
Dengue pathogenesis and vaccine design



Dengue

• 390 million cases worldwide each year

• Fever to severe hemorrhaging and shock

• No effective vaccine

• “Tropical” disease on the move



Dengue disease worldwide

WHO [2012] 



Source: Wikipedia

Dengue virus



Nat Rev Microbiol [2007] 5, 518 
Nat Rev Microbiol [2008] 6, 699  

Dengue virus genome
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Dengue virus replication cycle
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NRI 15,745

[2015]
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The life cycle of dengue virus. Dengue virus exists as a number of different viral forms depending on the degree of precursor membrane (prM) protein cleavage. Fully immature dengue virus particles contain a full complement of prM proteins and are non-infectious, whereas all prM proteins are cleaved in fully mature virus particles. A number of intermediate, partially mature forms exist in which some prM proteins have been cleaved and some remain intact. Fully mature and some of the partially mature virus particles are infectious (step 1). The dengue viral replication process begins when a virion attaches directly to a diverse group of host cell receptors or when the Fc portion of a dengue virus-containing immune complex attaches to a Fc receptor on the target cells (step 2) and subsequently enters the cell by receptor-mediated endocytosis (step 3). Acidification of the endosomal vesicles triggers conformational changes in the virion, resulting in an irreversible trimerization of the viral envelope (E) protein (not shown). This exposes the fusion peptide and mediates fusion between the viral and the endosomal membranes, allowing the release of the nucleocapsid into the cytoplasm. The viral RNA is released into the cytoplasm and presented to the rough endoplasmic reticulum (ER) (step 4). At the ER, viral RNA is translated into a single polyprotein that is processed by viral and host proteases (step 5). After the viral replication complex is synthesized, viral RNA translation switches off, and RNA synthesis begins by the transcription of an antisense viral RNA followed by the amplification of viral RNA (step 6). The newly synthesized RNA is subsequently packaged by capsid (C) protein, forming a nucleocapsid (step 7). Virus assembly occurs on the surface of the ER when the nucleocapsid buds into the ER lumen, resulting in non-infectious, immature viral particles (step 8). Immature viral particles are transported through the Golgi into the trans-Golgi network, where acidification induces conformational changes of the virion and exposes the furin cleavage sites. The host protease furin cleaves between pr protein and M protein, with the pr protein remaining associated until the virion is released in the neutral pH of the extracellular millieu (step 9). DC-SIGN, dendritic cell-specific ICAM3-grabbing non-integrin; NS proteins, non-structural proteins.



Dengue fever (DF)

Dengue hemorrhagic fever (DHF), dengue shock syndrome (DSS)

Vascular endothelial permeability, thrombocytopenia

Antibody-dependent enhancement (ADE) as risk factor

Dengue virus-associated disease



Dengue vaccines - why so elusive?

• Lack of  good animal model
• Antibody dependent enhancement (ADE)
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poor neutralizing but strong
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“Virus Factory”



Antibody-dependent enhancement of dengue virus 
infection
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Intravascular responses in dengue pathogenesis

Extravascular cell targets for dengue-induced endothelial perturbation ?



Endothelium

Monocyte

Lymphocyte

Platelet

Activation 

Permeability
TNF

+ Ab

Mast cell

+ Ab
?

Intravascular responses in dengue pathogenesis



Human mast cell responses to virus infection

Metz et al. (2008) Immunobiology
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CRH-R:  Corticotrophin releasing hormone receptorTrkC:  Tropomyosin receptor kinase C  (a receptor for neurotrophin-3)



Immune functions of human mast cells

Metz et al. (2008) Immunobiology
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CRH-R:  Corticotrophin releasing hormone receptorTrkC:  Tropomyosin receptor kinase C  (a receptor for neurotrophin-3)



• Mast cell-like cells in dengue autopsy specimens
(Bhamarapravati et al 1967)

• Increased levels of histamine in urine from DHF patients 
(Tuchinda et al., 1977)

