportion (o1%)
of sporozoites were found beyond the popli-
teal lymph node, confirming that most of the
sporozoites drained by lymphatic vessels
stopped their journey in the proximal
lymph node. We also found that a B20-fold
higher proportion of sporozoites reached the
popliteal node when sporozoites were injected
by mosquitoes than intradermally with a
syringe, and that sporozoites need to be
motile to gain access to the lymphatic system
(Supplementary Fig. 1 online).

We assessed the fate of sporozoites in the
popliteal lymph nodes by imaging sporozoites
in isolated lymph nodes and by labeling with
antibodies after fixation. The proportion of
gliding sporozoites in the popliteal node was
high at early time points (B60% at 1 h), and,
like in the skin, decreased with time (B20%
at 2 h). Early after injection (1–2 h), we found
sporozoites mainly in the subcapsular zone of
the lymph nodes close to the afferent lymph

vessel and subcapsular sinuses, but they relocalized toward the efferent
vessel over time. In the process, the proportion of parasites showing a
normal shape sharply declined (Fig. 4b). Whereas at 1 h most
parasites had the characteristic sporozoite shape, at 4 h most parasites
appeared damaged with diffuse red circumsporozoite protein–specific
fluorescence, and at 8 h most fluorescence had disappeared. To
examine whether parasites interacted with lymph node dendritic
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Figure 2 Dermis sporozoites invade blood vessels. (a–c) Each panel shows the velocity profile (left)

of the sporozoite analyzed by time-lapse microscopy (right). Scale bars, 10 mm. (a) The maximum-

intensity projection (left, numbers indicate the sporozoite position at various times in seconds) shows a

sporozoite gliding in the dermis (red; 20 confocal images over 120 s), decreasing its speed as it glides

along the blood vessel wall (green; 25 confocal images over 150 s) and moving through the vessel wall

(yellow). The blood vessel tracked by fluorescent BSA is depicted in blue. The single time frames on

the right (time in seconds indicated) show the sporozoite invading the vessel wall. The arrowheads

indicate the site of sporozoite invasion. (b) The maximum projection (left image) shows a sporozoite

gliding in the vicinity of a blood vessel. The single time frames on the right show the sporozoite

entering the vessel. The dotted lines outline the blood vessel. (c) The single time frames on the right

show a sporozoite invading a blood vessel and being transported away with the blood. This parasite

rests before entering the vessel. The red arrowheads indicate the vessel wall and the yellow arrowheads

indicate the tip of the sporozoite.
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Figure 1 Sporozoite motility in the dermis. (a) Sporozoites injected by a

single mosquito into the ear of a mouse were imaged for 200 s. The path

of sporozoites is represented by a maximum-intensity projection of the

fluorescent signal (red). Arrowheads indicate sporozoites (green) and arrows

indicate autofluorescent patches on the skin surface. Scale bar, 50 mm.

(b) Gliding velocity of a representative motile sporozoite in a mosquito

salivary duct (black line), on a glass slide (blue line) and in the mouse

dermis (red line). (c) Dispersion of sporozoites in the dermis, represented

by maximum fluorescent intensity projections of parasites moving over

400 s at 5 min (red), 16 min (green) and 48 min (blue) after the mosquito

bite. The movement of most sporozoites is localized at the site of bite and

decreases over time. Scale bar, 50 mm. (d) Number of sporozoites (SPZ)

that leave the microscope field per minute by gliding motility (exit rate).

Bars represent the range of the exit rates, lines the average exit rate and

numbers above the lines the average number of sporozoites that left the
field in the considered 20-min interval (‘20’, ‘40’ and ‘60’ refer to the

0–20-min, 20–40-min and 40–60-min intervals, respectively). Negative

values indicate sporozoites entering the field. (e) Distribution of the

individual average velocity of sporozoites in the dermis. The open and

filled circles represent sporozoites examined at 3 and 19 min after a

single mosquito bite, respectively.
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cells (DCs), we stained lymph nodes with antibodies to CD11c, a DC-
specific marker. At 2 h and 4 h after bite, B20% and B50% of the
lymph node parasites were closely associated with DCs, respectively.
Sporozoites were either extracellular, with the surface areas of the two
cells apposed, or were detected inside DCs as normally shaped or
partially degraded parasites (Fig. 4c).

