










FcgRIIIa (Figures S3A–S3F). FcgRIIa was previously shown to

have a role in ADE of dengue infections (Boonnak et al., 2013),

but a role for FcgRIIIa has not been defined.

First, U937 monocytes expressing different combinations of

FcgRIIa and FcgRIIIa were infected with immune complexes

made from dengue virus and five different maternal IgGs from

the San Pablo cohort. Single-cycle infection was enhanced by

up to 300% in monocytes expressing FcgRIIIa (FcgRIIa+Fc-

gRIIIa+) compared with those expressing only FcgRIIa

(FcgRIIa+FcgRIIIa�) (Figure 3A). Next, we determined whether

FcgRIIIa ITAM signaling was required for FcgRIIIa-mediated

ADE, using cells expressing signaling-competent (FcgRIIa+Fc-

gRIIIa+) or signaling-null [FcgRIIa+FcgRIIIa(ITAM�)] versions of

FcgRIIIa (Figure S3A) (Blázquez-Moreno et al., 2017). Interest-

ingly, the FcgRIIIa-mediated enhancement of infection required

ITAM signaling (Figure 3A). To assess whether anti-E domain

specificity might contribute to the involvement of FcgRIIIa in

ADE, we tested the panel of afucosylated anti-E mAbs for their

ability to modulate dengue infections. In all cases, anti-E mAbs

mediated significantly increased infection in FcgRIIa+FcgRIIIa+

cells over U937 monocytes expressing only FcgRIIa. As

observed with the maternal IgG, FcgRIIIa-mediated ADE

required FcgRIIIa signaling in all cases (Figure 3B). Overall, these

studies showed that increasing the cellular A/I FcgR signaling ra-

tio via FcgRIIIa ITAM signaling promoted ADE of dengue virus

infections.

We next asked whether modulating cellular A/I FcgR signaling

in parallel with dengue infection might impact ADE. Crosslinking

individual FcgRs in FcgRIIa+FcgRIIIa+ U937 cells showed that

increased signaling by the activating, ITAM-containing FcgRIIa

or FcgRIIIa enhanced cell infectibility, whereas signaling through

the inhibitory, ITIM-containing FcgRIIb reduced infection (Fig-

ure 3C). These results are consistent with increased A/I signaling

ratios promoting ADE of dengue infections, whereas reducing

the A/I ratio via FcgRIIb signaling diminished ADE. Additive acti-

vating/ITAM signaling through crosslinking FcgRIIa and FcgRIIIa

together resulted in the greatest enhancement of infection (Fig-

ure 3D). These data supported a mechanism whereby infection
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Figure 2. Anti-E Fucosylation in Dengue Virus Immune Complexes Determines FcgRIIIa Signaling by Effector Cells

Dengue immune complexes were generated from maternal serum IgGs.

(A) FcgRIIIa signaling was linearly correlated with the abundance of afucosylated Fc glycoforms of anti-DENV E IgGs within immune complexes, n = 29.

(B) Dengue immune complexes generated from pooled maternal IgGs with R10% anti-E afucosylation triggered significantly more FcgRIIIa signaling when

compared with immune complexes generated from pooled maternal IgGs with <10% anti-E afucosylation. Both pools were generated from sera of mothers of

infants who experienced symptomatic primary dengue infections.

(C) Fucosylation of distinct anti-E mAbs modulates FcgRIIIa signaling. Fucosylated (black circles) or afucosylated (white circles) anti-DENV E mAbs with distinct

Fab specificities were tested for the ability to trigger FcgRIIIa signaling. Enhanced FcgRIIIa signaling by afucosylated immune complexes was observed in all

cases. GRLR is a non-FcgR-binding Fc variant.

