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MICROBIOLOGY

The fibrinolytic system enables the onset of Plasmodium
infection in the mosquito vector and the mammalian host

Thiago Luiz Alves e Silva"?*, Andrea Radtke®, Amanda Balaban'", Tales Vicari Pascini®,
Zarna Rajeshkumar Pala*, Alison Roth®, Patricia H. Alvarenga’**, Yeong Je Jeong®,
Janet Olivas®, Anil K. Ghosh'S, Hanhvy Bui'll, Brandon s. Pybus®, Photini Sinnis’,
Marcelo Jacobs-Lorena'", Joel Vega-Rodriguez'+"*

Plasmodium parasites must migrate across proteinaceous matrices to infect the mosquito and vertebrate hosts.
Plasmin, a mammalian serine protease, degrades extracellular matrix proteins allowing cell migration through
tissues. We report that Plasmodium gametes recruit human plasminogen to their surface where it is processed
into plasmin by corecruited plasminogen activators. Inhibition of plasminogen activation arrests parasite
development early during sexual reproduction, before ookinete formation. We show that increased fibrinogen
and fibrin in the blood bolus, which are natural substrates of plasmin, inversely correlate with parasite infectivity
of the mosquito. Furthermore, we show that sporozoites, the parasite form transmitted by the mosquito to
humans, also bind plasminogen and plasminogen activators on their surface, where plasminogen is activated
into plasmin. Surface-bound plasmin promotes sporozoite transmission by facilitating parasite migration across
the extracellular matrices of the dermis and of the liver. The fibrinolytic system is a potential target to hamper
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Plasmodium transmission.

INTRODUCTION

Plasmodium parasites are the etiological agents of malaria and are
transmitted to humans by the bite of infected Anopheles mosquitoes.
After ingestion of an infected blood meal, Plasmodium male and
female gametes mate in the mosquito midgut giving rise to zygotes,
which, in turn, differentiate into motile ookinetes (fig. S1A). Ookinetes
transverse the mosquito midgut epithelium and differentiate into
oocysts (1, 2). Each oocyst undergoes sporogony to form thousands
of sporozoites that are released into the hemolymph, from where
they specifically invade the salivary glands (fig. S1A). During prob-
ing and blood feeding, an infected mosquito deposits sporozoites
into the dermis (fig. S1B). Infection requires sporozoites to migrate
through the dermis, to find and enter a blood vessel to be carried to
the liver, where they exit the circulation to invade hepatocytes and
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initiate a blood stage infection (fig. S1B) (3). Throughout the
Plasmodium life cycle, the parasite encounters multiple physical
barriers. In the mosquito, these include a compacted blood bolus,
the chitin-rich peritrophic matrix, the midgut microvilli-associated
network and mucins (4-6), and the midgut epithelium. In the
mammalian host, barriers include the extracellular matrix of the
dermis, the basement lamina of blood vessels, the endothelial and
Kupfter cells of the liver blood vessels, the extracellular matrix of
the liver space of Disse, and the hepatocyte membranes (fig. S1, A
and B) (7). Whereas the motile stages of the malaria parasite rely on
an actomyosin-based motor (the glideosome) to generate the forces
required for migration (8), these forces are unlikely to be sufficient
to break through the intricate extracellular matrices.

The human fibrinolytic system consists of two main protein
classes: serine proteases that ultimately degrade fibrin (fibrinogen-
derived polymers) and dissolve clots and serpins that tightly regu-
late the activity of these proteases (9). Plasminogen is the precursor
of plasmin, a potent serine protease that cleaves a broad spectrum of
substrates and is the effector protease of the fibrinolytic system.
Plasmin can bind to lysine motifs of proteins exposed on the cell
surface (9). Surface-associated plasmin broadly facilitates cell migra-
tion via digestion of connective tissue and extracellular matrix proteins,
as is the case for leukocyte infiltration of inflammatory sites (10),
tumor growth and metastasis (11), embryogenesis (12), and pathogen
invasion of host tissues (13). Plasminogen is proteolytically activated
into plasmin by plasminogen activators, namely, tissue-type plas-
minogen activator (tPA) and urokinase-type plasminogen activator
(uPA) (9). These two proenzymes constitutively circulate in the
blood and have low intrinsic catalytic activity (9). The activation of
cell-associated plasminogen occurs when plasminogen and its acti-
vators bind to receptors on the cell surface, bringing the activators
and plasminogen into close proximity (14). In a positive feedback
loop, plasmin further activates both tPA and uPA, thus accelerating
and amplifying plasminogen activation. The serpin plasminogen
activator inhibitor-1 (PAI-1) regulates plasminogen activation by

10f16



SCIENCE ADVANCES | RESEARCH ARTICLE

specifically inhibiting the activity of both plasminogen activators but
not of plasmin (15). PAI-1 constitutively circulates in the blood at
low levels, and its expression is strongly up-regulated during in-
flammation, which contributes to the tight control of plasminogen
activation (16, 17).

In a previous report, Ghosh et al. (18) proposed that the recruit-
ment of plasminogen to the surface of Plasmodium berghei and
Plasmodium falciparum ookinetes is important for oocyst formation.
Notably, the depletion of plasminogen from human blood severely
reduced oocyst formation, implying that plasmin is essential for
mosquito midgut invasion. Likewise, several pathogenic micro-
organisms including bacteria, fungi, and pathogenic protozoans have
evolved mechanisms to co-opt plasminogen from their hosts and
use its enzymatic activity to facilitate evasion of immune responses
and invasion and dissemination through host tissue (13, 19). Despite
the major role played by plasminogen in Plasmodium infection of
the mosquito, the mechanism of plasminogen activation, the molecu-
lar targets of parasite-associated plasmin, and the role of the fibrino-
lytic system at other Plasmodium developmental stages are currently
unknown.

Here, we show that the malaria parasite recruits the host fibrinolytic
system to facilitate infection of both the vector and the mammalian
host. In the mosquito, plasmin enables parasite sexual reproduction,
while in the mammalian host, sporozoites use plasmin to exit the
skin and enter the liver. Targeting parasite plasmin utilization is a
potential strategy to prevent malaria transmission.

RESULTS

Inhibition of plasminogen activators negatively affects
ookinete formation

Oocyst formation is strongly reduced when gametocytes are fed to
mosquitoes in plasminogen-depleted blood (18). Recombinant plas-
minogen added to depleted blood rescues oocyst development,
whereas recombinant plasminogen carrying a point mutation (S741A)
in the plasmin catalytic triad does not (18). However, no informa-
tion was available for how plasminogen is activated into plasmin.
We hypothesized that P. falciparum uses the human plasminogen
activators to convert its cell-associated plasminogen into plasmin.
To test this hypothesis, P. falciparum gametocytes were fed to mos-
quitoes with PAI-1, a serpin that specifically inhibits both tPA and
uPA but not plasmin. PAI-1 inhibited midgut oocyst formation
(Fig. 1A). The inhibition was reversed by the addition of plasmin to
the infectious blood meal containing PAI, indicating that PAT itself
does not directly interfere with Plasmodium development in the
mosquito. Supplementation of the infectious blood meal with plas-
min does not change parasite infection (fig. S2, D and E), indicating
that the amount of plasmin(ogen) is not limiting. Addition of PAI-1
and/or plasmin to the blood meal does not affect the amount of
blood ingested by the mosquito (fig. S3).

Previous and current findings show that plasmin activity is
required for P. falciparum to form oocysts (18); however, it was
unknown which parasite developmental stage preceding oocyst for-
mation is affected by the absence of plasmin. To determine whether
plasmin is required for gametogenesis, we induced gametocyte acti-
vation in vitro in the presence or absence of PAI-1. Detection of
Pfs25-positive round cells was used as readout for female gamete
activation, as P. falciparum changes from a Pfs25-negative falciform
gametocyte to a round Pfs25-positive female gamete after activation
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(fig. SIA) (20). PAI-1 treatment did not change the number of round
forms (female gametes or zygotes), indicating that the activation of
female gametocytes into gametes was unaffected (Fig. 1B). To test
whether PAI-1 affects ookinete formation, we fed mosquitoes with
infected blood supplemented with PAI-1 and counted the number
ookinetes (Pfs25-positive banana-shaped cells) in the blood bolus at
around 23 hours after feeding (fig. SIA). PAI-1 treatment strongly
reduced ookinete formation (Fig. 1B). To exclude PAI toxicity to
the parasite, we investigated the effect of PAI on ookinete formation
in vitro, using the P. berghei model. PAI was added to ookinete cul-
tures before gamete activation. Ookinete formation in vitro was not
affected by PAI-1 (Fig. $4, A and B), confirming that PAI-1 is not
toxic to the parasite and that the inhibitory effect of PAI-1 only oc-
curs in the mosquito blood bolus, under high viscosity conditions
(considered further below). The PAI-1 serpin inhibitory activity of
tPA was verified and confirmed (fig. S4C). These results suggest that
the human plasminogen activators are essential for activating plas-
minogen into plasmin, which, in turn, is important for early stages
of parasite development in the mosquito, likely fertilization.

