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SUMMARY

Dengue symptoms include alteration of blood coagulation and fibrinolysis, causing severe hemor-

rhage and death. Here, we demonstrate that higher concentration of plasmin, the human fibrinolytic

factor, in bloodmeal enhances dengue virus (DENV) infection inmosquitomidgut and dissemination in

mosquitoes. We also show that mosquitoes express a plasmin-selective Kazal-type inhibitor (AaTI) in

the midgut to inhibit plasmin proteolysis and revert the enhanced infection. Using bio-layer interfer-

ometry, we show that DENV, plasmin, and AaTI interact to form a tripartite complex. Eventually,

plasmin increases midgut internalization of dextran molecules and this is reverted by AaTI. Our study

demonstrates that (1) DENV recruits plasmin to increase local proteolytic activity in the midgut, thus

degrading the glycocalyx and enhancing DENV internalization and (2) AaTI can act as a transmission-

blocking agent by inhibiting plasmin proteolysis. Our results indicate that dengue pathogenesis

enhances DENV fitness by increasing its infectivity to mosquitoes.

INTRODUCTION

Pathogens alter host physiology in various ways. Vector-borne pathogens often influence three-way inter-

actions involving host, vector, and pathogen (Mauck et al., 2012; Ewald, 1995; Hurd, 2003). Those alter-

ations that maximize transmission success get fixated through natural selection (Ewald, 1995; Anderson

and Robert, 1992). Therefore, deciphering how host alterations influence transmission is critical to under-

stand virulence evolution. This knowledge can contribute toward developing strategies to tackle important

public health problems caused by vector-borne diseases.

Dengue induces a wide range of symptoms, from none to hemorrhage that can lead to death if not properly

managed (Huang et al., 2001; Lee et al., 2017; Guzman and Harris, 2015). The four dengue virus types

(DENV1–4) infect approximately 390 million people yearly, causing the most prevalent arboviral disease

in the world (Bhatt et al., 2013). DENV cycles between humans and Aedes aegyptimosquitoes that acquire

and transmit the virus during biting (Westaway, 1987). For successful transmission, DENV ingested from

infected humans has to first infect and multiply in the mosquito’s midgut epithelial cells. The viruses

then disseminate into secondary tissues such as hemocyte andmuscles and finally infect the salivary glands,

fromwhich they are expectorated in the saliva during subsequent biting (Salazar et al., 2007). However, only

a small proportion of ingested DENV initiates midgut infection, creating a barrier that determines mos-

quito transmission (Franz et al., 2015). Although previous reports have shown that DENV can alter host

blood factors (Chuang et al., 2013), little is known about how these factors present in the ingested blood

influence midgut infection.

Fibrinolysis is one of the aggravating factors associated with dengue-induced vascular bleeding in children

(Sosothikul et al., 2007) and adults (Orsi et al., 2013; Huang et al., 2001). Fibrinolysis is mediated through

fibrin clot degradation by the broad-spectrum serine protease plasmin (Cesarman-Maus and Hajjar,

2005). Unchecked plasmin can cause generalized hemorrhagic state within minutes (Ponting et al., 1992).

Interestingly, some pathogens recruit circulating plasmin or its zymogen form, plasminogen, to degrade

extracellular matrix, thereby facilitating tissue barrier penetration (Lottenberg et al., 1994; Ehinger et al.,

2004; Coleman et al., 1997; Sun et al., 2004; Goto et al., 2001). For instance, the parasite Plasmodium sp.

that causes malaria is transmitted by Anopheles mosquitoes and captures plasminogen in the human

blood (Ghosh et al., 2011). Subsequent plasminogen activation into plasmin increases mosquito midgut
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infection by the parasite. However, it is unknown if plasmin stimulates DENV infection. Such knowledge

would shed new light on the Cause-and-Effect interaction between pathogenic fibrinolysis, virus infectivity

to mosquitoes, and the resulting virus fitness.

In the absence of therapeutics and efficient vaccine against DENV (Barrows et al., 2018; Villar et al.,

2015; Sabchareon et al., 2012), transmission-blocking agents represent a promising intervention to

curb epidemics. When administered to humans, these agents could increase the barrier to midgut

infection. Although Aedes aegypti possesses a Kazal-type serine protease inhibitor (hereafter called

AaTI) (VectorBase: AAEL006007) that is expressed in the midgut and binds to plasmin, its inhibitory

capacity is unknown (Rimphanitchayakit and Tassanakajon, 2010; Watanabe et al., 2010). AaTI contains

a single Kazal domain that is structurally constrained by three disulfide bridges to enable stoichio-

metric binding to proteolytic sites in a lock-and-key manner (Laskowski and Kato, 1980). Similarly to

other serine protease inhibitors, invertebrate Kazal-type proteins regulate blood feeding, autophagy,

and host-pathogens interactions (Rimphanitchayakit and Tassanakajon, 2010). Because of their speci-

ficity and protease inhibition property, serine protease inhibitors have been proposed as therapeutic

agents (Masurier et al., 2018).

Here, we investigated how blood changes triggered by dengue pathogenesis influence mosquito infec-

tion. We tested whether blood plasmin increases DENV infection in Ae. aegypti mosquitoes. We also

tested whether midgut-expressed AaTI inhibits plasmin-mediated infection. We discovered that plasmin

induces, whereas AaTI limits infection in the midgut lumen. We further determined that DENV particles re-

cruit plasmin, which in turn binds to AaTI to inhibit plasmin proteolysis and revert plasmin infection

enhancement. Eventually, we reported that midgut internalization was increased following a blood meal

with both DENV and plasmin and that the increase was reverted by AaTI. Collectively, our results reveal

how human plasmin and AaTI interaction influences DENVmosquito infection. At the intersection between

pathogenesis and vector competence, our study suggests that a human blood component related to

dengue symptomatology increases DENV fitness by enhancing mosquito infection. We also identified

an associated transmission-blocking candidate.
RESULTS

Plasmin Enhances Dengue Virus Infection of Mosquito Midgut

To test whether plasmin increases DENV infectivity, we orally infected female Ae. aegypti with pig blood

supplemented with human plasmin. We first conducted a preliminary dose-response analysis to determine

plasmin effective concentration. Since the blood plasmin levels in healthy humans and patients with

dengue are unknown, we tested concentrations around the reported average concentration of plasmin-

ogen in healthy human plasma: 2.4 mM (Collen and Lijnen, 1986). We reasoned that plasmin concentration

could not exceed that of plasminogen. In control mosquitoes, plasmin solution volume was replaced by

RPMI media. Blood inoculum was 107 pfu/mL, which is a biologically relevant titer within the range of

viremia measured in hospitalized children during fever onset (Vaughn et al., 2000). At 7 days post oral infec-

tion, when DENV has infected midgut and disseminated (Pompon et al., 2017; Salazar et al., 2007), we

collected the whole mosquitoes and calculated the titer as plaque-forming units (pfu) per mosquito. The

infection level (measured as pfu per infected mosquito) was increased when plasmin concentrations

wereR1.2 mM (Figure S2). Interestingly, infection rate, calculated as the number of mosquitoes with at least

1 pfu over total sampled blood-fed mosquitoes, was not affected by plasmin addition, even for concentra-

tions as high as 6 mM (Figure S2). Because 1.2 mM represents a plasminogen activation rate of 50% and to

undertake a more conservative approach by using the lowest effective concentration, we used 1.2 mM of

plasmin in subsequent studies.

