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ABSTRACT Severe dengue virus (DENV) infection is associated with overactivity
of the complement alternative pathway (AP) in patient studies. Here, the molec-
ular changes in components of the AP during DENV infection in vitro were inves-
tigated. mRNA for factor H (FH), a major negative regulator of the AP, was signif-
icantly increased in DENV-infected endothelial cells (EC) and macrophages, but,
in contrast, production of extracellular FH protein was not. This discord was not
seen for the AP activator factor B (FB), with DENV induction of both FB mRNA
and protein, nor was it seen with Toll-like receptor 3 or 4 stimulation of EC and
macrophages, which induces both FH and FB mRNA and protein. Surface-bound
and intracellular FH protein was, however, induced by DENV, but only in DENV
antigen-positive cells, while in two other DENV-susceptible immortalized cell
lines (ARPE-19 and human retinal endothelial cells), FH protein was induced both
intracellularly and extracellularly by DENV infection. Regardless of the cell type,
there was an imbalance in AP components and an increase in markers of com-
plement AP activity associated with DENV-infected cells, with lower FH relative
to FB protein, an increased ability to promote AP-mediated lytic activity, and in-
creased deposition of complement component C3b on the surface of DENV-
infected cells. For EC in particular, these changes are predicted to result in
higher complement activity in the local cellular microenvironment, with the po-
tential to induce functional changes that may result in increased vascular perme-
ability, a hallmark of dengue disease.

IMPORTANCE Dengue virus (DENV) is a significant human viral pathogen with a
global medical and economic impact. DENV may cause serious and life-threat-
ening disease, with increased vascular permeability and plasma leakage. The
pathogenic mechanisms underlying these features remain unclear; however,
overactivity of the complement alternative pathway has been suggested to play
a role. In this study, we investigate the molecular events that may be responsi-
ble for this observed alternative pathway overactivity and provide novel findings
of changes in the complement system in response to DENV infection in primary
cell types that are a major target for DENV infection (macrophages) and patho-
genesis (endothelial cells) in vivo. Our results suggest a new dimension of cellu-
lar events that may influence endothelial cell barrier function during DENV infec-
tion that could expand strategies for developing therapeutics to prevent or
control DENV-mediated vascular disease.
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Dengue virus (DENV) is currently considered the most important mosquito-borne
viral infection of humans worldwide, causing between 50 million and 390 million

estimated infections per year in over 100 countries (1, 2). DENV consists of four sero-
types (1–4) and belongs to the family Flaviviridae, genus Flavivirus (3). Disease caused
by DENV infection ranges from asymptomatic, undifferentiated fever and classical
dengue fever to severe forms of the disease that include dengue hemorrhagic fever
(DHF) and dengue shock syndrome (DSS). These clinical descriptions of dengue have
been revised as dengue with or without warning signs and severe dengue (4). One
life-threatening outcome of DENV infection is increased vascular permeability and
plasma leakage, which ultimately can lead to fatal hypovolemic shock (5–8). Although
the pathogenic mechanisms underlying the increased vascular permeability remain
unclear, a number of studies have demonstrated that DENV infection of macrophages
and endothelial cells (EC) plays a critical role in altering cellular responses that control
capillary leakage and barrier integrity (9–11). Macrophages are not only the major
target for DENV replication in vivo, but they also are important sources of cytokines,
chemokines, and vasoactive factors that converge on the endothelium to contribute
to vascular permeability (12, 13). The role of the endothelium itself has been debated,
and while many studies suggest that EC are not a major site for viral replication, the
endothelium is undoubtedly a major site for DENV-mediated pathogenesis. DENV is
reported to induce effects that alter the barrier function of the endothelium and that
increase EC cytokine and chemokine release and EC inflammatory responses (14–18).
Multiple immunomodulatory and vasoactive factors, such as tumor necrosis factor
alpha (TNF-�), interleukin-1 (IL-1), IL-6, macrophage inhibitory factor, and metallopro-
teinases, from macrophages or dendritic cells have been implicated in severe dengue
or DENV-induced vascular dysfunction (11, 19–21). Recently, the capacity of viral
nonstructural protein 1 (NS1) to directly induce vascular leakage and endothelial cell
dysfunction has also been shown (22, 23). Thus, the pathogenesis of DENV is clearly
multifactorial and overwhelmingly a function of dysregulated immune responses.