To directly investigate the role of plasminogen activators during
mosquito infection, we used different strategies to modulate either
their concentration or activity in the infective blood. First, mosqui-
toes were infected using tPA-depleted blood. The absence of tPA
strongly reduced oocyst numbers (Fig. 1C), and this decrease was
reversed in a dose-dependent manner by supplementing the infec-
tious tPA-depleted blood with increasing concentrations of recom-
binant single-chain tPA (sc-tPA; the tPA proenzyme) (Fig. 1C).
Moreover, supplementation of normal blood with the tPA inhibitor,
PPACK (21), also reduced oocyst numbers in a dose-dependent
manner (fig. S2A). To further explore the role of tPA during midgut
infections, we supplemented infectious blood with active tPA [two-
chain tPA (tc-tPA)] that significantly increased oocyst numbers in a
dose-dependent manner (Fig. 1D), suggesting that tPA availability
limits parasite development in the mosquito gut. Together, these
results suggest that tPA is important for P. falciparum infection of
the mosquito midgut.

To test the importance of uPA for midgut infection, infectious
blood was supplemented with the uPA inhibitor, DGGACK (22), and
the effect on oocyst formation was determined. Oocyst numbers
decreased in a dose-dependent manner (Fig. 1E). In addition, sup-
plementation of infective blood with an anti-uPA antibody signifi-
cantly inhibited midgut infection (fig. S2B) (23). Next, we tested
whether supplementation with active uPA (two-chain uPA, tc-uPA)
would positively affect midgut infection. The addition of tc-uPA to
infective blood did not significantly affect oocyst numbers (Fig. 1F),
suggesting that uPA availability is not limiting for parasite develop-
ment in the mosquito gut. Likewise, the addition of tranexamic acid,
a lysine analog that inhibits the binding of tPA and plasminogen to
protein lysine residues, decreased the infection in a dose-dependent
manner (fig. S2C). Collectively, these results show that the human
plasminogen activators play a critical role during P. falciparum
development in the midgut.

Plasminogen activators bind to the surface of P. falciparum
sexual-stage parasites

Activation of cell-associated plasminogen depends on the recruitment
of plasminogen activators to the cell surface, thus placing them in
close proximity to plasminogen (24). Using immunofluorescence
assays (IFAs), we found that both plasminogen and tPA bind to and
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Fig. 1. Plasminogen activators are required for P. falciparum mosquito infection. An. gambiae mosquitoes were fed on infected blood reconstituted with human
plasma and supplemented with the indicated inhibitors, agonists, or phosphate-buffered saline (PBS). Mosquito midguts were dissected 10 days later, and oocysts were
counted. (A) PAI-1 inhibits oocyst formation in An. gambiae mosquitoes. Plasmin supplementation reverses the PAI-1 inhibition. Data pooled from three independent
experiments. (B) PAI-1 (2.5 ug/ml) does not inhibit gametogenesis (round form formation) but inhibits ookinete formation. Round forms (Rf; female gametes plus zygotes)
and ookinetes were isolated from the midgut blood bolus and counted at 22 to 23 hours and oocysts at 10 days after infection. Data are pooled from three independent
experiments. (C) tPA-depleted plasma (AtPA) negatively affects oocyst development and supplementation with single-chain tPA (sc-tPA; the pro-enzyme) partially res-
cues the inhibition. Data pooled from four independent experiments. (D) Addition of active tc-tPA to an infectious blood meal increases oocyst development. Data pooled
from three independent experiments. (E) The uPA inhibitor DGGACK reduces oocyst development. Data are pooled from two independent experiments. (F) Addition of
active two-chain uPA (tc-uPA) to an infectious blood meal does not increase oocyst development. Data pooled from four independent experiments. N, number of mid-
guts; | (%), percent inhibition; In (X), fold increase; AtPA, tPA-depleted plasma; P, plasma; red horizontal lines, medians. Kruskal-Wallis with Dunn’s posttest. *P < 0.05,

**P < 0.01, ¥***¥P < 0.0001; ns, not significant.

colocalize on the surface of male gametes, female gametes, zygotes,
and ookinetes (Fig. 2A and fig. S5A). Likewise, uPA binds to male
gametes and zygotes, where it also colocalizes with plasminogen
(Fig. 2B and fig. S5A).

Plasminogen and tPA contain kringle domains that mediate the
binding to exposed lysine residues on cell surface receptors (25). To
test the specificity of plasminogen and tPA binding to Plasmodium
parasites, female gametes were incubated with plasminogen or tPA
in the presence of the lysine analog tranexamic acid, and binding of
the activators to the parasite was analyzed by IFA. Tranexamic acid
strongly inhibited the binding of plasminogen and tPA to female
gametes (Fig. 2C). These results suggest that the interaction of tPA
and plasminogen with the parasite is mediated by their kringle domains.
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To test whether tPA is required for activation of parasite-associated
plasminogen, we measured plasmin activity on the surface of female
gametes. Mature gametocytes were activated in vitro in RPMI 1640 sup-
plemented with 10% Albumax and 100 uM xanthurenic acid, and
the resulting female gametes were purified 1 hour after activation
(fig. S5B). Albumax is a lipid-rich bovine serum albumin (BSA) that
does not contain plasminogen or plasminogen activators. Female
gametes activated in the presence of Albumax were negative for tPA
and plasminogen as evaluated by Western blot (Fig. S5, C and D).
To measure plasmin activity, female gametes were incubated in the
presence of recombinant sc-tPA for 1 hour, washed to remove un-
bound sc-tPA, and then incubated with plasminogen. After 1 hour,
unbound plasminogen was removed by washing, and then plasmin
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Fig. 2. Plasminogen, tPA, and uPA bind to the surface of P. falciparum sexual stages. (A and B) Plasminogen (PLG), tPA (A), and uPA (B) bind to male (J) and female
(?) gametes, zygotes, and ookinetes. Immunofluorescence images merged with phase contrast images in the bottom row. White arrowheads point to localization of
plasminogen and plasminogen activators on the heads of microgametes. Scale bars for male gametes, 2 um; scale bars for female gametes, zygotes and ookinetes, 6 um.
(C) The lysine analog tranexamic acid (TA) inhibits tPA and PLG association with the parasite surface. Purified female gametes were incubated with PLG and tPA in the
presence or absence of TA. Plasminogen and tPA binding were determined by IFA with an anti-PLG and an anti-tPA antibody. Data pooled from two independent ex-
periments. N, number of midguts; / (%), percent inhibition; RFU, relative fluorescence units. (Mann-Whitney U test, ****P < 0.0001). (D) tPA activates plasminogen on the
surface of female gametes. Female gametes were incubated with the sc-tPA proenzyme. After binding, the cells were washed and incubated with PLG. Plasmin activity
was measured using a chromogenic substrate. Controls: Gametes were incubated with either PBS, PLG, sc-tPA alone, or with sc-tPA followed by PLG in the presence of

TA. Error bars represent SEM from three independent experiments. Analysis of variance (ANOVA) followed by Tukey’s multiple comparison test. **P < 0.01.

activity was measured using a colorimetric substrate (26). Strong
plasmin activity was detected in parasites incubated with sc-tPA
and plasminogen, but not in parasites incubated with either sc-tPA or
plasminogen alone (Fig. 2D). Incubation of parasites with sc-tPA
plus tranexamic acid, before incubation with plasminogen, abolished
surface plasmin activity, supporting our previous results indicating
that tPA binds to the parasite surface via its kringle domain. These
results suggest that tPA is sufficient for plasminogen activation on
the parasite surface.

Fibrinogen and fibrin polymerization increase the blood
bolus viscosity

During blood feeding, Anopheles mosquitoes perform diuresis (ex-
cretion of excess fluid via the urine), which allows the mosquito to
ingest a large volume of blood (27). As a result, the concentration of
blood cells and proteins increase in the midgut bolus (28). Fibrinogen,
one of the most abundant blood proteins, interacts with activated
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platelets (29), red blood cells (RBCs) (30), and leukocytes (31), me-
diating spontaneous aggregation (fig. S6A). Serum contains lower
concentrations of fibrinogen and clotting factors compared to plasma,
as serum is prepared from coagulation of plasma (32). Western
blot analysis of midgut blood boluses shows a higher amount of
fibrinogen in mosquitoes fed with RBCs reconstituted with plasma
than with serum (fig. S6B). In addition, the viscosity of the RBC
suspension reconstituted with plasma or Albumax plus fibrinogen
was higher than RBCs reconstituted with serum or with Albumax
alone, respectively (fig. S6, C and D).