Further replication of our experiments showed that plasmin supplementation at 1.2 mM did not alter blood

feeding rate or survival of mosquitoes (Figures S3 and S4), both of which are indicative of vector capacity

(Kramer and Ciota, 2015). Although the infection rate was not significantly increased with plasmin addition

(Figure 1A), DENV titer per infected mosquito was significantly (p value = 0.0008) increased by 2.24-fold

(Figure 1B). To test whether plasmin also modified DENV infectivity in mammalian and mosquito

cells, we titered the artificial blood meals used for oral infection in hamster kidney (BHK-21) and Aedes

albopictus cells (C6/36). As expected from the inoculum dilution, titers in these cells were approximately

107 pfu/mL and were not altered by plasmin addition (Figures 1C and 1D). These suggest that plasmin in-

crease of infection is specific to the midgut environment.
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Figure 1. Impact of Plasmin Blood Supplementation on DENV Infection

(A–D) (A) Infection rate in mosquitoes and (B) plaque-forming units (pfu) per infected mosquito 7 days post feeding on

infectious blood meal supplemented with either plasmin or control. Titers of blood meals supplemented with either

plasmin or control as (C) plaque-forming units (pfu) per milliliter with mammalian cells (BHK-21) and (D) focus forming unit

(ffu) per milliliter with mosquito cells (C6/36).

(E and F) (E) Infection rate in midgut and (F) foci of infection per infected midgut 3 days post feeding on infectious blood

meal supplemented with plasmin or control.

(A and E) Bars show percentages. Differences were tested with c2 test. n, number of mosquito samples. (B–D) Line

represents geometric mean G95% CI. Differences were tested with t test on log-transformed values. (F) Lines represent

arithmetic mean G SEM. (B–D and F) Each point represents one sample.
We hypothesized that plasmin-mediated increase in mosquito titers was caused by enhanced initiation of

midgut infection. To test this, we orally infected mosquitoes with blood supplemented with 1.2 mMof plasmin

and immunostained the midguts for DENV envelope at 3 days post infection, when DENV has multiplied in

midgut cells and formed foci of infection (Salazar et al., 2007). We reasoned that one focus of infection resulted

from one infected cell (Figure S5). Control mosquitoes were fed with infectious blood without plasmin. Similar

to the whole mosquitoes, plasmin did not increase midgut infection rate (p value = 0.193; Figure 1E), as

defined by the percentage of blood-fed midguts with at least one focus, but significantly (p value = 0.006)

increased the number of infection foci per infected midgut from 2.52 to 4.84 (Figure 1F). Initiation of midgut

infection by an average of two virions was previously reported for Venezuelan Equine Encephalitis Virus

(Alphavirus) in Culex mosquito vectors (Forrester et al., 2012). Taken together, our results demonstrate that

blood plasmin enhances DENV infection onset in the midgut, resulting in higher infection rate and viral

dissemination in the whole mosquitoes.
566 iScience 21, 564–576, November 22, 2019



Figure 2. Characterization of AaTI Inhibition and Expression in Midgut

(A) SDS-PAGE gel of expressed rAaTI. Lane1, Protein ladder; Lane2, Eluate.

(B) rAaTI inhibitory activity against serine proteases involved in blood coagulation.

(C) AaTI mRNA expression in midgut before and at 3 and 24 h post feeding on infectious or non-infectious blood meals.

Lines represent mean G SEM. Each point represents a sample containing 10 midguts.
A Kazal Inhibitor of Plasmin Limits Infection in Midgut Lumen

Previous studies have shown that AaTI, a Kazal inhibitor, is expressed in midgut and binds to plasmin (Wa-

tanabe et al., 2010, 2011). Based on these findings, we hypothesized that AaTI interferes with the plasmin-

mediated infection. To test this, we expressed recombinant AaTI (rAaTI) and characterized its protease

specificity in vitro and its midgut expression profile. The rAaTI was expressed in a bacterial system and pu-

rified to obtain a 9.85 kDa protein (Figure 2A) inclusive of His-tag. Using an in vitro chromogenic assay, we

screened the inhibitory profile of rAaTI (30 mM) against 10 proteases involved in blood coagulation and

observed 100% inhibition of plasmin proteolytic activity (Figure 2B). However, the same concentration of

rAaTI only marginally inhibited thrombin and FXIIA activities and had no inhibitory activity on other serine

proteases. Next, we performed curve inhibition assay and calculated that plasmin’s IC50 for rAaTI inhibition

was 118 nM (Figure S6). Additionally, we quantified AaTImRNA in the midgut before blood-feeding and at

3 and 24 h post oral feeding on non-infectious or infectious blood meals. AaTI midgut expression was not

affected by blood-feeding or infection (Figure 2C). These results showed that AaTI is constitutively ex-

pressed in the midgut, where our enzymatic assay indicated that it can inhibit the proteolytic activity of

plasmin.

To determine if AaTI modulates midgut infection, we depleted AaTI by injecting dsRNA against AaTI

(dsAaTI). dsRNA against the LacZ (dsLacZ) bacterial gene was injected as a control. On the fifth day

after dsRNA injection, mosquitoes were orally fed with infectious blood meal with 107 pfu/mL of DENV

and human serum, which naturally contains plasmin. This blood meal was not supplemented with pure

plasmin as earlier. Using a standard curve, we calculated that plasmin concentration in the blood meal

was 19.2G 0.44 nM (Figure S7). At 3 days post infection, we validated AaTImRNA depletion in the midguts

(Figure 3A) and dissected the tissues for DENV envelope immunostaining and foci count. AaTI depletion

significantly increased both the infection rate from 48.7 to 77.7% (p value = 0.010; Figure 3B) and the num-

ber of infection foci per infected midgut from 2.3 to 5.78 (p value = 0.0002; Figure 3C). Together, these re-

sults revealed that AaTI inhibits DENV midgut infection.
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Figure 3. Impact of AaTI on DENV Infection

(A) AaTImRNA level after RNAi depletion and oral infection. Mosquitoes were injected with dsRNA against AaTI (dsAaTI) or LacZ (dsLacZ) 4 days before oral

infection. AaTImRNA was quantified in midguts at the time of quantification of midgut infection and normalized to actinmRNA level. Each point represents

one sample containing 10 midguts.