Each point in (A) represents an individual donor. Data shown in (B) and (C) are representative of three experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

(unpaired Student’s t test). Data in (A)–(C) are representative of a minimum of three experiments. Error bars (B and C) represent the standard error of three

technical replicates. Replicates were performed at all points; where error bars are not present, the standard error was smaller than the width of the symbol

marking the data point.
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Figure 3. FcgRIIIa Signaling Enhances Antibody-Dependent Infection of U937 Monocytes

(A) Infection by dengue immune complexes generatedwithmaternal IgGswas significantly enhanced in FcgRIIIa+monocytes, and FcgRIIIa signalingwas required for

enhancement in all cases. Red line: FcgRIIa+FcgRIIIa+ cells; black line: FcgRIIa+FcgRIIIa� cells; broken red line, unfilled circles: FcgRIIa+FcgRIIIa(ITAM�) cells.

(B) The role of FcgRIIIa signaling in ADE was evaluated by comparison of infection in FcgRIIa+FcgRIIIa+ cells (red), FcgRIIIa-signaling null FcgRIIa+FcgRIIIa(ITAM�)

cells (white), and FcgRIIa+FcgRIIIa� (black) or FcgRIIa�FcgRIIIa� (blue) cells. Immune complexes were generated from dengue virus and afucosylated anti-

envelope mAbs 235, B7, 2D22, or C10, which have distinct anti-E binding specificities. In all cases, FcgRIIIa signaling was required for maximal infection.

(C) Signaling induced by crosslinking of FcgRIIa or FcgRIIIa promoted infection of FcgRIIa+FcgRIIIa+ U937 cells, whereas crosslinking the inhibitory FcgR,

FcgRIIb, reduced infectibility of cells.

(D) Combined signaling by activating FcgRIIa and FcgRIIIa during infection resulted in maximal infectibility of FcgRIIa+FcgRIIIa+ U937 cells.

(E) Increasing cellular calcium flux promoted infection of FcgRIIa+FcgRIIIa+ U937 cells.

*p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001 (unpaired Student’s t test). Data are representative of a minimum of three experiments. Error bars represent the

standard error of three technical replicates. Replicates were performed at all points; where error bars are not present, the standard error was smaller than the

width of the symbol marking the data point.
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was enhanced by cellular calcium flux, which is triggered by

ITAM signaling (Bolland and Ravetch, 1999; Hippen et al.,

1997). To verify this, we treated cells with the calcium ionophore,

ionomycin, prior to infection. This treatment increased ADE of

infection in a dose-dependent manner (Figure 3E).

Having found that FcgRIIIa ITAM signaling could increase

dengue infections, we next sought to determine whether

FcgRIIIa might have a separate role in mediating attachment of

dengue immune complexes. To investigate this, we used well-

characterized blockingmAbs against FcgRI, FcgRIIa, or FcgRIIIa

to prevent immune complex attachment to cells prior to infection

(Boruchov et al., 2005; Fleit et al., 1982; Mandelboim et al., 1999;

Tamm and Schmidt, 1996; Zeller and Sullivan, 1993). In FcgRIIa+

FcgRIIIa+ U937 cells, blocking either FcgRI or FcgRIIa during im-

mune complex attachment prevented �50% infection, whereas

blocking FcgRIIIa alone with the blocking mAb, 3G8, did not

inhibit infection (Figure 4A) (Boruchov et al., 2005; Fleit et al.,

1982; Mandelboim et al., 1999; Tamm and Schmidt, 1996; Zeller

and Sullivan, 1993). Combining blocking mAbs for FcgRI and

FcgRIIa inhibited infection by �80%, and inclusion of the

FcgRIIIa blocking mAb did not further diminish infection. In

freshly isolated primary monocytes, blocking attachment of im-

mune complexes to FcgRIIa prior to entry prevented nearly all

infection, whereas blocking FcgRI, FcgRIIb, or FcgRIIIa did not

reduce infection (Figure 4B). These results are consistent with

studies showing that FcgRIIa on monocytes mediates dengue

immune complex attachment and entry (Boonnak et al., 2013;

Kou et al., 2008; Littaua et al., 1990) and suggested that the

FcgRIIIa-mediated enhancement is due to modulation of a

post-attachment step of infection.