The complement system is suggested to be involved in DENV disease and particu-
larly in initiation of vascular leakage (24–27). Complement comprises three pathways,
the classical pathway, the lectin pathway, and the alternative pathway (AP), that involve
a cascade of proteolytic cleavages forming various vasoactive and immunostimulatory
proteins (28, 29). These three pathways converge on C3, which is activated by cleavage
to form C3b, with subsequent interactions that lead to the formation of a C3b
convertase complex and the terminal membrane attack complex (MAC). The MAC can
lyse pathogens and target cells, while other cleavage products of the complement
system, such as C3a and C5a, are inflammatory and vasoactive factors (29). While
the classical and lectin pathways are stimulated by pathogen recognition, the AP is
constitutively active (29, 30) and is tightly controlled to prevent unwanted tissue
damage. The AP negative regulatory protein factor H (FH) is considered the master
regulator of this pathway that ensures that the AP activity is tightly controlled (30–33).
FH can control AP activity by competing with factor B (FB) for C3b binding (30, 31, 34,
35), promoting the decay of the C3 convertase, and stimulating C3b degradation (30,
36). Additionally, FH acts as a cofactor and promotes enzymatic inactivation of C3b by
factor I (FI) to form iC3b (37, 38). These actions of FH can occur in the fluid phase but
are facilitated at cell surfaces by FH binding to polyanions and glycosaminoglycans
(39–41). C3b deposition on surfaces is nondiscriminatory and arises from constitutive
AP-driven C3 hydrolysis or “tickover” to form C3b (42). The subsequent binding of FB
to C3b forms the C3bB complex, which is cleaved by the serine protease factor D (FD)
to produce more AP C3 convertase (C3bBb), which is part of an activation loop that
further promotes the complement cascade (29). Alternatively, C3b can be deactivated
by the actions of FH, as described above. This balance between the actions of FB and
FH can thus determine if a C3b-coated surface is targeted for complement action or not
(32, 34, 35).

Overactivity of the AP due to the low activity of FH is associated with human disease,
such as atypical hemolytic-uremic syndrome, which shares some common pathogenic
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features with dengue disease, such as intravascular hemolysis, thrombocytopenia,
damage to the endothelium, and increased vascular leakage (43, 44). We postulated
that, similarly, AP overactivity due to the low activity of FH might be involved in DENV
pathogenesis. Several reports have supported an association of overactivity of the
complement AP with DENV disease severity, with complement protein consumption,
low serum levels of FH, and high levels of FD being reported in the circulation of severe
DENV patients (8, 25–27, 45, 46).

Herein, the molecular events at the cellular level that align with AP activity are
defined and provide evidence of dysregulation of FH production locally within macro-
phages and EC, the major in vivo sites for DENV replication and pathogenesis, respec-
tively. These changes in FH in combination with elevation of other complement
components, such as FB and C3b deposition, are associated with increased comple-
ment AP activity in vitro, which we propose reflects AP activity in the cellular microen-
vironment in vivo. Our results raise the possibility of designing strategies, such as those
to promote the levels of FH protein, as therapy to prevent complement-mediated
vascular dysfunction during DENV infection.