(B and C) (B) Infection rate in the midguts and (C) foci of infection per infected midgut of dsAaTI- and dsLacZ-injected mosquitoes 3 days post oral infection.

(D and E) (D) Infection rate in mosquitoes and (E) pfu per infected dsAaTI- or dsLacZ-injected mosquito 7 days post feeding on blood with or without rAaTI.

(A, C, and E) Each point represents one sample. Differences were tested with t test. (A and C) Lines show means G SEM. (B and D) Bars show percentage G

SE. Differences were tested with c2 test. n, number of mosquito samples. (E) Differences were tested with t test after log-transformation. Lines show

geometric means G 95% CI.
Because AaTI contains a signal peptide that may facilitate its secretion, we tested whether AaTI antiviral

function takes place in the midgut lumen using a rescue experiment. dsAaTI-injected mosquitoes were

fed with infectious blood meal complemented with 100 mM of rAaTI protein. AaTI was mostly present in

the lumen as dsAaTI depleted AaTI from all tissues, including the midguts (Figure 3A). The infectious blood

meal also contained 19.2 nM of plasmin from the human serum (Figure S7), resulting in �1:5,000 ratio of

plasmin:rAaTI. We chose this ratio to maximize proteolysis inhibition and reveal rAaTI function in midgut

infection. We added two controls: (1) dsLacZ- and (2) dsAaTI-injected mosquitoes fed on infectious

blood without rAaTI. At 7 days post oral infection, we titered the whole mosquitoes. As shown for midguts

(Figures 3B and 3C), AaTI depletion significantly increased infection rate in mosquitoes (p value = 0.0007;

Figure 3D) and titer per infected mosquito (p value = 0.0003; Figure 3E) when compared with dsLacZ con-

trol. Interestingly, rAaTI complementation significantly (p value = 0.003) diminished the infection level in

AaTI-depleted mosquitoes, restoring it to that measured in dsLacZ control (Figure 3E). However, rAaTI

complementation only moderately (p value = 0.475) reduced the infection rate (Figure 3D), suggesting

that rAaTI blood complementation was not sufficient to rescue AaTI depletion in the lumen and epithelial

cells. Taken together, the results suggest that AaTI inhibits DENV infection in the midgut lumen.
AaTI Blocks Plasmin-Mediated Infection

We next tested whether there is a functional link among plasmin and AaTI pro- and anti-viral functions. To

determine whether AaTI can reduce plasmin-mediated DENV infection, we orally infected mosquitoes with

infectious blood supplemented with 1.2 mM plasmin and 100 mM rAaTI, resulting in a plasmin:rAaTI ratio of

�1.2:100. As controls, we used blood without plasmin and rAaTI supplementations and blood with plasmin.

We titered whole mosquitoes at 7 days post infection. Although the infection rate did not vary (Figure 4A),

rAaTI addition to plasmin-supplemented blood significantly (p value = 0.0001) decreased the titer when
568 iScience 21, 564–576, November 22, 2019



Figure 4. Impact of Plasmin-AaTI Interaction on DENV

(A and B) (A) Infection rate in mosquitoes and (B) pfu per infected mosquito 7 days post feeding on infectious blood meal

supplemented with plasmin, plasmin and rAaTI, or control.

(C and D) (C) Infection rate in mosquitoes and (D) pfu per infected mosquito 7 days post feeding on an infectious blood

meal supplemented with plasmin, plasmin and rAaTI, or plasmin and mutant rAaTI.

(A and C) Bars show percentages G SE. Differences were tested with c2 test. n, number of mosquito samples. (B and D)

Each point represents one mosquito sample. Lines show geometric means G 95% CI. Differences were tested with t test

after log-transformation.
compared with plasmin only blood, restoring it to the level measured in no-plasmin no-rAaTI control

mosquitoes (Figure 4B). Although we did not test for AaTI inhibition of other unknown proteases and

our results do not establish a causal relationship between the two molecules, they suggest that AaTI can

antagonize plasmin-mediated function.

To identify a functional link between AaTI and plasmin, we generated a mutant rAaTI that did not inhibit

plasmin activity by substituting the P1 residue from R to A. The P1 position in AaTI-type inhibitors regulates

the serine protease inhibitor function (Laskowski and Kato, 1980). The mutant rAaTI was expressed in a

bacterial system, purified, and tested for its inhibitory activity against plasmin proteolysis using the

chromogenic assay. As expected, the mutant rAaTI did not inhibit human plasmin when compared with

wild-type rAaTI (Figure S6). We then orally infected mosquitoes with blood supplemented with either

wild-type or mutant rAaTI (100 mM) or control. All blood meals also contained 1.2 mM of plasmin to induce

DENV infection. At 7 days post infection, the infection rate was not altered by any conditions (Figure 4C).

However, the wild-type rAaTI reduced plasmin-mediated increase in titer per infected mosquito, whereas

the mutant rAaTI failed to do so (Figure 4D). This indicates that AaTI inhibition of plasmin proteolysis re-

duces plasmin-mediated infection. Together, our results strongly suggest that DENV infectivity in midguts

depends on the balance between AaTI and plasmin.

DENV Particles Recruit Plasmin that Can Be Bound by AaTI

DENV envelope protein binds plasminogen, the zymogen of plasmin (Monroy and Ruiz, 2000; Huang et al.,

2001), whereas AaTI binds plasmin (Rimphanitchayakit and Tassanakajon, 2010; Watanabe et al., 2010). To

characterize the physical interactions among DENV, plasmin, and AaTI, we used Bio-Layer Interferometry

with sequential binding assays. First, we quantified plasmin-rAaTI interaction by immersing the rAaTI-pre-

loaded biosensors into plasmin solutions. Plasmin efficiently bound to rAaTI (Figures 5A and S8A) with a Kd

of 62.8 nM (R2 = 0.99). Next, to test whether AaTI interferes with DENV-plasmin interaction, the biosensors
iScience 21, 564–576, November 22, 2019 569



Figure 5. Physical Interaction between Plasmin, AaTI, and DENV

(A) Association and dissociation curves of different plasmin concentrations to AaTI preloaded biosensors.

(B) Association and dissociation curves of different DENV concentrations to plasmin-AaTI complex.

(C) Association and dissociation curves for DENV to plasmin-trypsin complex. The red dotted lines separate association

(left) and dissociation (right). The curves were used to compute equilibrium dissociation constant by globally fitting the

rate equation for 1:1 kinetics.
preloaded with complexed rAaTI-plasmin were immersed in solutions containing different DENV concen-

trations. To control for AaTI-DENV interaction, which was minimal (Figure S8B), values for DENV interaction

with rAaTI were used for baseline correction. DENV exhibited a dose-dependent interaction with plasmin

and a Kd of 3.36 mM (R2 = 0.93) (Figure 5B). These results demonstrate a strong interaction between DENV

and plasmin, which can concomitantly bind to AaTI.