To evaluate whether fibrinogen is converted to fibrin during
blood feeding, the midgut contents from mosquitoes fed on RBCs
reconstituted in different media (plasma, serum, Albumax, or Albumax
supplemented with fibrinogen) were analyzed by Western blotting
15 min and 1 hour after feeding, using an antibody that detects
fibrin polymers. Typical markers of fibrin, namely, y-y dimers (94 to
97 kDa) and a-polymers (120 kDa up to 770 kDa) (33, 34), were
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detected in the blood bolus at 15 min and 1 hour after blood feeding
with plasma. The polymers were detected at much lower intensity
in serum and were absent in Albumax or Albumax plus fibrinogen
(Fig. 3, A and B). Reduced levels of fibrin polymers are expected in
serum due to the removal of the fibrin clot during serum prepara-
tion and in Albumax due to the absence of coagulation factors. The
same markers were detected at 1 hour after blood feeding but at
lower intensity. Fibrin formation in the midgut bolus was more
pronounced when mosquitoes were fed directly on a mouse—in the
absence of anticoagulants—implying that clotting factors are active
in the blood bolus (Fig. 3, A and B). These results show that fibrin is
formed in the mosquito blood bolus, despite the presence of anti-
coagulants from the mosquito saliva that is ingested during blood
feeding (35, 36).

Next, we tested whether the higher concentration of fibrinogen
in plasma and the subsequent polymerization of fibrin in the mos-
quito midgut correlate with higher RBC aggregation in the blood
bolus. Midguts from mosquitoes fed with RBCs reconstituted with
either serum or plasma were disrupted in phosphate-buffered saline
(PBS) 15 min after feeding, and RBC rouleaux structures (rosettes)
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were analyzed by ImageStream flow cytometry. Blood obtained from
mosquitoes that fed on RBCs in plasma had a significantly higher
proportion of RBC aggregates (small clumps and rosettes) than
midguts from mosquitoes fed on RBCs in serum (Fig. 3, C and D,
and fig. S6E). These observations suggest that the fibrinogen pre-
sent in the plasma induces RBC aggregation in the blood bolus, in
consonance with the in vitro results (fig. S6A). To test whether the
effect of clumping was due to the presence of fibrinogen, mosquito
midguts fed with RBCs reconstituted with either Albumax or Albumax
supplemented with fibrinogen were analyzed by ImageStream flow
cytometry. Albumax plus fibrinogen induced higher RBC clumping
than Albumax alone (Fig. 3E). Together, our results suggest that
limited fibrin polymerization and fibrinogen-mediated RBC clump-
ing occur in the mosquito gut within minutes after blood feeding,
which could impose a barrier to parasite motility.

Fibrinogen is associated with decreased P. falciparum infectivity

We hypothesized that the high viscosity of the blood bolus caused
by the increased fibrinogen concentration and fibrin polymeriza-
tion after diuresis will negatively affect Plasmodium development in
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Fig. 3. Detection of fibrin and RBC aggregates in mosquito midguts. (A and B) Western blot showing the detection of fibrin in the blood bolus of mosquitoes fed
directly on a mouse or human RBCs reconstituted with (A) plasma or serum or (B) Albumax or Albumax plus fibrinogen (FBN; 4 mg/ml). Anti-human fibrinogen antibody
detects fibrin—y-y dimers (95 kDa) and a-polymers (>120 kDa). Albumin from the Ponceau stained membrane was used as loading control. (C) Representative ImageStream
flow cytometry plots of RBC aggregation in one mosquito midgut blood bolus (related to fig. S6C) 15 min after feeding on human RBCs supplemented with either plasma
or serum. (D) The percentage of intermediate clumps and RBC rosettes in the midgut blood bolus is higher with plasma as compared to serum [related to (C)] (18 midguts
analyzed for both conditions). (E) Same experimental setup as in (D) showing an increase of small clusters and RBC rosettes in the blood bolus of mosquitoes fed on
human RBCs suspended in Albumax plus fibrinogen (13 midguts analyzed) when compared to Albumax alone (12 midguts analyzed). Mann-Whitney test, ***P < 0.001,

***¥P < 0.0001. Plasma was collected in sodium citrate.
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the midgut. To address this question, we compared oocyst numbers
in mosquitoes fed on infective blood reconstituted with either plasma
or serum. Plasma and serum obtained from three different donors
and adjusted to the same final concentration of sodium citrate (anti-
coagulant) were used to feed P. falciparum gametocytes to mosquitoes.
In each case, we found that mosquitoes fed on serum had higher
oocyst numbers than mosquitoes fed on plasma from the same
individual (Fig. 4A). Next, we compared the effect of different con-
centrations of plasma fibrinogen on parasite infectivity. Oocyst loads
were determined in mosquitoes fed with the same infective blood
reconstituted with commercial plasma supplemented with increasing
concentrations of fibrinogen (2 and 4 mg/ml). Higher fibrinogen
concentrations significantly decreased oocyst numbers in mosqui-
toes infected with low (Fig. 4B) or high parasite numbers (Fig. 4C).
We also assessed the effect of inhibiting the plasminogen activators
on oocyst formation by adding PAI-1 to plasma and serum. While
PAI-1 strongly reduced oocyst load in infections done with plasma
(63% reduction, P < 0.001), the reduction in infections with serum
was less pronounced (32%, P < 0.0139) (Fig. 4D). The reduction in
infection induced by PAI-1 in serum can be explained by residual
fibrinogen that is not completely removed by clotting during serum
isolation. After ingesting RBCs in serum, mosquito diuresis increases
the concentration of the residual fibrinogen that polymerizes into
fibrin in the absence of anticoagulants (Fig. 3A), thereby interfering
with parasite development. This is in agreement with previous re-
sults showing that PAI-1 does not affect ookinete formation in vitro
(fig. S4). In culture, PAI-1 should not affect fertilization since the
high viscosity of the blood bolus does not exist due to the addition
of anticoagulants and the dilution of fibrinogen by the culture medium,
providing a fluid environment where gamete motility is not curtailed.
Since fibrinogen and fibrin are natural substrates for plasmin, we

propose as a working model that Plasmodium parasites use their surface-
associated plasmin activity to cleave fibrinogen and fibrin in the blood
bolus to facilitate parasite movement within the blood bolus.

Plasminogen activation is required for sporozoite infectivity
of the mammalian host

For successful infection of the mammalian host, the sporozoite must
overcome physical barriers imposed by extracellular matrices of the
skin and liver. We first investigated whether the fibrinolytic enzymes
bind to the sporozoite and, if so, whether plasminogen can be acti-
vated at its surface. We found that plasminogen, tPA, and uPA all
bind to P. falciparum and P. berghei sporozoites when incubated
with plasma (Fig. 5, A and B, and fig. S7). In addition, plasmin ac-
tivity can be detected at the sporozoite surface after incubation with
plasminogen and tPA but not with plasminogen alone (Fig. 5C).
This activity was blocked by preincubation of tPA with tranexamic
acid (Fig. 5C), suggesting that tPA interaction with the sporozoite is
specific and is mediated by its kringle domain. To determine whether
plasminogen activation is required for sporozoite infectivity, mice
were injected intravenously with PAI-1 and challenged 1 hour later
with the bite of three P. berghei-infected mosquitoes. PAI-1 treat-
ment results in a 52% reduction of the number of mice that develop
blood stage infection (Fig. 5D). The infection rate was restored by
coinjection of plasmin and PAI-1 (Fig. 5D). These data indicate that
plasminogen activation plays a crucial role for infection of the
mammalian host.

Plasminogen activation facilitates motility of sporozoites
delivered to the skin

Reduced sporozoite infection by mosquito bite (Fig. 5D) could re-
sult from inhibition of sporozoite exit from the skin or inhibition of
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test with Bonferroni multiple comparison.

passage into the liver or both. To determine whether plasminogen
activation influences sporozoite exit from the skin, we intradermal-
ly injected sporozoites mixed with PAI-1 (PAI-1 acts locally at the
injection site) and/or plasmin into the mouse ear pinna and moni-
tored infection. Inhibition of plasminogen activation at the injec-
tion site resulted in 12% protection from blood stage infection and
a 1-day delay in patency (Fig. 6A). This inhibition was reverted by
coinjection of sporozoites mixed with PAI-1 and plasmin (Fig. 6A).
Injection of the same sporozoites/PAI-1 mixture directly into the
bloodstream (125 ng of PAI-1 in circulation that represents a 400-fold
dilution of PAI-1 in the blood) had no effect on the infection, indicat-
ing that PAI-1 does not affect sporozoite viability (Fig. 6A). These
results suggest that plasminogen activation is involved in sporozoite
exit from the dermal inoculation site.