Inhibitors of the Calcineurin Signaling Network Block
Dengue Virus Replication
Engagement and crosslinking of the activating FcgRs trigger

phosphorylation of ITAM domains by Src family kinases and

intracellular calcium flux (Bournazos and Ravetch, 2015; Hippen

et al., 1997). Calcium flux, in turn, activates calcineurin, a serine/

threonine phosphatase that recognizes a host of substrates,

scaffolds, and regulator proteins through specific dockingmotifs

(Roy andCyert, 2009; Roy et al., 2007). To dissect how enhanced

A/I ratios contribute to ADE of dengue infections, we treated cells

with inhibitors of the ITAM signaling pathway prior to infection.

First, FcgRIIa+FcgRIIIa+ monocytes were treated with PRT, an

inhibitor of Syk tyrosine kinase activity, required for initiation of

ITAM signaling (Lowell, 2011; Reilly et al., 2011). This inhibited

dengue infection (Figure 5A), supporting the requirement for

ITAM signaling in ADE of dengue virus infection.

Next, we tested the hypothesis that ADE of dengue infection is

enhanced by calcium flux via the calcineurin signaling network.

The small-molecule inhibitor INCA-6 (Bretz et al., 2013) and the

peptide inhibitor 11R-VIVIT (VIVIT) (Aramburu et al., 1999) act

selectively to prevent the association of calcineurin with sub-

strates that bind via the calcineurin PxIxIT docking motif (Roy

et al., 2007). Both inhibitors prevented dengue virus infection in

U937 monocytes (Figures 5B and 5C). Inhibitors were used at

concentrations that did not impact cell viability (Figure S4). To

assess the specificity of this observation for dengue infections,

we studied the impact of the VIVIT inhibitor on infection of

U937 cells by influenza A viruses. Although dengue serotypes

2 and 3 were robustly inhibited by VIVIT, influenza A viruses

(H1N1 A/Netherlands/602/2019 and H3N2 A/HK/1/1968 strains)

were not affected by this inhibitor of the calcineurin signaling

network (Figure 5D). We next treated cells with the VIVIT inhibitor

during or at different time points after dengue infection to char-

acterize the kinetics of the required calcineurin network activity.

Treatment of cells up to 6 h after entry significantly reduced

infection, consistent with disruption of a post-entry stage of

infection (Figure 5E). Interestingly, FK506 and cyclosporin A,

two clinically used drugs that block calcineurin through mecha-

nisms distinct from INCA-6 and VIVIT (Ho et al., 1996), did not

prevent dengue infections (Figure S5). These studies show that

calcineurin-PxIxIT site interactions are required for maximal

dengue virus infections, suggesting new clinical strategies for

treatment of dengue infections.

IgG Fucosylation Is Stable over Time, Suggesting Utility
as a Predictive Marker for Dengue Disease Risk
To be a useful marker of dengue disease susceptibility, the abun-

dance of Fc afucosylation would have to be stable over time and

withstand immune perturbation. To assess stability of this IgG

modification, we performed a longitudinal study of IgGs from

healthy adults in a North American cohort who were challenged

with influenza A virus (Memoli et al., 2015). We characterized IgG

afucosylation prior to and over a period of 60 days after influenza

Figure 4. FcgRIIIa Does Not Mediate Virus

Immune Complex Attachment during ADE in

Monocytes

(A) Individual or combined FcgRs were blocked

during the viral attachment step of infection in

FcgRIIa+ FcgRIIIa+ U937 monocytes. Blocking

FcgRIIa and/or FcgRI during immune complex

attachment significantly reduced infection, whereas

blocking FcgRIIIa did not impact infection.

(B) Blocking FcgRIIa alone during attachment in

primary monocytes prevented their infection,

whereas blocking FcgRI, FcgRIIb, or FcgRIIIa did

not impact infection.

**p < 0.01, ***p < 0.001, ****p < 0.0001 (unpaired

Student’s t test). Data are representative of a mini-

mum of three experiments. Error bars represent the

standard error of three technical replicates.
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Figure 5. Inhibition of Dengue Infection through Targeted Inhibition of ITAM Signaling Pathway Elements

(A) A small molecule that targets Syk tyrosine kinase (Syk TK), PRT, inhibited dengue infection in FcgRIIa+FcgRIIIa+ U937 monocytes.