To estimate the specificity of DENV interaction with proteases, we tested whether DENV particles interact

with trypsin, another known inhibitory target for AaTI (Watanabe et al., 2010). Trypsin is secreted in

mosquito midgut and influences DENV infection by altering blood digestion (Molina-Cruz et al., 2005).

Ni-NTA biosensors were loaded with rAaTI and immersed in a trypsin solution to form rAaTI-trypsin com-

plex (Figure S8C). The rAaTI-trypsin preloaded biosensors were then plunged into DENV solution. In

contrast to plasmin, DENV did not bind the rAaTI-trypsin complex (Figures 5C and S8C). Together, the

physical interactions among DENV, plasmin, and AaTI suggest that DENV specifically recruits plasmin to

enhance infection onset in mosquito midgut through plasmin proteolysis, which is inhibited by AaTI

binding.
Plasmin Supplementation to Infectious Blood Increases Midgut Internalization, which Is

Reverted by AaTI

To test whether DENV-recruited plasmin proteolysis increases midgut internalization, we used FITC-labeled

dextran molecules that are internalized through the same clathrin-dependent endocytosis as DENV (Li et al.,

2015; Edwards and Jacobs-Lorena, 2000). Mosquitoes were fed a blood meal with FITC-dextran containing

(1) 1.2 mM plasmin, (2) 107 pfu/mL of DENV, (3) 1.2 mM of plasmin and DENV, (4) 1.2 mM of plasmin, DENV,

and 100 mM of rAaTI, or (5) control blood meal without added plasmin, DENV, and rAaTI. At 18 h post feeding,

we dissected midguts and, interestingly, observed foci of dextran molecules (Figure 6A). This indicates that

dextran molecules are efficiently internalized. We further characterized the distribution of dextran molecules
570 iScience 21, 564–576, November 22, 2019



Figure 6. Midgut Internalization by Plasmin, DENV, and rAaTI

(A) Representation of midgut tissue with dextran foci from mosquitoes fed on FITC-dextran-containing blood

supplemented with plasmin and DENV. Green areas represent FITC-dextran penetration inside the midgut cells.

(B) Zoom on dextran foci with a confocal microscope. DAPI staining indicates nucleus. FITC indicates dextran molecules.

(C) Number of permeabilized foci per midgut when blood meals were supplemented with (1) plasmin, (2) DENV, (3)

plasmin and DENV, and (4) plasmin, DENV, and rAaTI. Control midguts were collected after feeding on blood without

plasmin, DENV, and rAaTI supplementations. Midguts were dissected at 18 h post oral feeding. Each point represents

one midgut. Bars indicate arithmetic means G SEM. Differences were tested with t test.
within themidgut cells using confocalmicroscopy and found theywere present inside the cytoplasm (Figure 6B),

confirming the use of the assay to quantify midgut internalization.

We then counted dextran foci per midgut under the different conditions. When compared with control

blood, plasmin and DENV alone did not increase the number of permeabilized foci (Figure 6C). However,

supplementation of both plasmin and DENV significantly (p = 0.008) increased the number of dextran foci.

This increase was reverted when rAaTI, the plasmin proteolysis inhibitor, was added (Figure 6C). Together,

our results suggest that DENV recruitment of plasmin proteolysis increases midgut internalization.
DISCUSSION

Understanding how human blood factors influence transmission to mosquitoes provides the underlying

mechanisms between blood-related pathogenesis and DENV fitness. This can explain epidemiological

and virulence observations. In this study, we discovered that DENV recruits plasmin, the human fibrino-

lysis factor, to increase midgut internalization and enhance the infection onset in mosquito. These results

suggest a model whereby DENV exploits human blood plasmin to degrade the glycocalyx (Becker et al.,

2015), allowing access to epithelial cells for internalization. Additionally, we demonstrated that a mos-

quito Kazal-type plasmin inhibitor, AaTI (Watanabe et al., 2010), binds plasmin to antagonize its proviral

function by inhibiting its proteolytic activity in the midgut lumen. Our study sparks off two novel hypoth-

eses. First, DENV strains that induce fibrinolytic factors improve DENV fitness and should be under
iScience 21, 564–576, November 22, 2019 571



positive selection, partially shaping virulence evolution. Second, the plasmin inhibitor AaTI is a

candidate for a transmission-blocking strategy, with potentially higher impact on hemorrhagic patients.

Nonetheless, since the impact of plasmin or AaTI additions on mosquito infection is moderate, these hy-

potheses should be further tested. That DENV remains able to infect midgut in the absence of plasmin

excess or with excess of the AaTI plasmin inhibitor also indicates that additional factors shape mosquito

infection.

Using Bio-Layer Interferometry, we showed that DENV particles recruit plasmin. Plasmin comprises one

serine protease active site and five kringle domains, four of which bind to lysine residues (Law et al.,

2013). DENV has been reported to interact with the lysine-binding domain 1 from kringle domains 1–3

of plasminogen, the plasmin zymogen (Monroy and Ruiz, 2000). Since the lysine-binding domain 1 is pre-

sent in both inactive plasminogen and active plasmin, it is tempting to speculate that DENV particles recruit

both plasmin and plasminogen from human blood through the same kringle domain interaction. Confor-

mational changes associated with DENV binding could activate plasminogen into plasmin, which could

then be released in blood through binding competition with plasminogen. In addition, DENV particles har-

bor 80 envelope proteins on their surface (Kuhn et al., 2002; Zhang et al., 2013), offering as many potential

plasmin-binding sites. Interestingly, the predicted envelope residues that interact with the lysine-binding

domain 1 are highly conserved among flaviviruses (Figure S9), suggesting that plasmin recruitment and its

pro-viral function is conserved. Further studies should test whether plasmin increases midgut internaliza-

tion for ZIKV in Aedes spp. and west Nile virus in Culex spp.