• Increased blood histamine levels in DHF patients
(Phan et al., 2000)

• Increased mast cell VEGF and proteases in DSS patients
(Furuta et al., 2012)

Evidence for mast cells in dengue disease



Mast cell sources:

- KU812  (human mast cell/basophil precursor cell line)

- HMC-1 (human mast cell line)

- cord blood derived mast cells (CBMCs)

(King et al, J Virol 2000, 2002; Brown et al, J Leuk Biol 2006, 2009; J Virol 2011; PLoS One 2012)

Mast cells are susceptible to dengue infection, 
cytokine/chemokine release and apoptosis



Uninfected Den alone

Den + 1:1000 Ab Den + 1:10,000 Ab

Den alonemock

Antibody-enhanced dengue virus infection of KU812 cells



Antibody-enhanced dengue infection
of human mast cells is mediated by FcγRII

Virus-cell binding assay



What are the consequences of antibody-enhanced 
dengue virus infection of mast cells?

Cytokine production, eg. TNF

Apoptosis

Autophagy

Chemokine production, eg. CCL4, CCL5, CCL10
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Intra & extravascular responses 
in dengue pathogenesis

Mast cells contribute to endothelial 
cell activation via TNF



What are the consequences of antibody-
enhanced dengue virus infection of mast cells?

Cytokine production, eg. TNF

Apoptosis

Autophagy

Chemokine production, eg. CCL4, CCL5, CCL10
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DNA fragmentation in dengue-infected KU812 cells



mock Den + Ab Camptothecin

Antibody-enhanced dengue virus infection induces 
apoptosis in “bystander” KU812 cells

Green: Den Antigen
Blue:  Annexin V



Apoptosis in Human Dengue Disease

• Hepatocytes and Kupffer cell death with councilman bodies suggestive of 
apoptosis, tissue positive TUNEL staining from fatal cases of Vietnamese children 
(Heurre et al., 2001; Couvelard et al., 1999)

• Apoptosis in cerebral cells, white blood cells, intestinal and pulmonary 
microvascular ECs in Cuban DHF/DSS (Limonta et al., 2007)

• Thai children with DF and DHF had increased levels of apoptotic PBMCs, highest in 
DHF (Myint et al., 2006)

Suggests that dengue virus-induced apoptosis is involved
in severe dengue virus disease, influencing cellular immune 
responsiveness and vascular integrity



What are the consequences of antibody-
enhanced dengue virus infection of mast cells?

Cytokine production, eg. TNF

Apoptosis

Autophagy

Chemokine production, eg. CCL4, CCL5, CCL10



Co-localization of DENV E protein and LC3 punctation 
in antibody-enhanced DENV infection of KU812 cells
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Co-localization of DENV E protein and LC3 punctation in antibody-enhanced DENV infection of KU812 cells. (A) KU812 cells were incubated with medium alone (Mock), with DENV alone, with DENV in the presence of sub-neutralizing dengue patient sera, sub-neutralizing dengue patient sera alone, with UV-inactivated DENV (iDENV) alone, or iDENV in the presence of sub-neutralizing dengue patient sera. After infection, cells were fixed, permeabilized, and stained with anti-DENV E protein (red), anti-LC3 (green), and DAPI (blue). Cells were then mounted and observed by confocal microscopy. The square areas are zoomed-in images and shown in the right panels (merge, zoom). Bar: 10 m. The imaging data were repeated three times and one set of representative results is shown. (B) The quantification of E-positive cells (A, filled arrowheads) is shown. The means ± SD of three independent experiments are shown. ***P < 0.005. (C) The quantification of LC3 punctation cells (A, empty arrowheads) is shown. The means ± SD of three independent experiments are shown. ***P < 0.005. (D) The percentages of cells with E-positive and LC3 punctation (A, arrows) are shown. The means ± SD of three independent experiments are shown. ***P < 0.005. (E) After 24 h post-infection, the protein levels of LC3, p62, and NS4B from total cell lysates were detected by Western blotting. -actin served as internal control. NC: negative control (nutrient-rich medium); PC: positive control (starvation; Hank’s balanced salt solution). (F and G) KU812 cells were pre-treated with or without 5 mM 3-MA for 1 h before incubation with medium alone (Mock), DENV alone, or DENV with sub-neutralizing dengue patient sera. 3-MA was maintained in the medium during DENV infection. After 24 h post-infection, the expression of DENV E protein (F) and NS4B protein (G) was detected by flow cytometry. The means ± SD of three independent experiments are shown. **P < 0.01, ***P < 0.005.