RESULTS
DENV induces FH mRNA but not protein in primary EC and MDM. The induction

of FH, a negative regulator of the complement AP, was evaluated following DENV
infection in two cell types that represent major targets for DENV pathogenesis and
replication in vivo: EC and macrophages, respectively. Active virus replication occurred,
with increasing DENV RNA and infectious virus release taking place from 24 to 48 h
postinfection (hpi) in primary human umbilical vein EC (HUVEC) (Fig. 1A) and mono-
cyte-derived macrophages (MDM) (Fig. 1B). Quantitation of FH mRNA levels demon-
strated a significant induction in both HUVEC (Fig. 1C) and MDM (Fig. 1D) following
DENV infection. In contrast, the levels of extracellular FH protein showed no significant
change in DENV-infected supernatants from either cell type (Fig. 1E and F). Notably,
there were much lower levels of FH mRNA and protein in MDM (Fig. 1D and F) than in
HUVEC (Fig. 1C and E). The lack of detectable FH protein in cultured supernatant from
DENV-infected cells was not due to blocking of FH antibody binding sites required for
enzyme-linked immunosorbent assay (ELISA) detection of FH, for example, by a protein-
protein interaction, since supernatants collected from DENV-infected cells and treated
with either detergent (Triton X-100) or heat (56°C) prior to ELISA showed no difference
in FH quantitation (Fig. 2A and B). Analysis of FH protein by Western blotting was
attempted, but consistent with the nanogram levels of protein quantitated by ELISA, FH
protein in cultured supernatants was undetectable by this method (data not shown).

The discord between DENV induction of FH mRNA and protein is not ob-
served with FB or following TLR3 or TLR4 stimulation of MDM and EC. To assess if
DENV infection specifically prevents induction of FH protein, changes in FB, another AP
complement component, were assessed. Quantitation of FB mRNA levels demonstrated
a significant induction in both HUVEC (Fig. 3A) and MDM (Fig. 3B) following DENV
infection. Similarly, but in contrast to the results for FH, FB protein levels significantly
increased in DENV-infected supernatants from both cell types (Fig. 3C and D). FB mRNA
and protein levels were comparable between MDM and HUVEC (Fig. 3). To further
assess if the induction of FH mRNA but not protein is specific for infection, cells were
stimulated with Toll-like receptor 3 (TLR3) and TLR4 ligands: poly(I·C) and lipopolysac-
charide (LPS), respectively. Following TLR stimulation, both FH mRNA (Fig. 4A) and
protein (Fig. 4B) were significantly increased at 24 and 48 hpi in MDM. In contrast, DENV
infection again induced FH mRNA, but not protein, in the supernatant (Fig. 4A and B).
Notably, induction of FH mRNA by DENV was comparable to that by poly(I·C) or LPS, but
the increased FH mRNA in DENV-infected cells did not translate into an increase in
secreted FH protein (Fig. 4A and B). As expected and consistent with the results
presented in Fig. 3, both FB mRNA and protein increased in response to TLR stimulation
and DENV infection (Fig. 4C and D). Zika virus (ZIKV) infection induced FH mRNA to a
level much higher than that seen with DENV at 48 hpi (Fig. 4A) but still failed to increase
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FH protein (Fig. 4B). ZIKV infection also induced FB mRNA at 48 hpi (Fig. 4C) but,
interestingly, and in contrast to DENV infection, not FB protein (Fig. 4D).

Similarly, in HUVEC, poly(I·C) and LPS stimulated both FH mRNA and protein, while
DENV induced FH mRNA but not protein (data not shown). ZIKV responses in HUVEC
were not reliably defined since ZIKV infection of HUVEC induced a substantial visual
cytopathic effect.

Cell surface and intracellular FH is induced in DENV antigen-positive cells. FH
also has a cell surface binding capacity (39, 40). To investigate if the lack of an increase
in extracellular FH protein is due to FH rebinding to DENV-infected cells, cell surface-
bound FH was analyzed by flow cytometry. Surface-bound endogenous FH was lower
in DENV-infected HUVEC than in uninfected HUVEC, as determined by the percentage
of FH-positive cells when analyzed as combined data from 3 independent experiments
(Fig. 5A), although this was significant in only one of three experiments when analyzed
individually. Further, as shown in the histogram plot, this finding represents a very
minor shift in the FH-positive cell population (Fig. 5A). DENV infection had no signifi-
cant effect on the mean fluorescent intensity (MFI) of FH binding to cells (Fig. 5A). An
increase in FH binding, however, was seen specifically in the DENV antigen-positive but