Plasmodium sporozoites must move through the dermal extra-
cellular matrix to find and enter blood vessels (3, 37). We hypothe-
sized that sporozoites use surface-associated plasmin to degrade
extracellular matrix proteins and facilitate movement through host
tissues. First, we tested whether PAI-1 has an impact on sporozoite
motility on glass slides, where they move in two dimensions and do
not encounter extracellular matrix. As shown in Fig. 6 (B and C),
PAI-1 has no effect on sporozoite motility in this context. Next, we
quantified gliding motility in Matrigel, a reconstituted basement
membrane that contains fibrinolytic proteins (38). In this context,
PAI-1 significantly reduced sporozoite speed and distance trav-
eled, and inhibition was partially reversed by addition of excess
active tc-TPA to competitively reverse the PAI-1 inhibition (Fig. 6,
D and E, and movies S1 to S3). To confirm the results from the in vitro
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Matrigel assay, we investigated whether plasmin is important for
sporozoite migration in vivo. This was done by using intravital
confocal microscopy of fluorescent mCherry P. berghei sporo-
zoites injected into the dermis of mice ear pinna, either in the
presence or absence of PAI-1. As shown, PAI-1 significantly inhibits
sporozoite speed and net displacement in the dermis (Fig. 6, F and G,
fig. S8, and movies S4 to S6). Plasmin inhibition of motility in vivo
was rescued by coinjection of plasmin (Fig. 6, F and G, fig. S8, and
movies S4 to S6). Together, these results indicate that plasminogen
activation facilitates sporozoite migration through the extracellular
matrix of the dermis.

Plasmin promotes sporozoite liver infection

To determine whether plasminogen activation also plays a role in
liver infection, mice were injected intravenously with PAI-1 (50 pg;
~25 ng/ul in circulation) and then challenged by intravenous injec-
tion of sporozoites. Intravenous injection of sporozoites bypasses the
skin barrier allowing for independent evaluation of liver infection.
Mice treated with PAI-1 show 55% protection from blood stage in-
fection and a delay of 1.3 days in patency (Fig. 7A). Coinjection of
sporozoites with plasmin reverses the PAI-1 protection (Fig. 7A). In
in vitro assays, the presence of PAI-1 or depletion of plasminogen
does not affect P. berghei sporozoite invasion of Hepa 1-6 hepato-
cytes (Fig. 7B) nor development of exoerythrocytic forms (EEFs)
(Fig. 7C and fig. S9A). Likewise, PAI-1 does not affect P. falciparum
sporozoite invasion of primary human hepatocytes (PHHs) and
EEF development in vitro (Fig. 7D and fig. S9, A and B). We
conclude that plasminogen activation is required for liver infection
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followed by Dunn'’s multiple comparison posttest ****P < 0.0001, ***P = 0.0009.

but not for hepatocyte invasion nor for EEF development in
tissue culture.

To reach the hepatocyte, the sporozoite must exit the circulation
by traversing Kupffer cells or endothelial cells that line the hepatic
blood vessels and then cross the interstitial extracellular matrix and
the loose basal lamina of the space of Disse (fig. S1B). To determine
whether plasmin is important for parasite migration into the liver,
we injected sporozoites intravenously into mice that had been in-
jected intravenously with PAI-1 or PBS. Mouse livers were collected
at 3 hours after inoculation, sectioned, and stained for immunoflu-
orescence confocal microscopy to localize parasites within the tis-
sue. Each sporozoite was classified as “outside” if it was associated
with any compartment (i.e., Kupffer cells and space of Disse) but
not with hepatocytes, in “transition” if a sporozoite had partially
invaded a hepatocyte, and“inside” if the sporozoite had fully invad-
ed the hepatocyte (Fig. 7, E and E’, and fig. S9C). In the control
group, 75% of sporozoites fully invaded hepatocytes, while the ma-
jority of the sporozoites from the PAI-1-treated mice were either
outside (32%) or in transition (35%) (Fig. 7F), suggesting an im-
pairment of sporozoite migration into the liver tissue. Coinjection

Alves e Silva et al., Sci. Adv. 2021; 7 : eabe3362 5 February 2021

of plasmin and sporozoites rescued the phenotype (72% inside, 16%
outside, and 12% transition) (Fig. 7F). These results suggest that the
sporozoite uses the surface-associated plasmin to facilitate liver
infection.

DISCUSSION

While developing in the mosquito and vertebrate hosts, Plasmodium
parasites face physical constraints in the form of proteinaceous matrices
that they must migrate across. Our results reveal that gametes and
sporozoites use a common strategy, namely, they co-opt fibrinolytic
proteins from the mammalian host to facilitate motility throughout
these barriers. Plasmin, the effector protease of the fibrinolytic sys-
tem, digests a broad range of substrates including fibrinogen, fibrin,
complement proteins, antibodies, and extracellular matrices such as
collagen, fibronectin, and laminin (10, 11, 39). Hence, several
pathogens have evolved to co-opt plasmin to infect host tissues
(40, 41). Previously, our group showed that P. falciparum ookinetes
bind plasminogen from the blood ingested by the mosquito (18).
However, how plasminogen is converted to active plasmin, the role
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of plasmin during parasite development in the mosquito, and a pos-
sible role in infection of the mammalian host remained unknown.
In this study, we show that both, parasite sexual stages in the mos-
quito and sporozoites in the mammal, recruit to their surface plas-
minogen and the tPA and uPA activators. The importance of generating
active plasmin is supported by the finding that inhibition of plas-
minogen activation with the specific PAI-1 serpin results in a strong
reduction in ookinete formation and sporozoite infection of the
mammalian host.

Using two complementary strategies, chemical inhibition with
tPA and uPA inhibitors and physical inhibition using tPA-depleted
plasma and anti-uPA antibodies, we demonstrate that inhibition of
plasminogen activators significantly reduces midgut infection. We
also found that tPA, as well as plasminogen, binds to the surface of
gametes, zygotes, and ookinetes, whereas uPA binds to zygotes and
male microgametes. The colocalization of plasminogen activators
and plasminogen is critical for plasminogen activation (42). The tPA
and uPA zymogens have low intrinsic activity and are ineffective to
activate plasminogen when the activators and plasminogen are circu-
lating in the blood (43, 44). The colocalization of the plasminogen
activators and plasminogen increases their local concentration,
promoting the activation of plasminogen in a positive loop (44, 45).
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We show that the reduction in oocyst numbers by plasminogen de-
pletion previously reported (18) is due to a reduction in ookinete
formation. This reduction in the presence of PAI is not observed in
in vitro cultures, as formation of fibrin polymers is inhibited by
strong anticoagulants (heparin), and fibrinogen is sharply diluted
by the added culture media. Under these conditions, the microgamete
can freely move through the culture without the aid of plasmin.
During blood feeding, Anopheles gambiae excretes large amounts
of fluid to increase the concentration of proteins and RBCs in the
bolus. Fibrinogen, one of the most abundant proteins in the blood,
interacts with the surface of RBCs, activated platelets, and leukocytes,
resulting in cell aggregation. We found that increased fibrinogen
concentration and fibrin formation promote RBC aggregation and
increase viscosity of the midgut blood bolus, resulting in the inhibi-
tion of P. falciparum mosquito infectivity. Mosquito saliva contains
strong anticoagulants and antiplatelet molecules that facilitate blood
feeding by inhibiting clot formation and platelet aggregation (46). It
is unknown to what extent proteins from saliva inhibit fibrin polym-
erization in the midgut blood bolus. Since fibrin polymerization
takes place in the mosquito blood meal and fibrin affects parasite
viability, it is relevant to understand the interplay between the anti-
coagulants in the mosquito saliva and the activation of the blood
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coagulation cascade. Lester and Lloyd (47) reported that, although
tsetse flies with removed salivary glands could feed normally, they
died later with clots found throughout the alimentary canal. After
the mosquito ingests infected blood, male and female Plasmodium
gametocytes and gametes are randomly dispersed in the blood bolus.
Since fibrinogen and fibrin are natural substrates for plasmin, we
propose that plasmin on the surface of male microgametes digests
fibrin, in this way facilitating motility in the compacted blood bolus
and increasing its chances to encounter a female gamete. Also,
plasmin on the surface of female gametes may degrade fibrin po-
lymerized on the gamete’s surface, minimizing a barrier for gamete
interaction.