Plasmin has abroad-spectrumproteolytic activity that candegradedifferent extracellularmatrix (Lawet al., 2013;

Ploplis andCastellino, 2000), includingglycocalyx (Beckeretal., 2015). Inour studies, plasminwasassociatedwith

increasedDENV infection in themidgut.We observed that AaTI inhibition on plasmin proteolysis reduces infec-

tion, whereas mutant AaTI with loss of inhibitory capacity does not. These imply that plasmin proteolysis is

involved inDENV infection. Followingblood ingestion,mosquitoesgeneratea chitin-basedextracellular peritro-

phicmatrix ‘‘encapsulating’’ the bloodmeal to prevent free heme damage (Devenport et al., 2006) and regulate

digestion (Villalon et al., 2003). Peritrophic matrix can alter infection by pathogens (Shao et al., 2001), but it does

not reduce DENV infection in Ae. aegypti (Kato et al., 2008). Swift DENV infection in midgut epithelial cells may

occur before peritrophic matrix maturation that occurs at 12 h post blood ingestion. Conversely, Plasmodium

ookinete invasion ofmidgut cells occurs between 12 and 24 h post blood ingestion and is influenced by peritro-

phicmatrix formation inAe. aegypti (Perrone andSpielman, 1988). Past theperitrophicmatrix, the luminal sideof

epithelial cells is covered with the glycocalyx (Lehane et al., 1996), composed of oligosaccharide chains inte-

gratedwith glycoproteins, proteoglycans, and glycolipids. The glycocalyx is supposed to protect against diges-

tion-related damages. Based on our findings and the literature, we propose that DENV-recruited plasmin

degrades the glycocalyx, thereby allowing access to epithelial cells and enhancing internalization and infection.

To estimate internalization, we quantified intracellular dextran molecules, which are endocytosed through the

same clathrin-dependent pathway as DENV (Li et al., 2015). Dextran internalization requires DENV recruitment

of plasmin to degrade the glycocalyx, suggesting that dextran-labeled cells have been made accessible by

the presence of DENV. It is, thus, highly likely that the dextran-labelled cells are also infected with DENV. Virus

internalization requires interaction with the epithelial cells via different types of membrane receptors (Cruz-Oli-

veira et al., 2015). Interestingly, mosquito internalization receptors include a 67 kDa enolase that also binds

plasmin and plasminogen (Muñoz Mde et al., 2013). Thus, plasmin could play a secondary function in cell

internalization.

By demonstrating that blood plasmin promotes mosquito midgut infection, our study revealed a mecha-

nistic link between the dengue-induced fibrinolytic factor and DENV fitness (Conway et al., 2014; Guzman

and Harris, 2015). Strikingly, we observed that plasmin addition in the blood boosted midgut infection

and virus dissemination (titer in whole mosquitoes), augmenting transmission capacity and, consequently,

virus fitness. DENV mechanisms that stimulate fibrinolysis should, thus, be under positive selective

pressure. Antibodies against the DENV envelope or NS1 proteins can activate plasminogen through

antibody cross-reactivity (Chuang et al., 2011, 2016; Markoff et al., 1991; Monroy and Ruiz, 2000).

Accordingly, plasminogen-reactive antibodies were found in patients with dengue (Chungue et al.,

1994; Markoff et al., 1991). Furthermore, envelope proteins from viruses isolated from patients with

severe dengue were more efficient at activating plasminogen than the envelope proteins isolated from

patients with non-severe dengue (Monroy and Ruiz, 2000). Our results imply that mechanisms of plasmin-

ogen activation, hence fibrinolysis, should be under positive selective pressure to improve DENV infection

in mosquitoes.
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Implications on the positive association between fibrinolysis and virus fitness on disease severity are complex.

The clinical course of dengue consists of (1) the febrile phase (3–7 days), when patients can experience sudden

onset of fever and flu-like symptoms; (2) the critical phase (2–3 days) at the time of defervescence, when patients

can experience severe symptoms such as hemorrhage and shock; and (3) the recovery phase that lasts 2–5 days

(Yacoub et al., 2014). Disease severity is determined by the complex interaction between host immunological

status and viral genetics (OhAinle et al., 2011). Although infection confers life-long immunity against the infect-

ing serotype, secondary heterologous infection is enhanced by pre-existing cross-reactive non-neutralizing an-

tibodies. These facilitate DENV entry into Fc-g receptor-bearing cells, a process known as antibody-dependent

enhancement (ADE) that results inmore severe symptoms (Halstead, 1988). On the other hand, epidemiological

studies repeatedly reported that clade replacementswithinone serotype (therefore not involvingADE) are asso-

ciated with increased disease severity (OhAinle et al., 2011; Rico-Hesse et al., 1997; Messer et al., 2002; Bennett

et al., 2006), indicating that virus genetics influence both severity and fitness. The most compelling example of

clade replacement occurred in Latin America where the aggressive Asian DENV-2 genotype replaced the less

severe American genotype (Rico-Hesse et al., 1997).

Physiologically, disease severity results from complex interactions, not fully characterized (Yacoub et al.,

2013), among viral proteins, vasoactive cytokines, capillary leakage of anticoagulant proteins, endothelial

release of procoagulant factors, circulation of heparin-like anticoagulants and activation of plasminogen

(Wills et al., 2002; Sosothikul et al., 2007; Monroy and Ruiz, 2000). In the following text, we refer to studies

with DENV-infected human subjects to discuss association between disease pathogenesis and DENV

transmission. Mosquitoes can be infected from 2 days before and up to 5 days after symptom onset

(Nguyen et al., 2013; Nishiura and Halstead, 2007). This corresponds with a window that mostly overlaps

with the febrile phase and rarely encompasses symptomatic vascular leakage. Additionally, blood infec-

tiousness to mosquitoes is strongly determined by viremia, which also peaks during the febrile phase

(Nguyen et al., 2013). Nonetheless, early or critical phase fibrinolysis could compensate for loss of infec-

tiousness resulting from viremia decrease and extend the transmission time window, thereby increasing

DENV fitness. Alternatively, fibrinolysis localized in dermis, where mosquitoes collect blood, could influ-

ence infectiousness and explain the higher mosquito infectivity observed in direct feeding on patients

with dengue as compared with indirect feeding on intravenously collected blood from the same patients

(Duong et al., 2015). This hypothesis is supported by studies using monkeys, where DENV replicates in the

skin up to 3 days post viremia termination (Marchette et al., 1973). Taken together, our studies and others

suggest that quantification of plasminogen and plasmin concentrations across the clinical course of

dengue infection can improve our understanding of the complex interactions among fibrinolysis, disease

severity, and transmission.

Currently, there is no cure for dengue (Barrows et al., 2018). The only available vaccine, DENGVAXIA, has

variable and poor efficacy against the different serotypes and is not recommended to protect against

primo infection. In addition, this vaccine is not licensed for young and old patients, who are themost vulner-

able to dengue (Villar et al., 2015; Sabchareon et al., 2012; Capeding et al., 2014). Thus, alternative treat-

ment strategies are required to curb the rise of dengue virus infection (Bhatt et al., 2013). Targeting trans-

mission to vectors is a promising strategy when it aimed at the infection initiation in the mosquito midgut

(Londono-Renteria et al., 2016). For instance, immunization against a mosquito C-type lectin that facilitates

DENV-2 midgut invasion in Ae. aegypti significantly reduced transmission (Liu et al., 2014). However, the

efficiency of transmission-blocking vaccination is constrained by high antibody titer required at the biting

site (Kaslow, 1997). Here, we showed that AaTI, a mosquito Kazal-type serine protease inhibitor, reduced

DENV infection when it is added to blood, potentially blocking transmission. In addition, AaTI administra-

tion to patients could limit fibrinolysis vascular leakage, although further studies are needed to test its

safety and efficacy. Through its dual regulation of symptoms and mosquito infection, AaTI represents an

interesting candidate for intervention against DENV.