Inhibition of autophagy reduces dengue virus 
infection of KU812 cells

Anti-E               Strawberry                Merge                 Visible
S

tra
w

be
rry

S
tra

w
be

rry
-A

tg
4B

C
74

A
S

tra
w

be
rry

S
tra

w
be

rry
-A

tg
4B

C
74

A A
D

E
D

E
N

V

Presenter
Presentation Notes
Inhibition of autophagy reduces DENV infection and virus titer after DENV infection with or without enhancing antibody. (A) KU812 cells were transfected with strawberry or strawberry-Atg4BC74A plasmids. After transfection and incubation for 48 h, strawberry- and strawberry-Atg4BC74A-expressing KU812 cells were infected with DENV or DENV with sub-neutralizing dengue patient sera. After 24 h post-infection, cells were fixed, permeabilized, stained with anti-E (green), and observed by confocal microscopy. The arrowheads indicate the strawberry- and strawberry-Atg4BC74A-expressing cells (red). The arrows (merge) indicate the cells which possess both green and red fluorescence. The visible images of total cells are shown in the right panels. The imaging data were repeated three times and one set of representative results is shown. (B) The number of E-positive cells was counted from 200 red cells from Fig. 5A. The percentage of E-positive cells from red cells was then quantified. The means ± SD of three independent experiments are shown. (C) KU812 cells were transfected with strawberry or strawberry-Atg4BC74A plasmids. After transfection and incubation for 48 h, strawberry- and strawberry-Atg4BC74A-expressing KU812 cells were infected with DENV or DENV with sub-neutralizing dengue patient sera. After 24 h post-infection, cells were fixed, permeabilized, stained with anti-NS4B, and followed by Alexa647-conjugated secondary antibody. The percentage of NS4B-positive cells in red cells was then determined by flow cytometry. The means ± SD of three independent experiments are shown. (D and E) After 24 h post-infection, the culture supernatant (D) and the mixture of cell and culture supernatant (E) were collected to detect the viral titers by plaque assay. The means ± SD of three independent experiments are shown. *P < 0.05, **P < 0.01, ***P < 0.005.



Role of mast cells in DENV infection in vivo



Mast cell-deficient 
Kit W-sh/W-sh mice are more 

permissive to DENV

Presenter
Presentation Notes
NS3 antigen expression at the DENV inoculation site in skin is higher in DENV-infected KitW-sh/W-sh  than in WT mice. (a) Experimental design of the DENV-infection mouse model. WT and KitW-sh/W-sh  mice were i.d. inoculated with medium (Mock) or DENV (1 Å~ 109 5 PFU/mouse) at four sites on the upper back and were sacrificed on 2 (b, c) or 3 (d, e) d.p.i. The skin inoculation site sections were stained with anti-NS3 antibody (red) and nuclei were stained with hematoxylin (blue).Red arrows indicate NS3-positive cells (Magnification: Å~ 200). The NS3-positive cells were counted in 15 regions per mouse field and the average numbers of NS3-positive cells were calculated by HistoQuest software. (b, c) n = 5/group; (d, e) n= 8/group. *P < 0.05; **P < 0.01.