FIG 1 DENV infection of HUVEC and MDM induces FH mRNA but not protein. HUVEC and MDM were
isolated and were left uninfected or DENV infected at MOI of 1 and 3, respectively. (A, B) At 24 and 48
hpi, supernatants and total cellular RNA were collected from HUVEC (A) and MDM (B) and analyzed by
plaque assay (PA; bars) and RT-PCR (lines), with the values being normalized against those for cyclophilin.
(C, D) Cell lysates of HUVEC (C) of MDM (D) were analyzed for FH mRNA by RT-PCR, with the values being
normalized against those for cyclophilin. (E, F) Supernatants of HUVEC (E) of MDM (F) were analyzed by
ELISA for FH protein. Results represent the mean � standard deviation for duplicate samples and are
representative of those from three independent infection experiments. *, P � 0.05, Student’s unpaired
t test. UI, uninfected; DV, dengue virus.
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not antigen-negative cells of the DENV-infected HUVEC population (Fig. 5B). In contrast
to HUVEC, surface-bound endogenous FH was significantly higher in DENV-infected
MDM than in uninfected MDM in terms of the percentage of FH-positive cells but not
in terms of the intensity and, thus, the amount of FH bound per cell (Fig. 6A). Again, in
contrast to HUVEC, this increase in FH binding was seen in both the DENV antigen-
positive and the DENV antigen-negative cells of the DENV-infected MDM population
(Fig. 6B). Together, these results confirm that the DENV induction of FH mRNA can
result in production of FH protein but that at least some of this protein rebinds back
to the infected cell or, in the case of MDM, infected and uninfected cell surfaces.

To further confirm the ability of DENV-infected cells to produce FH protein, quan-
titative immunostaining for intracellular FH and, for comparison, FB was performed.

FIG 2 Treatment with detergent or heat does not increase FH protein detection in DENV-infected
samples. HUVEC and MDM were isolated and were left uninfected or DENV infected at MOI of 1 and 3,
respectively. At 48 hpi, supernatants of HUVEC (A) and MDM (B) were collected, treated with or without
0.05% Triton X-100 or heat (56°C), and analyzed by ELISA for FH protein. Results represent the mean �
standard deviation for duplicate samples and are representative of those from three independent
infection experiments.

FIG 3 DENV infection of HUVEC and MDM induces FB mRNA and protein. HUVEC and MDM were isolated
and were left uninfected or DENV infected at MOI of 1 and 3, respectively. Infection was verified as
described in the legend to Fig. 1A and B. (A, B) At 24 and 48 hpi, total HUVEC (A) and MDM (B) RNA was
collected and analyzed for FB mRNA by RT-PCR, and the values were normalized against those for
cyclophilin. (C, D) HUVEC (C) and MDM (D) supernatants were collected and analyzed by ELISA for FB
protein. Results represent the mean � standard deviation for duplicate samples and are representative
of those from three independent infection experiments. *, P � 0.05, Student’s unpaired t test.
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DENV infection of HUVEC (Fig. 7A) or MDM (Fig. 7B) resulted in only a small percentage
(3 to 15% of the total cell population) of cells staining DENV antigen positive, as
expected from previous studies (11, 18, 47, 48) and evident from the results shown in
Fig. 5 and 6. Basal staining for both the FB and FH proteins was detected in uninfected
cells. Visually, there was no major change in the overall DENV-infected cell population,
but those cells staining for DENV antigen appeared to be more strongly positive for
both FH and FB than uninfected cells (Fig. 7A and B). The staining intensity for FB and
FH was quantified using an Operetta high-content imaging system. The results showed
no increase in the overall FB and FH staining intensity in DENV-infected wells compared
to uninfected wells for either cell type (Fig. 7C and D). The FH and FB staining
intensities in individual DENV antigen-negative or -positive cells from within the same
DENV-infected well were then compared. A significant induction of both the FH and FB
proteins in DENV antigen-positive HUVEC compared to antigen-negative cells was
apparent (Fig. 7C). In contrast, induction in DENV antigen-negative cells was not
significantly different from that in cells in uninfected wells. Similarly, in DENV-infected
MDM, FB protein was induced in DENV antigen-positive cells, and although the results
were not statistically significant, a similar trend toward increased FH protein was
observed (Fig. 7D).