A question that remains to be addressed is whether later midgut
stages, such as zygotes and motile ookinetes, benefit from plasmin
activity, as these forms also bind plasminogen and its activator
enzymes. It is possible that zygotes use plasmin to inactivate blood
complement that remains active for hours after blood feeding (48).
Plasmin may inactivate complement directly by digestion of C3b
(49) or indirectly by activating protease factor I, which, in turn, in-
activates C3b. In addition, activated platelets present in the blood
bolus, which are absent in our assays, potentially enhance comple-
ment activation and fibrin formation (50). Moreover, ookinetes may
use plasmin activity to facilitate the crossing of midgut barriers, in-
cluding the peritrophic matrix (fig. S1A) and the microvilli-associated
network, a mesh of fine proteinaceous strands associated with the
microvilli (6, 51). Additional experiments are required to show
whether plasmin facilitates ookinete traversal of the mosquito mid-
gut, as previously suggested (18).

Like the midgut stages, we found that sporozoites also bind plas-
minogen, tPA, and uPA and that inhibition of plasminogen activa-
tion by PAI-1 inhibits P. berghei sporozoite infectivity. Successful
infection depends on the effective migration of sporozoites from
the dermis (where they are deposited by the mosquito) to a blood
vessel and then migration through the space of Disse as they leave
the liver circulation (fig. S1B). During this trajectory, the sporozoites
encounter physical barriers such as the extracellular matrix of the
dermis, the basal lamina of blood vessels, the sinusoidal barrier of
Kupffer and endothelial cells, and the extracellular matrix of the space
of Disse (52). While it is known that sporozoites rely on an actomyosin-
based motor known as the glideosome (8) to drive motility, it was
not clear by what mechanisms the parasite overcomes these physical
barriers. Inhibition of plasminogen activation reduces parasite motility
on Matrigel, in the mouse dermis and in the mouse liver, strongly
suggesting that the parasites use plasmin for overcoming these barriers.
PAI-1 does not affect sporozoite motility on a glass surface, showing
that the gliding locomotion machinery is not affected. In addition,
invasion of cultured hepatocytes, which does not require traversal
of the extracellular matrix of the space of Disse, and EEF develop-
ment are also not affected by PAI-1. Sporozoites can traverse several
hepatocytes before completing a productive invasion that results in
the formation of EEFs (53). Our data suggest that sporozoite pro-
ductive invasion of hepatocytes is independent of plasmin. However,
our in vitro assays do not measure cell traversal, and additional ex-
periments are needed to determine whether plasmin is required for
sporozoite traversal of hepatocytes. Recruitment of plasmin for
penetration of extracellular matrices is a mechanism used by several
pathogens to enhance invasion and dissemination through target organs
(41, 54). For example, Borrelia burgdorferi, Haemophilus influenzae,
and Salmonella can degrade extracellular matrix components like
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fibronectin, laminin, and vitronectin (55-57). Degradation of the
extracellular matrix can be directly mediated by plasmin or indi-
rectly by plasmin activation of matrix metalloproteases (MMPs)
(58-61). In the case of Plasmodium, whether degradation of the
extracellular matrix is direct by plasmin, indirect via MMPs, or in-
volve both classes of proteases remains to be determined.

In summary, our results provide mechanistic insights into how
Plasmodium parasites co-opt the human fibrinolytic system to sup-
port its development in the vector and in the mammalian host,
opening the possibility of targeting these interactions for malaria
transmission-blocking interventions. One strategy is the use of
available antifibrinolytic drugs like aprotinin, e-aminocaproic acid,
and tranexamic acid, currently used during surgeries of patients with
high risk of bleeding (62). However, this strategy is not feasible to
control malaria transmission as the drugs will have to be constantly
administered over an extended period, which will alter the fibrino-
lytic homeostasis. Another alternative is to identify the parasite’s
receptors for tPA, uPA, and plasminogen, as these receptors are po-
tential targets for transmission-blocking interventions (18). In ad-
dition, innovative strategies including transgenic mosquitoes (63)
or transgenic mosquito symbionts (paratransgenesis) (64, 65), pro-
ducing molecules that prevent the parasite from using the fibrino-
lytic proteins are currently being developed.

MATERIALS AND METHODS

Experimental design

The objective of this study was to establish the mechanism by which the
mammalian fibrinolytic system, as well as its central protease plasmin,
promotes Plasmodium infection of the mosquito vector and the ver-
tebrate host. A previous study showed that Plasmodium requires
plasmin for infection of the mosquito. We hypothesized that the par-
asite uses the plasmin protease activity to degrade fibrin and extra-
cellular matrix proteins, thereby facilitating parasite migration in the
mosquito blood bolus and in the extracellular matrices of the verte-
brate skin and liver. For experiments with P. falciparum, we used
in vitro—cultured parasites and standard membrane feeding assays
to determine the effect of treatment on parasite development in
An. gambiae mosquitoes. To assess the role of plasmin during spo-
rozoite infection of the mammalian host, we used a combination of
in vitro and in vivo experiments in mice. Group sizes were deter-
mined on the basis of previous publications. Most experiments were
performed at least in triplicate. Sodium citrate was used as anticoagulant
for human plasma collection.

Animal ethics protocol

The study was performed in strict accordance with the recommen-
dations from the Guide for Care and Use of Laboratory Animals of
the National Institutes of Health (NIH). The animal use was done in
accordance with protocol MO18H18 approved by the Johns Hopkins
University Animal Care and with the Use Committee or The NIH
Animal Ethics Proposal SOP LMVR 22.

Parasite and mosquito strains

An. gambiae (Keele) (66) or Anopheles stephensi (Nijmegen) (67)
mosquitoes were reared at 27°C and 80% humidity with a 14-hour/
10-hour light/dark cycle under standard laboratory conditions.
P. falciparum NF-54 gametocyte cultures were provided by the
Johns Hopkins Malaria Research Institute Parasite Core Facility.
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Mosquito infections

Mosquitoes were infected by membrane feeding with reconstituted
human blood. Briefly, a suspension of human RBCs was mixed with
human plasma (Innovative Research) at 50% hematocrit. The in-
fected blood was diluted to 0.05% gametocytemia before feeding to
the mosquitoes. When specified, the blood was reconstituted with
tPA-depleted human plasma (Innovative Research) or supplemented
with human sc-tPA (Innovative Research) at 5, 50, and 500 ng/ul.
To inhibit uPA activity, reconstituted blood was supplemented with
the uPA inhibitor DGGACK (EMP-Millipore) at 0.5, 5, and 50 uM. To
inhibit both, tPA and uPA, the normal plasma-reconstituted blood
was supplemented with different concentrations of PAI-1 (Innova-
tive Research). To rescue PAI-1 inhibition, the PAI-1-treated blood
was supplemented with plasmin (Sigma-Aldrich) at 100 and 200 pg/ml.
Plasma controls were supplemented with a volume of PBS equivalent
to the volume of treatments. To estimate oocyst numbers, midguts
were dissected in PBS 10 days after infection, stained with 0.2%
mercurochrome, and mature oocysts were counted with a dissect-
ing microscope.

To determine the impact of PAI-1 on fertilization, mosquitoes
were fed with blood containing 0.2% gametocytemia in the presence
or absence of 2.5 ug/ml of PAI-1. Plasma controls were supplemented
with a volume of PBS equivalent to the volume of treatments. Indi-
vidual midguts were dissected 22 to 23 hours after feeding, homog-
enized in 50 pl of PBS, and 5 pl of this suspension was smeared and
immunostained using anti-Pfs25 antibody (see the “Immunofluo-
rescence assay” section below). To test the impact of different con-
centrations of fibrinogen on plasma, we fed An. gambiae females
with infected RBCs (P. falciparum NF54, gametocytemia 0.08% or
1.5%) diluted to 50% hematocrit with control normal plasma or
control plasma plus Fibrinogen (2 or 4 mg/ml) (Sigma-Aldrich).
Oocyst numbers were counted 10 days after infection. In addition,
infections were tested using plasma or serum isolated from three
volunteers. Serum was supplemented with 3.2% sodium citrate, the
same concentration used to isolate the plasma. Under a Johns Hopkins
Medicine Institutional Review Board-approved protocol, blood
from healthy volunteers is procured weekly and provided without
identifiers to qualified investigators to culture malaria parasites in vitro,
propagate the mosquito vectors of malaria, or infect mosquitoes with
malaria. Volunteers reviewed and signed a written informed consent.