In conclusion, we demonstrate that dengue-triggered blood alteration increases DENV transmission to

mosquitoes, suggesting a mosquito-centered evolutionary pressure for dengue pathogenesis in human.

Furthermore, we identified a mosquito inhibitor of this pathogenesis-mediated mechanism of transmission.
Limitations of the Study

To test the impact of plasmin, we used an oral infection model that combines pig erythrocytes with human

plasmin. Although we chose a plasmin concentration that is physiologically relevant to the concentration of
iScience 21, 564–576, November 22, 2019 573



plasminogen, this model represents an approximation as there are no data on plasmin increase upon

dengue. To remedy this, we measured the concentration of plasmin in the serum of five patients with

dengue and two other control humans (data not shown). However, we did not observe significant variations

between the two conditions. Several reasons may account for this result: (1) plasmin level may vary between

individuals and the appropriate control should have been the same individual before infection; (2) plasmin-

ogen activation and thus plasmin concentration is tightly regulated and should vary widely within the body.

We used serums collected intravenously that may not represent dengue effect on plasmin level; (3) plasmin

concentration upon DENV infection is dynamic and would require sampling throughout the infection cycle.

We only had one time point. Testing the dynamics of plasmin concentration throughout the course of

dengue would complement our findings and could be used to confirm plasmin pro-viral function using

blood of a patient with dengue.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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virus at 3.5-Å resolution. Nat. Struct. Mol. Biol. 20,
105.

http://refhub.elsevier.com/S2589-0042(19)30437-7/sref53
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref53
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref53
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref54
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref54
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref54
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref55
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref55
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref55
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref55
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref55
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref55
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref56
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref56
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref56
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref57
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref57
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref57
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref57
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref57
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref57
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref58
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref58
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref58
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref58
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref59
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref59
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref59
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref59
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref59
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref59
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref59
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref59
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref60
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref60
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref60
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref60
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref61
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref61
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref61
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref62
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref62
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref62
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref62
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref62
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref63
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref63
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref63
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref63
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref63
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref63
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref64
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref64
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref64
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref64
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref64
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref64
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref64
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref65
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref65
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref65
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref65
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref65
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref66
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref66
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref66
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref66
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref66
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref66
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref67
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref67
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref67
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref67
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref67
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref67
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref68
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref68
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref68
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref68
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref68
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref68
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref69
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref69
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref70
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref70
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref70
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref70
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref70
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref70
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref70
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref70
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref71
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref71
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref71
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref72
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref72
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref72
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref72
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref73
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref73
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref73
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref73
http://refhub.elsevier.com/S2589-0042(19)30437-7/sref73


ISCI, Volume 21
Supplemental Information
Increased Mosquito Midgut Infection by Dengue

Virus Recruitment of Plasmin Is Blocked

by an Endogenous Kazal-type Inhibitor

Karthik Ramesh, Varsha A. Walvekar, Benjamin Wong, Ahmed Mahmoud Mohammed
Sayed, Dorothée Missé, R. Manjunatha Kini, Yu Keung Mok, and Julien Pompon



Supplementary Information 
 

 
 
Figure S1. Description of the construct used for rAaTI expression, Related to Figure 2. (A) 
Pet‐M plasmid map used to clone and express rAaTI with SHuffle T7 bacteria. (B) Bacteria‐
codon optimized rAaTI sequence. (C) rAaTI protein sequence including N‐terminal his‐tag 
(blue), precision protease cleavage site (green) and the P1 position residue R31 (red). (D) 
Mutant rAaTI protein sequence with P1 residue mutated (red). 
 



 
Figure S2. Preliminary dose‐response analysis of plasmin impact on mosquito infection, 
Related to Figure 1. Mosquitoes were offered an infectious blood meal with different 
concentrations of plasmin. Two independent experiments were conducted with a different 
stock of DENV, resulting in different intensities of infection. Impact of 0, 0.3, 0.6, 1.2 µM of 
plasmin on (A) infection rate and (B) pfu per infected mosquitoes, and impact of 0, 1.2 and 6 
µM of plasmin on (C) infection rate and (D) pfu per infected mosquito. (B and D) Each points 
represent a mosquito sample, and bars indicate geometric means ± 95% C.I. (A and C) Bars 
show percentage ± s.e. N, number of mosquito samples. Differences were tested with t‐test. 
 

 
 



Figure S3. Impact of plasmin supplementation on blood feeding, Related to Figure 1. 
Mosquitoes were offered either a control or plasmin‐supplemented blood meal. Bars show 
percentage ± s.e. N, number of mosquitoes that were offered the blood meal. 
 

 
 
Figure S4. Impact of plasmin supplementation on mosquito survival, Related to Figure 1. 
Mosquitoes that fed on either control or plasmin‐supplemented blood were maintained on 
sugar solution for seven days before calculating survival. Bars show percentage ± s.e. N, 
number of blood‐fed mosquitoes. 
 
 

 
 
Figure S5. Representative images of non‐infected and infected midguts stained for DENV, 
Related to Figure 1. Midguts were dissected three days post oral infection and stained for 
DENV envelope. Midguts were visualized with fluorescent microscope. 
 
 
 

 



 
Figure S6. Dose‐response curve for rAaTI and mutated rAaTI inhibition of plasmin 
proteolytic activity, Related to Figures 2 and 4. The curve was used to calculate an IC50 of 
118 nM. Plasmin proteolytic activity was measured towards S2251 chromogenic substrate 
and each rAaTI concentration was tested three times. Dots and bars represent mean ± 
s.e.m.  
 
 

 
 
 
Figure S7. Standard curve for human plasmin proteolytic activity using chromogenic 
substrate S2251, Related to Figure 3. Fluorescence was measured after incubating S2251 
with different concentrations of plasmin (0.078, 0.156, 0.312, 0.625, 1.25, 2.5, 5, 10, 20, 40 
nM). Each plasmin concentrations was tested in triplicates and dots represent means. 
Equation indicates linear equation. Plasmin activity in blood meals was measured using the 
same method and plasmin concentration was calculated using the linear equation. 
 