Mast cell-deficient 
Kit W-sh/W-sh mice are more 

permissive to DENV

😊😊
Mast cells provide 
suppressive effect
on DENV infection
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NS3 antigen expression at the DENV inoculation site in skin is higher in DENV-infected KitW-sh/W-sh  than in WT mice. (a) Experimental design of the DENV-infection mouse model. WT and KitW-sh/W-sh  mice were i.d. inoculated with medium (Mock) or DENV (1 Å~ 109 5 PFU/mouse) at four sites on the upper back and were sacrificed on 2 (b, c) or 3 (d, e) d.p.i. The skin inoculation site sections were stained with anti-NS3 antibody (red) and nuclei were stained with hematoxylin (blue).Red arrows indicate NS3-positive cells (Magnification: Å~ 200). The NS3-positive cells were counted in 15 regions per mouse field and the average numbers of NS3-positive cells were calculated by HistoQuest software. (b, c) n = 5/group; (d, e) n= 8/group. *P < 0.05; **P < 0.01.



Mast cells suppress dengue virus infection in skin
as well as virus-mediated pathological effects
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Presentation Notes
Schematic diagram showing features involved in enhanced DENV infection in mast cell-deficient mice compared to WT mice both ex vivo and in vivo. Mast cell-deficient KitW-sh/W-sh  mice are more susceptible to intradermal DENV infection than WT mice as indicated by a more prolonged bleeding time in KitW-sh/W-sh  mice. The ex vivo experiments indicate that peritoneal macrophages isolated from KitW-sh/W-sh  mice show higher DENV infection and higher levels of CCL2 (MCP-1) after DENV infection compared to WT mice. In addition, DENV infection induces significantly increased CCL2 (MCP-1) production and macrophage infiltration in KitW-sh/W-sh mice than in WT mice.CCL2 is primarily secreted by monocytes, macrophages and dendritic cells. (wiki)



What are the consequences of antibody-
enhanced dengue virus infection of mast cells?

Cytokine production, eg. TNF

Apoptosis

Autophagy

Chemokine production, eg. CCL4, CCL5, CCL10



Chemokine gene upregulation induced by 
antibody-enhanced dengue infection of CBMCs

Chemokine mRNA Fold-increase
Den+Ab UV-Den+Ab   

CCL2 9.7 2.2
CCL3 27.4 2.4
CCL4 78.5 2.8
CCL5 76.4 1.2
CCL8 9887 11.4
CCL11 0.7 0.6
CCL17 1.2 0.9
CCL24 0.6 1.8
CXCL8 3.4 1.9
CXCL10 93347 43   
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Presentation Notes
CCL2:  MCP-1CCL8:  MCP-2CCL11: Eotaxin-1CCL17: TARC (thymus and activation regulated chemokine)CCL24: Eotaxin-2



Antibody-enhanced dengue virus infection of mast cells 
triggers chemokine production



What are the triggers of mast cell chemokine 
production in response to antibody-enhanced 

dengue virus infection?



RNA sensors
modulate 

chemokine production
in dengue-infected 

KU812 cells
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Intra & extravascular responses 
in dengue pathogenesis



Towards a dengue vaccine



Nat Rev Microbiol [2007] 5, 518 
Nat Rev Microbiol [2008] 6, 699  

Dengue virus genome



Current dengue
vaccine trials

(2015)

Screaton et al [2015]
Nat Rev Imm 15, 745
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Dengue vaccines. a | The Sanofi Pasteur vaccine CYD-TDV contains four chimeric live flaviviruses, each derived from the genome of the yellow fever virus 17D vaccine strain (shown in yellow) with the precursor membrane (prM) and envelope (E) gene segments replaced by the corresponding gene segments of each of the four dengue virus serotypes (DENV1 to DENV4). b | The US National Institutes of Health (NIH) live attenuated tetravalent vaccine (LATV) contains a mixture of four recombinant dengue virus genomes; the DENV2 component is a chimeric dengue virus derived from a DENV4 genome with prM and E gene segments replaced by those of DENV2. The vaccine strains were attenuated by deleting 30 nucleotides (Δ30) from the 3′ untranslated region.c | The DENVax vaccine from Takeda contains a mixture of four recombinant DENV2 genomes, each derived from the genome of an attenuated DENV2 virus with prM and E gene segments replaced by the corresponding gene segments of DENV1, DENV3 and DENV4.