The effect of fibrinogen on infections performed with Albumax,
a solution of Albumax composed of 5% (w/v) Albumax II (Gibco,
Life Technologies) in RPMI 1640 (Gibco, Life Technologies), with
addition of L-glutamine and 25 mM Hepes (Corning Cellgro) was
supplemented with fibrinogen (4 mg/ml) or fibrinogen plus plasmin
(100 ng/ml) (Sigma-Aldrich). Infections were performed at 0.05%
gametocytemia.

In vitro P. berghei ookinete differentiation

P. berghei ookinete in vitro cultures were performed as previously
described (68). Briefly, mice were injected intraperitoneally with a
solution of 200 ul phenylhydrazine (10 mg/ml)/1x PBS (Sigma-
Aldrich). Three days later, mice were infected intraperitoneally with
10° P. berghei-GFP infected RBCs. Three days later, the gametocyte-
enriched blood was collected by cardiac puncture and cultured in 96-well
plates with ookinete culture medium containing PAI-1 (2.5 ug/ml)
or an equal volume of PBS, for 24 hours at 19°C with gentle agitation.
Parasites were fixed with 4% (w/v) paraformaldehyde and stained
with an anti-Pbs21 antibody (69). Parasites were counted under a
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fluorescence microscope, and ookinete differentiation was determined
as the percentage ookinetes (banana-shaped Pbs21-positive cells) from
the total number of Pbs21-positive parasites (ookinetes plus round-
shaped gametes and zygotes). Parasites micrographs were taken on
Leica SP8 DMI 6000 confocal microscope (Leica Microsystems,
Wetzlar, Germany) with 63x oil immersion objective and using a
zoom factor of 4. equipped with a photomultiplier tube/hybrid de-
tector. Samples were visualized with a white light laser, and specific
emission and excitation range were used depending on the fluoro-
phore used. Images were taken using sequential acquisition and
variable z-steps. Image processing was performed using Imaris 9.2.1
(Bitplane, Concord, MA, USA).

Tc-tPA activity

The enzyme tc-tPA (100 nM, Innovative Reseach) was incubated
with PAI (100, 250, or 500 nM) in 0.01% Tween 20, tris-buffered
saline (TBST) [50 mM tris-Cl (pH 7.5) and 150 mM NacCl] for
15 min at room temperature. The fluorogenic substrate D-Val-Leu-
Lys 7-amido-4-MC (10 pM) (Sigma-Aldrich) was added, and the
change in fluorescence (excitation, 280; emission, 460) was record-
ed every 5 min over a period of 2 hours at 37°C. Fluorescence was
measured using the Cytation 5 microplate reader (BioTek Instru-
ments, USA).

Heme quantification on blood fed mosquitoes

Mosquito were allowed to feed by standard membrane feeding assay
on RBCs resuspended in plasma, plasma plus PAI-1 (250 ng/ml), or
plasma plus PAI-1 and plasmin (200 pg/ml). Midguts were dissected
30 min after blood feeding and each midgut was individually homoge-
nized in 1 ml of water. Midguts from unfed females (non-bf) were
used as negative control. The spectra (300 to 600 nm) of each indi-
vidual replicate was then measured in a Cytation 5 Cell Imaging
Multi-Mode Reader (BioTek Instruments, USA) and recorded with
the Gen5 Image Prime software version 3.04. (BioTek Instruments,
USA). Protein-bound heme was measured at 410 nm (70).

Immunofluorescence assays

P. falciparum gametes were obtained from gametocyte cultures after
activation for 20 min in RPMI 1640 supplemented with 10% (v/v) plasma
and 100 pM xanthurenic acid. Zygotes and ookinetes were obtained
from midguts dissected at 4 and 19 hours after blood feeding, re-
spectively. Briefly, midguts were homogenized in PBS, and the cell
suspension was washed twice with the same buffer. For microscopy,
parasites were allowed to sediment onto poly-lysine-coated coverslips
(Sigma-Aldrich) for 15 min and fixed for 20 min in PBS containing
4% (w/v) paraformaldehyde and 0.01% (v/v) glutaraldehyde (Sigma-
Aldrich); the slides were then washed three times with PBS. The samples
were blocked in 5% (w/v) BSA and 0.1% (w/v) gelatin in PBS (block-
ing buffer) for 1 hour. For double staining, the slides were incubated
for at least 2 hours with different combinations of antibodies: rabbit
anti-human plasminogen (1:1000, Abcam) and sheep anti-human
tPA (5 ug/ml, Innovative Research); rabbit anti-human uPA (5 pg/ml,
Innovative Research) and sheep anti-human plasminogen (5 ug/ml,
Innovative Research); and sheep anti-human tPA (5 ug/ml, Innova-
tive Research). The samples were washed, blocked for 1 hour, and
incubated with secondary antibodies conjugated to either Alexa Fluor
488 (green) or Alexa Fluor 594 (red) dyes (1:2500) (Thermo Fisher
Scientific) for at least 2 hours. The coverslips were mounted with
ProLong Gold antifade reagent with 4’,6-diamidino-2-phenylindole
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(DAPI) (Invitrogen), and images were viewed with a Nikon Plan
Apo 100x/numerical aperture (NA) 1.4 objective and a Hamamatsu
GRCA-ER camera (Hamamatsu Photonics, Hamamatsu, Japan) using
a Nikon Eclipse 90i microscope (Nikon Instruments Inc.). Optical
z-sections with 0.2-um spacing were acquired using Volocity software
version 6.3 (PerkinElmer). Images were processed by deconvolution
using iterative restoration (confidence limit 100% and iteration lim-
it 25). Adobe Photoshop software (Adobe, San Jose, CA) was used
to adjust levels, crop, and resize images.

For quantification of tPA, uPA, and plasminogen binding, gam-
etes (activated in vitro as described above) and zygotes (from mos-
quito midguts) were activated in the presence of aminocaproic acid
(400 pg/ml, Sigma-Aldrich) or tranexamic acid (400 pg/ml, Sigma-
Aldrich), respectively. The parasites were immunostained as described
above using anti-tPA, anti-uPA, or anti-plasminogen antibodies.
Cell-associated fluorescence was quantified by substracting the
background relative fluorescence using Image] software (NIH, USA).

Salivary gland sporozoites were obtained by dissecting An. stephensi
salivary glands 21 days after feeding on P. berghei-infected mice or
21 days after feeding on P. falciparum gametocytes. The salivary glands
were homogenized using a blue plastic pestle, and the free sporo-
zoites were either incubated with 5% plasma or with PBS as negative
control for 20 min at 37°C. Sporozoites were centrifuged against a
poly-L-lysine-coated coverslips at 300g for 4 min. Coverslips were
washed three times with PBS, and sporozoites were fixed with a PBS
solution containing 4% (w/v) paraformaldehyde for 20 min at room
temperature. The coverslips were washed three times with PBS and
blocked for 1 hour at room temperature with 2% (w/v) BSA in PBS
(blocking buffer). The samples were stained for 1 hour at room tempera-
ture with either a combination of sheep anti-human plasminogen
(5 ug/ml, Innovative Research) and rabbit anti-human uPA (5 ug/ml,
Innovative Research) or sheep anti-human tPA (5 pg/ml, Innovative
Research) and rabbit anti-human uPA (5 ug/ml, Innovative Research)
diluted in blocking buffer. After three washes with PBS, the coverslips
were incubated with secondary antibodies conjugated to Alexa Fluor
488 (1:2500) for 1 hour. After three washes with PBS, the coverslips
were mounted with ProLong Gold antifade reagent with DAPI
(Invitrogen), and images were viewed with a Nikon Plan Apo 100x/NA
1.4 objective and a Hamamatsu GRCA-ER camera (Hamamatsu
Photonics, Hamamatsu, Japan) using a Nikon Eclipse 90i microscope
(Nikon Instruments Inc.). Optical z-sections with 0.2-um spacing
were acquired using Volocity software version 6.3 (PerkinElmer).
Images were processed using iterative restoration (confidence limit,
100%; iteration limit, 25). Alternatively, sporozoites were imaged using
a Leica TCS SP8 DMI 6000 confocal microscope (Leica Microsystems,
Wetzlar, Germany) as described above.