 
Figure S8. Raw data for BLI experiments, Related to Figure 5. (A) rAaTI‐plasmin interaction. 
(B) rAaTI‐plasmin complex interaction with DENV. (C) rAaTI‐trysin complex interaction with 
DENV.  Each steps in the BLI experiment is separated by a red dotted line and the 
composition of the wells are labelled on the top. The concentration of Plasmin/DENV 
present in the association step is labelled with the respective colours.  
 
 

 
Figure S9. Alignment of E proteins from different flaviviruses, Related to Figure 5. Residues 
379 – 396 from representative DENV1, DENV2, DENV3, DENV4, Zika virus, West Nile virus 
and yellow fever virus are shown. Predicted plasminogen binding sequence [1] is indicated 
by a red dotted line box.  
 



Supplemental Tables 
 

Table S1. Primer sequences used for dsRNA production and qPCR, Related to figure 2 and 
3. 

    Forward primer (5’‐3’)  Reverse primer (5’‐3’) 

qPCR  Actin  GAACACCCAGTCCTGCTGACA  TGCGTCATCTTCTCACGGTTAG 

  AaTI  CGGATCTCGGAAGAGCCAAT GTCACATGCTTGATCGGCAA 

dsRNA  AaTI  ATGCGCCATATTGGAGTGTT  CTCTTCCGAGATCCGAGTTG 

  LacZ  ACACCAACGTGACCTATCCC  CCGCCACATATCCTGATCTT 

 

 
Table S2. Final concentration of protease and their respective substrates in the reaction 
mixture, Related to figure 2. 

Protease  Concentration, nM  Substrate (Supplier)  Concentration, mM 

Plasmin  3.61  S2251 (Chromogenix)  1.2 
Factor XIIa  20  S2302 (Chromogenix)  1 
Factor XIa  0.125  S2366 (Chromogenix)  1 
Factor Xa  0.43  S2765 (Chromogenix)  0.65 
Factor IXa  333  FIXa (Spectrozyme)  0.4 
Factor VIIa  460  S2288 (Chromogenix)  1 
Kallikrein  0.93  S2302 (Chromogenix)  1.1 
Alpha Thrombin  0.81  S2238 (Chromogenix)  0.1 

 
   



Transparent Methods 
 
Mosquito colony and rearing 

An Aedes aegypti mosquito colony was established in 2010 from eggs collected in Singapore 

(Mendenhall et al. 2017). Larvae were reared in Milli‐Q water and fed with a mixture of liver 

powder  (MP  Biomedicals)  and  fish  food  (Tetramin  Crisps  Pro).  Adults  were  maintained  in 

rearing cages (Bioquip) supplemented with 10% sucrose solution and water. The insectary was 

held at 28oC with 50% humidity on a 12:12h dark:light cycle. 

 

Virus propagation 

The DENV2 NGC (New Guinea Colony) strain was propagated in C6/36 Aedes albopictus cells 

(ATCC CRL‐1660) cultured in RPMI (Gibco) supplemented with 2% FBS (Research Instruments 

Pte). Media were harvested five days post‐inoculation, aliquoted and stored at ‐80°C. Viral titer 

was measured. For Bio‐Layer Interferometry experiments, the DENV2 virus was propagated in 

Serum‐Free media.   

 

Plaque assay titration 

Titration  was  conducted  from  individual  mosquitoes  homogenized  using  a  bead  Mill 

homogenizer  (Mini‐Beadbeater,  Biospec  Products)  or  artificial  blood  meals.  Samples  were 

filtered  through  0.22  µm  filter  (Sartorius)  and  plaque  forming  unit  per  ml  (pfu/ml)  was 

determined from BHK‐21 cells (ATCC CCL10) as previously described (Manokaran et al. 2015).  

 

AaTI RNAi depletion 

Double‐stranded RNA (dsRNA) targeting AaTI (AAEL006007) and LacZ genes were generated 

using  MEGAscript  T7  Kit  (Thermo  Fisher  Scientific)  from  PCR  products  amplified  with  T7‐



flanked  primers  (Table  1).  LacZ  PCR  template  was  produced  from  a  plasmid.  DsRNA  was 

purified using E.Z.N.A  total RNA kit  I  (OMEGA Bio‐Tek),  diluted  to 3 µg/ml  in DEPC‐treated 

water and annealed by heating to 95oC followed by slow cooling. Sixty‐nine µl of dsRNA were 

injected  into  thoraces  of  2‐  to  3‐day‐old  mosquitoes  anaesthetized  on  ice,  using  a  glass 

capillary tube mounted on a Nanoject II injector (Drummond).  

 

AaTI mRNA quantification in midgut 

We quantified AaTI expression to validate RNAi knock down and to determine AaTI response 

to  blood  feeding  and  infection.  For  each  replicate,  ten  midguts  were  dissected  and 

homogenized with a bead Mill homogenizer (Mini‐Beadbeater, Biospec Products). Total RNA 

was extracted using E.Z.N.A  total RNA kit  I  (OMEGA Bio‐Tek) and  reverse‐transcribed using 

iScript cDNA Synthesis Kit (Bio‐Rad). AaTI mRNA was quantified by qPCR with SensiFAST SYBR 

No‐ROX  kit  (Bioline)  in  a  CFX96  Touch  Real‐time  PCR  Detection  System  (Bio‐Rad).  Actin 

(AAEL011197) mRNA was quantified for normalization. Table S1 shows the primers used for 

qPCR. Three replicates were conducted per condition.  

 

Oral infection  

Two‐ to three‐day‐old female mosquitoes or six to eight‐day‐old dsRNA‐injected mosquitoes 

were sugar‐deprived for 24h and given an infectious blood meal containing 600 µl of washed 

erythrocytes from SPF pig's blood (PWG Genetics), 75 µl of 5 mM ATP (Thermo Scientific), 75 

µl of human serum (Sigma) (to compensate for the removed pig blood serum and reconstitute 

a normal blood composition) and 750 µl of virus diluted  in RPMI media (Gibco). To test for 

plasmin and AaTI impact, the RPMI half of the blood meal was complemented with 75 µl of 2 

mg/ml of human plasmin (Athens R & D, USA) and 300 µl of 5 mg/ml recombinantly expressed 



AaTI,  respectively.  Total blood meal  volume and  inoculum concentration were  the same  in 

each condition as plasmin and AaTI volumes replaced extra RPMI used for virus dilution.  The 

viral titer in blood meal was 3×106 pfu/ml as validated by titration. Mosquitoes were offered 

blood meals for two hours using a Hemotek membrane feeder system (Discovery Workshops) 

covered  with  a  stretched  pig  intestine  membrane.  Fully  engorged  mosquitoes  were  then 

maintained in cages supplemented with 10 % sugar solution in an incubation chamber with 

conditions similar to the insect rearing ones. Whole mosquito titration was conducted after 

seven days and midgut staining after three days of incubation. 