DENV infection can induce FH protein in some immortalized cell lines. The low
susceptibility of HUVEC (18) and MDM (47, 48) to DENV infection in vitro might account
for the observed lack of detectable induction of extracellular FH in these cells. To
analyze this, responses were evaluated in another EC transformed cell line (HPV
E6/E7-transduced human retinal endothelial cells [HREC]), which have low susceptibility
to DENV infection, and ARPE-19 retinal pigment epithelial cells, which have high
susceptibility to DENV infection (49). Consistent with the results in HUVEC and MDM,
the levels of FB and FH mRNA were significantly increased in DENV-infected HREC and
ARPE-19 cells at 48 hpi (Fig. 8A). Both FB and, in contrast to HUVEC and MDM, also FH

FIG 4 Stimulation with TLR ligands but not DENV or ZIKV induces FH and FB mRNA and protein. MDM
were isolated and were left uninfected, DENV or ZIKV infected, or stimulated with poly(I·C) or LPS. (A, C)
At 24 and 48 hpi, supernatants were collected, the cells were lysed, and total RNA was extracted and
analyzed for FH (A) and FB (C) mRNA by RT-PCR. PCR results were normalized against those for
cyclophilin. (B, D) Supernatant was collected and analyzed by ELISA for FH (B) and FB (D) proteins. Results
represent the mean � standard deviation for duplicate samples at each time point and are represen-
tative of those from three independent infection experiments. Significance was calculated in relation to
the results for the uninfected control group. *, P � 0.05, one-way ANOVA/Tukey’s test.
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protein were significantly elevated at 48 hpi in HREC and ARPE-19 cells (Fig. 8B).
Immunostaining and quantitative analysis for intracellular FH and FB were also per-
formed in HREC and ARPE-19 cells, as shown in Fig. 7 for primary MDM and HUVEC. As
expected, DENV infected only a small percentage of HREC but the majority of ARPE-19
cells (Fig. 9A and B). Visually, DENV antigen-positive cells appeared to be more strongly
positive for both FH and FB than uninfected cells for both cell types (Fig. 9A and B), and
this was confirmed by quantitative imaging, which showed an increase in staining
intensity when considered over the entire well or specifically in DENV antigen-positive
cells (Fig. 9C and D).

DENV infection is associated with indicators of active complement. Given that
the actions of FH as a negative regulator of the AP oppose complement components,
such as FB, that promote AP activity, the ratio of FH/FB protein was calculated. The
results demonstrated a significantly lower proportion of FH relative to FB in the
supernatant from DENV-infected cells than in that from uninfected cells (Fig. 10).
Interestingly, there was a decrease in FH/FB of greater than 90% in HUVEC (Fig. 10A) but
only approximately 50% in MDM (Fig. 10B). Additionally, although FH was induced in
the supernatant of DENV-infected HREC and ARPE-19 cells, analysis of the FH/FB ratio
revealed that, consistent with the results from MDM and HUVEC, FB was induced at
higher levels relative to FH protein, resulting in a significant decrease in the FH/FB ratio
(Fig. 10C and D).

To test the ability of cultured supernatant to promote the complement AP, super-
natants were incubated with normal human serum (NHS) under buffer conditions
specific for the AP, and lysis of rabbit erythrocytes was quantitated. Supernatant from
DENV-infected HUVEC showed a significantly greater ability to promote AP-mediated
hemolysis than that from uninfected cells (Fig. 11A). Similar results were obtained with