We then tested whether P. berghei sporozoites could mature into
exoerythrocytic forms (EEFs) inside lymph nodes. Normal develop-
ment of P. berghei inside rodent hepatocytes takes B52 h, and consists
of a remodeling process from the elongated sporozoite to an enlarged
and spherical EEF, in which nuclei divide and from which daughter
cells eventually bud off12. To investigate parasite development in the

lymph nodes, we subjected the footpads of C57/Bl6 mice to 15
mosquito bites or to intradermal injection of 105 salivary gland
sporozoites, and sought fluorescent parasites in the popliteal lymph
node and in the liver at 15 h, 24 h and 52 h after injection. After
delivery by mosquito or syringe, we detected a small proportion of
fluorescent parasites in the lymph node at 15 h and 24 h (Fig. 4d).
To investigate the location of these parasites, we stained lymph
nodes with antibodies to the following: CD11c; CD11b, a
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Figure 3 Dermis sporozoites invade lymphatic

vessels. (a) The panel shows the velocity profile

(left) of the sporozoite analyzed by spinning-disk

confocal time-lapse microscopy (right). The

maximum-intensity projection (left; numbers

indicate the sporozoite position at various times

in seconds) shows a sporozoite gliding in the

dermis (red) and drifting passively (blue; the

green projection shows other sporozoites drifting

along the same trajectory 20 min later). The

panel on the right (time in seconds indicated)

shows the sporozoite drifting laterally after

invasion of the vessel. The arrowheads indicate

the site of sporozoite invasion. Scale bar, 10 mm.

(b) Maximum-intensity projection of several
sporozoites (red, t ¼ 0 s) drifting laterally along

the same trajectory (green, 52 frames spanning

400 s). Scale bar, 10 mm. (c) The path of a

sporozoite that drifts laterally (arrowhead; blue:

0 s, 6 s and 12 s; green: 2 s, 8 s and 14 s; red:

4 s, 10 s and 16 s) differs from that of a sporozoite gliding with its anterior pole oriented forward (arrow) and does not coincide with the trajectory of a blood

vessel, shown in white. Scale bar, 10 mm. (d) Overlay of confocal images (14 frames spanning 70 s) after intradermal injection of fluorescent dextran (red),

which is drained by lymphatics, and of sporozoites (green) shows the colocalization of sporozoites and dextran. Scale bar, 50 mm. (e) Number of sporozoites

that leave the microscope field per minute by invading blood or lymphatic vessels (exit rate). Bars represent the range of the exit rates, lines the average exit

rate and numbers above the lines the average number of sporozoites (SPZ) that left the field in the considered 20-min interval (‘20’, ‘40’ and ‘60’ refer to

the 0–20-min, 20–40-min and 40–60-min intervals, respectively).
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Figure 4 Sporozoite fate in the draining lymph node. (a) Parasite

quantification in the popliteal and iliac lymph nodes at 1 h, 2 h or 4 h after

sporozoite delivery in the footpad of mice by 10 mosquitoes. (b) Percentage

of parasites at different times after injection that show the usual banana-like

shape (white portion of bar) or altered shapes (gray portion of bar).

Representative parasites labeled with GFP (green) and antibodies to the

circumsporozoite protein (CS, red) with normal or altered shapes are shown

in upper and lower images on the right, respectively. Scale bars, 10 mm.

(c) Lymph node sporozoites (green) interact with DCs labeled with

antibodies to CD11c (red) 4 h after injection. (d) Parasite differentiation

in the draining popliteal lymph node (LN) and in the liver at 15 h, 24 h

and 52 h after injection of sporozoites in the mouse footpads. The

average radius of EEFs in the lymph node (black bars) and in the liver

(white bars) are indicated. The upper and lower images on the left
show EEFs developing at the corresponding time points in the liver and

in the lymph node, respectively. Scale bars, 2 mm. The images on the

right show the presence (liver) or absence (lymph node) of EEFs at 52 h.