Confocal microscopy of liver invasion: Mice were injected intra-
venously with either 100 pl of PBS (group 1, control) or mouse recom-
binant PAI-1 (0.5 pg/ul; stable mutant, Innovative Research) (groups 2
and 3). After 1 hour., 300,000 P. berghei salivary gland sporozoites were
injected intravenously into PBS-injected mice (n = 5 per experiment)
and into half of the PAI-injected mice (group 2, n =5 per experiment).
The other half of PAI-1-injected mice (n = 5 per experiment) were
injected intravenously with sporozoites mixed with human plasmin
(100 pg) (Sigma-Aldrich). After 3 hours, livers were perfused with 20 ml
of periodate-lysine-paraformaldehyde (PLP) buffer {37% P-buffer
[P-buffer = 8.1 mM Na,HPO,4 and 1.9 mM NaH,PO, (pH 7.4)], 9.9 mM
NalOy, 75.0 mM L-lysine, and 2% paraformaldehyde}. Perfused livers
were dissected and fixed overnight at 4°C in PLP buffer, washed twice
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in P-buffer, and incubated overnight at 4°C in 30% sucrose. Fixed
livers were mounted in optimal cutting temperature compound
(Tissue-TEK) and cut in a microtome (30 um). Slices were mounted
on Super Frost Plus Gold slides (Electron Microscopy Services),
permeabilized, and blocked overnight at 4°C with PBS containing
0.3% Triton X-100, 1% BSA, and 1% murine Fc seroblock (clone
2.4G2; BD Biosciences). Sections were stained with the following
primary antibodies: anti-F4/80 monoclonal antibody (mAb) (clone
BMS; BioLegend), anti-collagen IV (polyclonal rabbit; Abcam), and
anti-circumsporozoite protein (CSP) mAb (clone 3D11) (71). Slides
were washed three times with 0.2% Triton X-100 in PBS for 1 hour
per wash, at room temperature on a shaker. Samples were stained
overnight at 4°C with the secondary antibody anti-rabbit immuno-
globulin G (IgG) Alexa Fluor 700 (Thermo Fisher Scientific). Slides
were washed three times with 0.2% Triton X-100 in PBS for 1 hour
per wash, at room temperature on a shaker. Slides were mounted
with Fluoromount G (eBiosciences) and sealed with a glass coverslip.
Representative images of sections from different livers were acquired
with a SP8 confocal microscope (Leica) equipped with a 40x objec-
tive (NA 1.3). Hepatocytes were visualized by their autofluorescence
using the 405 laser with detector at 510 to 550, and cell nuclei were
visualized with JOJO-1 (Thermo Fisher Scientific).

Cell surface plasminogen activation

The activation of female gametes was performed as described above,
except that human serum was substituted with Albumax. Gametes
were purified using a density gradient as described previously (72).
The parasites were suspended at 2 x 10° cells/ml and incubated for
1 hour in PBS containing sc-tPA (100 ng/ml) (Innovative Research).
Cells were washed three times with PBS and incubated in PBS con-
taining plasminogen (100 pg/ml) for 1 hour. Following washing, cell
surface plasmin activity was measured using the specific plasmin
chromogenic substrate (D-Val-Leu-Lys 4-nitroanilide dihydrochloride,
Sigma-Aldrich). Plasmin activity was monitored by continuously
measuring the rate of change of absorbance at A405 nm. For controls,
either or both tPA and plasminogen were omitted. Alternatively,
plasminogen was incubated in the presence of tranexamic acid
(100 pg/ml).

Sporozoites. P. berghei salivary gland sporozoites (100,000) were
incubated with human plasminogen for 1 hour at 37°C. Sporozoites
were centrifuged at 10,000¢ for 5 min at 4°C and washed twice with
PBS. Sporozoites were incubated for 1 hour at 37°C with either
sc-tPA (100 ng/ml) or tPA preincubated with 10 mM tranexamic acid.
Sporozoites were centrifuged at 10,000¢ for 5 min at 4°C and washed
twice with PBS. Sporozoites were incubated only with plasminogen
or tPA as negative controls. Noninfected salivary glands were dis-
sected and processed similarly as for sporozoite isolation and were
used as “mock preparations.” Activation of plasminogen was deter-
mined using the SensoLyte AFC Plasmin Activity Assay Fluorimetric
Kit (AnaSpec) following the manufacturer’s recommendations.
Fluorescence readings for plasmin activity were obtained using a
Molecular Devices SpectraMax (Molecular Devices) with excitation
at 380 nm and emission at 500 nm.

Western blot assays

Blood-fed mosquitoes were dissected 15 min and 1 hour after blood
feeding in PBS supplemented with 5 mM EDTA, 0.1 mM phenyl-
methylsulfonyl fluoride (Sigma-Aldrich), and protease inhibitors
(#P8340, Sigma-Aldrich). A total of five midguts were pooled in
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50 ul of PBS, then the midguts were macerated on ice, and reducing
SDS-polyacrylamide gel electrophoresis (PAGE) sample buffer was
added to the samples. A total of 0.25 midgut equivalent was separated
by SDS-PAGE and transferred to polyvinylidene difluoride membranes
(Millipore). The membrane was blocked with blocking buffer (5%
milk powder in TBST) overnight at 4°C following incubation with
goat anti-human fibrinogen antibody (1:10,000 in TBST; Sigma-Aldrich).
Membranes were incubated with anti-goat horseradish peroxidase
(1:30,000 in TBST; Sigma-Aldrich) for 1 hour at room temperature
and detected using SuperSignal West Pico PLUS Chemiluminescent
Substrate (Thermo Fisher Scientific).

ImageStream flow cytometry

Female mosquitoes were fed on blood reconstituted with plasma,
serum, Albumax (Thermo Fisher Scientific), or Albumax plus fibrino-
gen (4 mg/ml). Individual midguts were dissected 5 min after feed-
ing and disrupted in 50 ul of PBS. The volume was adjusted slowly
to 200 pl of PBS, and the samples were immediately analyzed on an
Amnis ImageStreamX Mark II flow cytometer (Luminex) with
high-resolution imaging capability. Individual images of each event
were recorded. The events were gated on the basis of aspect ratio
versus area. Images were recorded at x40 magnification and run at
high speed with a 7-um core size. A total of 10,000 events were ana-
lyzed. Data analysis was performed using IDEAS software version
6.0 (Amnis-EMD Millipore).

Prepatency assays

For mosquito challenge: Mice were injected intravenously with 50 ug
of mouse PAI-1 stable mutant (Innovative Research), with [50 ug
mouse PAI-1 stable mutant (Innovative Research) plus 100 ug of
human plasmin (Sigma-Aldrich)], or with PBS. Mice where challeged
30 min later with the bite of three An. stephensi mosquitoes infected
with P. berghei parasites expressing mCherry under the UIS4 pro-
moter (73). Infection status of mosquito salivary glands was verified
before the challenge by the presence of strong red fluoresnce in the
thoracic cavity. Mouse infection patency was monitored by Giemsa-
stained blood smears for 12 days after infection. A single experiment
included five mice for each treatment.

For intradermal sporozoite challenge: Mice were anesthetized by
peritoneal injection of ketamine (50 mg/kg body weight) and xylazine-
hydrochloride (10 mg/kg body weight), and then 5000 sporozoites
were injected intradermally into the ear in a total volume of 5 ul of
PBS, PAI-1 (25 ng/ul), or [PAI-1 (25 ng/pl) plus plasmin (10 uM)].
Mice were maintained on a 37°C warm plate before and 30 min after
sporozoite injection. Infection patency was monitored by Giemsa-
stained blood smears for 12 days after parasite inoculation. A single
experiment included five mice for each treatment.

For intravenous sporozoite challenge: Mice were injected intra-
venously with either PBS (group 1) or 50 ug of mouse PAI-1 stable
mutant (groups 2 and 3). At 1 hour later, mice were injected intra-
venously with 200 sporozoites (groups 1 and 2) or 200 sporozoites
mixed with 100 pg of plasmin (group 3). Infection patency was moni-
tored by Giemsa-stained blood smears for 12 days after parasite inoc-
ulation. A single experiment consisted of five mice for each treatment.

Sporozoite motility

Matrigel: P. berghei mCherry sporozoites were mixed with an equal
volume (5 pl) of Geltrex LDEV-Free Reduced Growth Factor Base-
ment Membrane Matrix (Thermo Fisher Scientific) mixed with buffer,
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PAI-1 (25 ng/ul), or PAI-1 (25 ng/ul) plus sc-tPA (25 ng/ul). The
mixture was applied onto a glass slide, then covered with a round
coverslip, and incubated at 37°C for 5 min to allow the matrix to
solidify. Sporozoite motility was immediately monitored under a
fluorescence microscope for 5 min at room temperature with frames
taken every 5 s. Image sequences were manually analyzed with the
ImageJ] Manual Tracking plugin.