 

Immunostaining of mosquito midgut 

Mosquito  midguts  were  dissected  in  1X  PBS  three  days  post  oral  infection.  At  this  time, 

ingested blood is digested. Midguts were fixed in 4% PFA (Paraformaldehyde) for 1h at room 

temperature, washed two times in 1X PBS, permeabilized with 0.5 % triton‐X 100 in 1X PBS for 

1h  at  room  temperature, washed  three  times with  0.1 %  Tween‐1X PBS,  blocked with  the 

blocking solution (0.1 % Tween20, 1 % horse serum in 1X PBS) for 3h at room temperature, 

incubated with  a  1:2000  anti‐dengue  envelope mouse  antibody  (4G2)  in  blocking  solution 

overnight at 4C, washed three times with 0.1% Tween‐1X PBS, incubated with 1:2000 anti‐

mouse  IgG‐Alexa 488  (Axil  Scientific)  in  blocking  solution  for 3h  at  room  temperature,  and 

washed three times with 0.1% Tween‐1X PBS. Midguts were mounted on a glass slide using 

Prolong‐Gold anti‐Fade Containing DAPI (Life Technology) and visualized with a fluorescence 

microscope (Olympus). Number of infected focus per midgut were counted.  

 



Production of recombinant AaTI (rAaTI) 

Bacteria‐codon optimised AaTI coding sequence was obtained from Genscript, cloned into the 

pet‐M plasmid (Fig. S1), transformed into SHuffle® T7 Competent E. coli (NEB) cells, expressed 

at  recommended  conditions,  and  purified  using  a  2‐step  process:  Ni‐NTA  affinity 

chromatography followed by gel filtration. After SDS‐PAGE validation, the recombinant protein 

was either used immediately or stored at ‐80 oC. 

 

Protease inhibition assay 

AaTI  inhibitory  profiles  against  10  serine  proteases  involved  in  blood  coagulation  were 

examined  using  a  chromogenic  assay.  Each  protease  (Hematologic  Technologies  Inc.)  was 

incubated with rAaTI before the respective chromogenic substrate (Chromogenix) was added. 

Substrate chromophore release reflected proteolysis activity and was quantified using infinite 

m200 plate reader (Tecan) at 405 nM. Total reaction volume was 75 µl and contained 30 µM 

rAaTI.  The final reaction concentrations of the proteases and substrates are detailed in Table 

S2.  

 

Bio‐Layer Interferometry 

Biolayer  Interferometry  (FortéBIO Octet RED 96  instrument, PALL Corporation) was used to 

study  the  interactions  between  DENV,  plasmin  and  AaTI.  Plasmin,  trypsin  and  rAaTI  were 

diluted in 50 mM Tris pH7.5, 100 mM NaCl, 0.1 % BSA buffer at room temperature. DENV in 

serum‐free RPMI media was buffer‐exchanged with 100 kd cut‐off centricon (Millipore) and 

virus concentration was determined based on the equivalent of DENV envelope protein.  

To  characterize  plasmin‐AaTI  interaction,  Ni‐NTA  biosensors  were  pre‐loaded  with 

recombinant His‐tagged AaTI (40 g/ml) for 300 s,  immersed in human plasmin at different 



concentrations (0, 1.85, 3.75, 7.5, 15.0, 30g/ml) for 120 s followed by equilibration step in 

the assay buffer for 300 s. Buffer values were subtracted to account for background. 

To characterize DENV‐plasmin interaction, biosensors preloaded with rAaTI (40 g/ml) 

for 600 s were immersed in a plasmin solution (40 g/ml) for 600 s, equilibrated in the assay 

buffer for 120 s, immersed in DENV at 0.25, 0.75, and 1.0 mg/ml for 300 s and followed by a 

dissociation step for 300 s. Additionally, biosensors preloaded with rAaTI only (immersed in 

plasmin buffer) were immersed in the DENV solutions and used to control for background for 

each respective DENV concentrations. 

To test interactions between trypsin, AaTI and DENV, we diluted bovine trypsin (Sigma) 

in 50 mM Tris pH7.5, 100 mM NaCl, 0.1 % BSA buffer. Similar to testing for plasmin interaction, 

biosensors were preloaded with rAaTI and  immersed  in 10 µg/ml trypsin solution for 200 s 

followed by equilibration for 120s. A low concentration of trypsin was used to prevent trypsin 

cleavage of His‐tagged rAaTI. The association of rAaTI‐trypsin biosensors with DENV at 0.17 

mg/ml  was  allowed  for  620  s,  and  followed  by  dissociation  step  for  300  s.  DENV‐rAaTI 

interaction values were subtracted as background. 

The Octet software, v 9.0.0.14 (PALL) was used to analyse the binding data. Nonlinear 

regression  fitting using 1:1 binding mode provided  the best  fit  and was used  to derive  the 

dissociation constants.   

 

Midgut internalization assay 

Two‐ to five‐day‐old female mosquitoes were sugar‐deprived for 24h and offered a blood 

meal consisting of 40 % volume of washed erythrocytes from SPF pig’s blood, 5 % of 100 mM 

ATP, 5 % human serum, 10 % of 60 mg/ml 70 kDa fluorescein isothiocyanate (FITC)‐Dextran 

(Sigma) and 40 % volume of RPMI supplemented with either: (i) 75 µl of 2 mg/ml human 



plasmin, (ii) 107 pfu/ml of DENV, (iii) 75 µl of 2 mg/ml human plasmin and 107 pfu/ml of 

DENV, or (iv) 75 µl of 2 mg/ml human plasmin, 107 pfu/ml of DENV and 300 µl of 5 mg/ml 

rAaTI. Mosquitoes were fed for 1 h. Fully engorged females were maintained in conditions 

similar to those in the rearing room with 10 % sucrose. At 18h post oral feeding, the midguts 

were dissected, washed three times in PBS to remove dextran that was not inside midgut 

tissues, and mounted using a DAPI‐containing glue (Fluoroshield, Sigma). Pictures were taken 

with the Eclipse 80i fluorescent microscope (Nikon) and the LSM710 confocal microscope 

(Zeiss).  

 

Statistical Analysis 

Infection level was measured by pfu and infection foci only from either infected mosquitoes or 

infected midguts. Infection rate was calculated as the number of infected sample divided by 

the total number of samples. Infection level and infection rate were quantified from the same 

set of mosquito samples under various conditions. Variations in plaque forming units and foci 

of infection were compared using multiple t‐test after log‐transformation. Fisher’s exact test 

was used to compare the percentages of infection. All analyses were done using GraphPad’s 

online QuickCalcs tool. 
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