Scale bars are 100 mm and 10 mm (inset), respectively. (e) Lymph node

EEFs (green) colocalize with endothelial cells labeled with antibodies to

podoplanin (red, upper images), but not with DCs labeled with antibodies

to CD11c (red, lower images), 24 h after injection. (f) Development of

lymph node sporozoites into EEFs is shown by RT-PCR analysis of the

parasite genes TRAP and HEP17. Samples include the genomic DNA

of the parasite (G), RNA from sporozoites collected from mosquito salivary

glands (SPZ), lymph node EEFs (LN) or liver EEFs (LIV) at indicated times

after injection; + and – indicate presence or absence of reverse

transcriptase, respectively.
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macrophage-monocyte marker; CD45, a generic leukocyte antigen;
and podoplanin, which is specifically expressed by lymphatic but not
blood vascular endothelial cells. Parasites colocalized only with
podoplanin-positive cells (Fig. 4e), suggesting that lymph node
EEFs associate with endothelial but not hematopoietic cells. Although
at 15 h lymph node parasites had a size, shape and fluorescence
intensity that were similar to those of EEFs developing inside
hepatocytes of the same mice, at 24 h the lymph node parasites had
a smaller size than that of concomitant liver EEFs (Fig. 4d). At 52 h
after injection, fluorescence was not detected in popliteal nodes,
whereas large fluorescent EEFs were present in the liver (Fig. 4d).
To confirm that parasites could indeed partially develop inside lymph
nodes, we used RT-PCR (Fig. 4f) to assess expression of TRAP, which
normally peaks in sporozoites and decreases in liver EEFs13,14, and of
HEP17, which is weak in sporozoites and sharply increases in liver
EEFs15. Expression of HEP17 was detected in lymph node EEFs at
both 15 and 24 h, whereas expression of TRAP was not, showing the
presence of developing parasites inside lymph nodes.

In conclusion, the Plasmodium sporozoites inoculated by Anopheles
mosquitoes seem to have various fates in the mammalian host.
Sporozoites can either remain in the dermis, after exhaustion of
their motility, or invade blood or lymphatic vessels. Sporozoites
drained by lymphatics are trapped in the proximal lymph node,
where most are degraded but some can partially develop and
deliver early EEF antigens. In view of the renewed interest in
vaccination against preerythrocytic stages of the parasite using live
attenuated sporozoites16–20, it will be important to investigate the
contribution of lymph node parasites in mounting a protective
immune response, or instead in inducing tolerance to parasite anti-
gens. The increasingly powerful imaging tools, particularly in the field
of immunoimaging21–23, should help in dissecting these new host-
parasite interactions and the host responses they generate in a
physiological context.

METHODS
Parasites. We used the P. berghei NK65 clone expressing the green fluorescent

protein (GFP) from the stage-specific circumsporozoite protein promoter7,

which yields maximum fluorescence at the sporozoite stage, as well as the

P. berghei ANKA clone expressing GFP from the EF-1alpha promoter8, which

yields fluorescence throughout the parasite life cycle including in EEFs.

Mosquitoes. A. stephensi (Sda500 strain) mosquitoes were reared at the Center

for Production and Infection of Anopheles (CEPIA) of the Pasteur Institute using

standard procedures. Mosquitoes were fed on P. berghei–harboring mice

(parasitemia 41%) 3–5 d after emergence, kept at elevated humidity (70%)

in dedicated incubators or rooms at 211C and fed on 10% sucrose solution.

Mosquitoes were kept in the absence of sucrose for 1 d before the gametocyte-

harboring feed and received a blood meal from an uninfected mouse usually

1 week after the infectious blood meal. We isolated sporozoites from sporozoite-

positive salivary glands 15–22 d after the infectious blood meal (post blood

meal, p.b.m.). We dissected infected salivary glands and kept them on ice in PBS,

or in tissue culture medium with or without 5% FCS. Infected mosquitoes used

for transmission experiments (days 18–22 p.b.m.) were deprived of sucrose for

1–4 d before experimentation, which enhanced the bite rate of mosquitoes.