(B and C) A small-molecule inhibitor, INCA-6 (B), and a peptide inhibitor, 11R-VIVIT (VIVIT) (C), which act by blocking calcineurin-substrate interactions at the

calcineurin PxIxIT site, inhibited dengue infections. A scrambled peptide containing the amino acids found in VIVIT (11R VEET) did not inhibit infection (open

circles).

(D) Inhibition of dengue viruses (DENV2, DENV3), but not H1N1 or H3N2 influenza viruses (IAVs), was observed using the VIVIT inhibitor (solid lines); scrambled

VEET peptide in dashed lines.

(E) Treatment of cells with VIVIT up to 6 h after infection by dengue immune complexes significantly inhibited infection.

(F) Model for susceptibility to clinically significant dengue infections in infants. Infants of mothers who are dengue-immune and haveR10% afucosylated anti-E

IgGs are at elevated risk for symptomatic primary dengue infections due to modulation of FcgRIIIa-expressing cells during infection.

(G) Model for the roles of FcgRIIa, FcgRIIIa, and afucosylated dengue immune complexes in ADE.While FcgRIIa supports amajority of viral attachment and entry,

FcgRIIIa signaling increases cellular ITAM signaling. ITAM signaling, in turn, triggers calcium flux andmodulates the calcineurin signaling network, which supports

dengue virus replication.

*p < 0.05, **p < 0.01, ****p < 0.0001 (unpaired Student’s t test). Data are representative of a minimum of three experiments. Error bars represent the standard error

of three technical replicates. Replicates were performed at all points; where error bars are not present, the standard error was smaller than thewidth of the symbol

marking the data point.
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virus challenge. The abundance of afucosylated glycans was

remarkably durable over this period and, despite virus challenge

(Figure S6), supporting utility of this serologic marker to guide

clinical care of dengue patients.

DISCUSSION

Here, we show that elevated afucosylated Fc glycans (R10%)

on maternal anti-E IgGs is one risk factor for susceptibility of in-

fants to disease during primary dengue virus infections. Mecha-

nistic studies performed to identify how afucosylated anti-E IgGs

can impact dengue infections support a model whereby the

presence of afucosylated dengue immune complexes triggers

a FcgRIIIa-modulated infection characterized by increased

ITAM signaling. Enhanced ITAM signaling, in turn, promoted

dengue infections in U937 monocytes through an intrinsic ADE

mechanism (Figure 5F) (Halstead et al., 2010). On a cellular level,

the data show a role for FcgRIIIa in enhancing ADE of dengue vi-

rus infections through cooperativity with FcgRIIa. Although

FcgRIIa acts in virus immune-complex attachment and entry

(extrinsic ADE) (Halstead et al., 2010), we show that the

increased cellular A/I signaling ratio triggered by afucosylated

immune complex-FcgRIIIa interactions supports dengue virus

infection through calcineurin signaling network interactions

requiring the PxIxIT docking motif (Figure 5G). This mechanism

suggests novel treatment strategies for dengue infections that

target this pathway.

An important topic for future studies on the pathogenesis of

dengue disease is the cellular activities associated with afucosy-

lated IgGs during dengue infection that were not studied here.

We have used percent infection as the readout of activity

conferred by anti-dengue Fc afucosylation and of FcgRIIIa

signaling in ADE of dengue virus infections, yet FcgRIIIa signaling

activity likely impacts disease pathogenesis through multiple

mechanisms, including modulation of cytokine production by

FcgRIIIa-expressing cells.

Because mortality rates in severe dengue cases can be nearly

eliminated with intensive clinical monitoring (Anderson et al.,

2014; Gordon et al., 2013), identifying markers for susceptibility

to dengue disease could dramatically improve the clinical man-

agement of dengue patients. Here we show that maternal IgG

Fc fucosylation could be used in the cohort studied to identify

a significant subset of susceptible infants. Prospective cohort

studies are now needed to examine testing of antibody fucosy-

lation to guide the treatment of primary infant dengue infections

and acute dengue infections in non-infant populations.
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