Scaturro et al [2015] 
PLoS Path 11, e1005277  

Enter the dengue NS1 protein….

Presenter
Presentation Notes
(A) 3D organization of the DENV NS1 dimer and hexamer. The left panel shows a ribbon representation of the 3D crystal structure of the DENV NS1 dimer (Protein Data Bank [PDB] accession no. 4O6B). The β-roll, Wing and β-ladder domains are highlighted in blue, yellow and red, respectively. The right panel shows the 3D organization of the NS1 hexamer, with NS1 domains highlighted in the same color-code of the dimer. 



Progression of dengue infection

Chuang et al [2013] J Biomed Sci 20, 42 
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Viremia, NS1 antigen and antibody responses during DENV infection. A schematic demonstration of the relationship between vascular leakage, thrombocytopenia, the kinetics of DENV viremia, the detection of secreted NS1, and titers of anti-DENV antibodies in the sera of dengue patients during febrile, critical, and recovery phases of the disease.



Towards an NS1 vaccine for dengue

Pros
- NS1 Ab is protective
- highly conserved among 4 dengue serotypes
- target for Abs (CDC, ADCC) and CTLs
- no risk of inducing enhancing antibodies (ADE)

Cons
- C-terminal sequence cross-reactive with host cell 

proteins (eg. platelets, endothelial cells, coag factors)



NS1 and C-terminal modified NS1 proteins



Dengue NS1 and ∆C NS1 as vaccine candidates



C-terminal truncated NS1 removes platelet-
damaging epitopes



Passive immunization of mice with anti NS1 
reduces dengue infection

Presenter
Presentation Notes
Anti-DENV NS1, anti-DC NS1 and anti-DJ NS1 Abs reduce DENV NS3 expression. (A) The local skin was collected and fixed in paraffin. The skin sections were stained with anti-DENV NS3 Abs, followed by HRP-conjugated anti-rabbit IgG. Nuclei were stained with hematoxylin (blue). The arrows indicate positive staining. (a)–(e) show the NS3 expression of cells in the dermis layer of skin sections. (Magnification:6200; bar = 100 mm) (B) Quantification of NS3 staining was performed on skin sections using HistoQuest analysis software. A representative scattergram plot of each group is shown and the percentage of NS3-positive cells is shown as means SD obtained from three mice of each group.***P, 0.001 as compared with medium control group. # P, 0.05; # # P, 0.01 as compared with DENV plus control IgG group. (C) Skin cryosections were stained with anti-DENV NS3 and CD31 Abs, followed by Alexa-488-conjugated anti-rabbit IgG and Alexa-594-conjugated anti-rat IgG. Nuclei were stained with DAPI. (Magnification:6200; bar=50 mm) 



Passive immunization
of mice with anti-NS1 

reduces dengue-induced
tissue hemorrhage

Presenter
Presentation Notes
Anti-DENV NS1, anti-DC NS1 and anti-DJ NS1 Abs reduce DENV-induced hemorrhage in mice. (a)–(f) show skin samples from mice. The numbers of mice with hemorrhage/total numbers of mice inoculated in each group are indicated. (g)–(l) show the red blood cell extravasation in skin sections. The arrows indicate the regions of red blood cell extravasation. (Magnification: 6200; bar = 100 mm ) 



Dengue virus can perturb vascular endothelium by multiple 
mechanisms, including:

- direct virus infection

- vasoactive factors from intravascular cells (eg. monocytes, 
lymphocytes)

- vasoactive factors from extravascular cells (eg. mast cells)

- cross-reactive immune responses

NS1 is a promising dengue vaccine candidate which elicits 
protective immunity and avoids risk of ADE

Summary
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