Rodent infection by mosquito bites. We anesthetized (ketamine-xylazine)

C57Bl/6 (Janvier) or SKH1-hairless (Charles River) mice or Brown Norway rats

(Janvier) and held them with an ear or a footpad over a small gauze-covered

beaker containing 10 mosquitoes. For imaging in the ear, a mosquito was

allowed to probe for 1 min before the rodent was removed. We scanned the site

of bite against a bright lamp to localize the hematoma and placed the rodent on

the motorized table of an inverted microscope (Zeiss Axiovert 200 or Olympus

IX71). For sporozoite analysis in lymph nodes, 10 mosquitoes were allowed to

bite for 1 min each the footpad of an anesthetized rodent. We removed lymph

nodes by minimally invasive surgery after 1 h, the rodent being kept asleep, or

at later times, the rodent being allowed to wake up and then being anesthetized

again for operation. We injected rodents with 3 ml of salivary gland sporozoites

intradermally with a modified Hamilton microsyringe (World Precision

Instruments). During in vivo imaging, animals were heated with a homo-

thermic blanket system (Harvard Apparatus).

Mouse manipulations. For visualizing the lymphatic vessels, we microinjected

(Nanojet, Drummond Scientific) fluorescent dextran (Sigma, Molecular

Probes) intradermally into mice at a concentration of 1 mg/ml. For labeling

the blood circulation, we injected fluorescent BSA or high-molecular-weight

dextran (Molecular Probes) intravenously (5 ml) or intraperitoneally (150 ml)

into mice at a concentration of 10 mg/ml.

To test the presence of sporozoites in the general lymphatic circulation, we

anesthetized rodents with Avertin (2,2,2-tribromo-ethanol Fluka AG, CH, in

amyl-alcohol, Sigma; 0.1 ml/10 g body weight), made a lateral left abdominal

incision and exposed the retroperitoneal area, cannulated the thoracic duct

(polythene tubing (inner diameter, 40 mm; outer diameter, 80 mm), Portex

Limited) and collected the lymph over 3 h in an Eppendorf tube after closure of

the abdominal wall in two layers. All experiments using rodents were approved

by the committee of our institute and were performed in accordance with the

applicable guidelines and regulations.

Microscopy and image analysis. We carried out microscopic analysis using

inverted Zeiss or Olympus microscopes with the rodent resting on a heated

platform. Images were captured using a Perkin Elmer UltraView spinning disk

confocal microscope, a TILL vision workstation or the Olympus Cell R software

package with 5–40� long-distance dry or oil-immersion objectives (Zeiss,

Olympus) occasionally magnified with a 1.6� Optovar. Image acquisition

times varied between 20 ms and 2 s depending on tissue depth and microscopy

set up. We recorded continuous single movies for up to 25 min. Image files

were processed using ImageJ. We performed automated or manual tracking

with the ImageJ Multitracker PlugIn (from N. Stuurman, University of

California, San Francisco) or the manual tracking tool and compiled data in

Microsoft Excel. When images were recorded in multiple z-layers, those were

projected into a single layer and the resulting two-dimensional data set was

analyzed. We washed isolated popliteal and iliac lymph nodes and placed them

in PBS or medium on glass-bottom dishes (MatTek) and photographed them

with a Nikon SMZ 1500 fluorescent stereomicroscope and a Nikon Coolpix, or

imaged them using the Olympus IX71 or Perkin Elmer UtlraView microscopes.

Images were processed and assembled using the ImageJ and Adobe software

package. All graphs show mean ± s.d.

RT-PCR analysis. To assess gene expression of the parasite inside lymph nodes

and liver, we intradermally injected salivary gland sporozoites into the footpad

of mice, and at various times after injection removed the popliteal lymph node

and the liver, extracted total RNA and treated it with DNAse I, synthesized

cDNA using reverse transcription from 1 mg of total RNA, and carried out PCR

amplification using oligonucleotide primers specific for the TRAP and HEP17

P. berghei genes using the following protocol: 94 1C for 3 min, 40 cycles of 94 1C

for 30 s, 55 1C for 30 s and 72 1C for 1 min, and 72 1C for 3 min. For

sporozoites, we carried out RT-PCR from total RNA extracted from 10 infected

salivary glands (B105 sporozoites).

Note: Supplementary information is available on the Nature Medicine website.
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