Mouse dermis: Sporozoite motility in the mouse dermis was
monitored as previously described (73). Briefly, P. berghei mCherry
sporozoites were injected intradermally in the dorsal side of the ear
pinna of anesthetized mice using a 10-ul NanoFil syringe with a
NF33BV-2 needle (World Precision Instruments). The ear pinna was
taped to a coverslip, and the mouse was mounted on an inverted
Zeiss Axio Observer Z1 microscope with a Yokogawa CSU22 spin-
ning disk prewarmed at 30°C. Parasites were visualized using a 10x
objective and magnified with a 1.6 Optovar on Z-stack containing
three sections spanning a total depth of 30 to 50 um, with a frame
rate of 1000 ms per frame using an electron-multiplying charge-coupled
device camera (Photometrics, Tucson, AZ, USA) and the 3i SlideBook
5.0 software (Intelligent Imaging Systems). Images were projected
into single z-layer, and sporozoite motility was manually tracked using
Imaris software (Bitplane, Concord, MA, United States).

Glass slide: Sporozoite motility on glass slides was assessed as
previously described (74). Briefly, salivary gland sporozoites were
dissected in RPMI 1640 containing 3% BSA and added to Lab-Tek
wells (20,000 sporozoites per well) previously coated with an anti-
CSP mAb 3D11 for 1 hour at 37°C in the presence or absence of
mPAI-1 (25 ng/ul). Wells were washed, fixed with 4% w/v parafor-
maldehyde in PBS, blocked with 1% BSA in PBS, and stained with
biotinylated 3D11 anti-CSP antibody. Streptavidin conjugated to
Alexa Fluor 488 (Thermo Fisher Scientific) was used to visualize the
biotinylated 3D11 antibody binding to the CSP trails shed during
sporozoite movement. Sporozoite motility was quantified by the
number of trails (circles) associated with each sporozoite.

P. berghei hepatocyte invasion and EEF development

Hepa 1-6 cells were grown in monolayers in Lab-Tek chambers.
Each well was seeded with 20,000 sporozoites in the presence or
absence of mouse PAI-1 (25 ng/ul). Lab-Tek chambers were centrifuged
at 300g at room temperature for 4 min to sediment the sporozoites
toward the hepatocytes. Sporozoites were allowed to invade the
hepatocytes for 1 hour by incubation at 37°C in 5% CO,. After 3 hours,
each well was carefully washed three times with PBS and fixed with
4% paraformaldehyde in PBS overnight at 4°C. For intracellular-
extracellular double labeling, we followed a previously published
protocol (75) with modifications. Wells were washed with buffer,
blocked with 1% PBS/BSA, stained with anti-CSP mAb 3D11 for
1 hour at 37°C, and then stained with a goat anti-mouse IgG antibody
labeled with Alexa Fluor 488 (Invitrogen) for 1 hour at 37°C. This
staining is to visualize extracellular sporozoites. After washing three
times, cells were permeabilized with 0.05% Triton X-100/PBS for
20 min at 37°C. Cells were washed, blocked with 1% PBS/BSA, stained
with mAb 3D11 for 1 hour at 37°C, and then stained with goat anti-
mouse IgG antibody labeled with Alexa Fluor 594 (Invitrogen) for
1 hour at 37°C. After three washes with PBS, the cells were mounted
with ProLong Gold Antifade Mountant with DAPI (Invitrogen) for
visualization in a fluorescence microscope. Sporozoites were scored
as extracellular if they showed green and red fluorescence or intra-
cellular if they showed only red fluorescence.
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For EEF development, Hepa 1-6 cells grown in monolayers Lab-Tek
chambers were seeded with 20,000 sporozoites in the presence or
absence of mouse PAI-1 (25 ng/ul). Lab-Tek chambers were centri-
fuged at 300g at room temperature for 4 min to sediment the sporo-
zoites against the hepatocytes. Sporozoites were allowed to invade
the hepatocytes for 2 hours by incubation at 37°C in 5% CO,. Wells
were washed three times with culture media to remove extracellular
sporozoites, followed by addition of fresh 400 ul of media with or
without mouse PAI-1. Cells were cultured for 48 hours with culture
media change every 12 hours (with or without mouse PAI-1). After
48 hours, wells were washed with PBS, fixed with 4% paraformalde-
hyde in PBS at 4°C overnight, and permeabilized with 100% metha-
nol at —20°C for 20 min. Wells were washed with PBS, blocked with
1% PBS/BSA, and probed with anti-PbHSP70 mAb 2E6 (76) for
1 hour at room temperature. Wells were washed with PBS and stained
with goat anti-mouse IgG antibody labeled with Alexa Fluor 488
(Invitrogen). After three washes with PBS, the cells were mounted
with ProLong Gold Antifade Mountant with DAPI (Invitrogen) for
visualization in a fluorescence microscope. Slides were visualized
using the 20x objective to score the number of EEFs developing on
each field. A total of 100 fields were evaluated for each well.

P. falciparum PHH invasion and EEF development

P. falciparum PHH invasion and EEF development experiments
were performed as previously described (77). Briefly, cryopreserved
PHH (catalog no. M00995-P, donor YNS, BioIVT Inc., Baltimore,
MD, USA) were thawed following manufacturer’s protocol and di-
luted in hepatocyte culture medium (HCM) to a concentration of
900 cells/pl (18,000 PHHs per well). The cell mixture was seeded as
a confluent monolayer in a commercial 384-well plate (catalog no.
781956, Greiner, Monroe, NC, USA) and 2 days after seed each well
received a complete media change. Salivary glands were dissected 15 days
after infected blood feed from P. falciparum-infected An. stephensi
mosquitoes and collected into 100 ul of dissection media, followed
by gland disruption. Sporozoites were counted using a hemocytom-
eter and diluted to 1000 sporozoites/ul in HCM to a final concentra-
tion of 20,000 sporozoites per well. The cryopreserved P. falciparum
sporozoites used for the second biological replicate were produced
and thawed following previously described methodologies (78). The
mADb clone 2A10 anti-P. falciparum CSP, MRA-183A, was obtained
through BEI Resources, National Institute of Allergy and Infectious
Diseases (NIAID), NIH and used as the assay positive control for
blocking of sporozoite invasion. The human PAI-1 and positive
control were diluted in HCM and tested at the final concentrations
of 50, 25, and 12.5 ng/ul. Collected sporozoites were added to con-
ditioned wells in triplicates and exposed for 24 hours at 37°C before
washing with HCM. Medium was changed every 2 days using HCM
with 1% penicillin-streptomycin-neomycin until fixation 5 days after
infection.

IFA for EEF visualization and quantification: At 5 days after in-
fection, wells were fixed with 4% paraformaldehyde for 20 min at
room temperature and washed thrice with PBS. Wells were incu-
bated in blocking buffer (1% BSA and 0.3% Triton X-100 in PBS)
with mouse anti-glyceraldehyde 3-phosphate dehydrogenase (3.2 pug/ml
at 1:5000-fold dilution), obtained from The European Malaria Re-
agent Repository (www.malariaresearch.eu) overnight at 4°C. Wells
were washed thrice with PBS and incubated for 1 hour at room tempera-
ture with secondary goat anti-mouse Alexa Fluor 555 Plus (2 ug/ml
at 1:1000-fold dilution) (Thermo Fisher Scientific) and Hoechst 33342
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(10 pg/ml at 1:1000-fold dilution) (Thermo Fisher Scientific) and
then washed thrice and filled with PBS for imaging and storage.

Imaging and data analysis: High-resolution z-stack IFA images
of P. falciparum EEFs were captured with a water immersion 63X,
1.75 NA objective on a Operetta CLS Imaging System using Harmony
14.2 software for image processing (Perkin Elmer). Parasite growth
was determined by quantification of developing EEFs based on flu-
orescence intensity and morphology. Statistical significance of parasite
growth was determined using one-way analysis of variance (ANOVA)
followed by Dunnett’s multiple comparisons to the infected control
where values are represented by ****P < 0.0001 and no significance
(ns) as defined in Prism (GraphPad, La Jolla, CA, USA).

Statistical analysis

Data were analyzed with GraphPad Prism version 7.04. Data from
mosquito infections are not normally distributed and were analyzed
with nonparametric Mann-Whitney test or Kruskal-Wallis test with
Dunn’s multiple comparison posttest. Prepatency assays were ana-
lyzed using the log-rank (Mantel-Cox) test with Bonferroni multi-
ple comparison. Data with normal distribution were analyzed with
one-way ANOVA with Dunnett’s or Tukey’s multiple comparison
test. P values are defined in each figure.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/6/eabe3362/DC1

View/request a protocol for this paper from Bio-protocol.
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