FIG 5 Cell surface FH binding is induced in DENV antigen-positive HUVEC. HUVEC were isolated and were left uninfected or DENV infected
at an MOI of 1. (A) HUVEC were detached with 5 mM EDTA, stained for FH on cell surfaces and intracellularly for DENV, and analyzed by flow
cytometry. Gray and black plots represent FH staining on uninfected (UI) and DENV-infected cells, respectively. The percentage of FH-positive
cells was calculated from the gate indicated on the histogram, and the mean florescent intensity (MFI) of the population was determined. *,
P � 0.05, Student’s unpaired t test. (B) Representative quad plots of FH-Alexa Fluor 546 versus DENV-Alexa Fluor 488 for uninfected and
DENV-infected populations. The percentage of FH-positive and -negative cells from uninfected, DENV antigen-negative, and DENV antigen-
positive populations was calculated using gates, as shown. Results represent the mean � standard deviation for triplicate samples, and data
from three independent infection experiments were combined. *, P � 0.05, two-way ANOVA/Tukey’s test.
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supernatant from DENV-infected MDM (Fig. 11B), suggesting in both cases that DENV-
infected cells produce secreted factors that promote AP activity. Importantly, the
addition of purified exogenous FH protein to supernatants from DENV-infected HUVEC
or MDM significantly impaired the ability of these supernatants to promote the activity
of the AP (Fig. 11), supporting a role for FH in controlling complement AP activity in this
assay system.

Additionally, during a viral infection and in the presence of the full spectrum of
complement proteins, C3b should be deposited onto the surface of infected cells that
can be regulated by the opposing roles of FH and FB (30–32). While FB interacts with
C3b to promote C3 convertase, FH, acting with FI, cleaved surface-bound C3b to form
inactivated C3b (iC3b), avoiding pathogenic C3b deposition (30, 31, 50). Thus, C3b
binding to DENV-infected cells was quantitated by flow cytometry, with NHS being
used as a source of complement. The results showed a significant increase in C3b
binding to DENV-infected EC compared to uninfected cells in terms of the amount of
C3b bound and the number of C3b-positive cells seen (Fig. 12A). Consistent with the
results in HUVEC, C3b showed a similarly increased binding to DENV-infected MDM
(Fig. 12B).

DISCUSSION

The complement system is a vital part of the body’s response to pathogens and is
an important player in host defenses against DENV (51–53). In contrast, overactivity of
complement, in particular, the AP, is associated with increased DENV disease severity (8,
26, 45); thus, fine control of specific aspects of the complement pathways is needed to
trigger a protective but nondetrimental immune response. It is well-known that FH is

FIG 6 Cell surface FH binding is induced in DENV antigen-positive MDM. MDM were isolated and were left uninfected or DENV infected at an
MOI of 3. (A) MDM were detached with 5 mM EDTA, stained for FH on cell surfaces and intracellularly for DENV, and analyzed by flow cytometry.
Gray and black plots represent FH staining on uninfected (UI) and DENV-infected cells, respectively. The percentage of FH-positive cells was
calculated from the gate indicated on the histogram, and the mean florescent intensity (MFI) of the population was determined, *, P � 0.05,
Student’s unpaired t test. (B) Representative quad plot graphs of FH-Alexa Fluor 546 versus DENV-Alexa Fluor 488 for uninfected and
DENV-infected populations. The percentage of FH-positive and -negative cells from uninfected, DENV antigen-negative, and DENV antigen-
positive populations was calculated using gates, as shown. Results represent the mean � standard deviation for triplicate samples, and data from
three independent infection experiments were combined. *, P � 0.05, two-way ANOVA/Tukey’s test.
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one of the main negative regulators of AP activity (30, 33, 37). Additionally, macro-
phages and EC are recognized as major targets for DENV replication and pathogenesis
in vivo, and both these cell types may contribute to FH production, antiviral immune
responses, and induction of vascular permeability, a hallmark of DENV disease (11–13,
54). Thus, this work focused on defining the DENV-induced changes in FH in macro-
phages and EC and linking these with changes in other complement components, FB
and C3b, to understand the cellular and molecular responses that contribute to the
complement AP overactivity reportedly associated with DENV disease.

First, the results showed that DENV infection of HUVEC and MDM effectively induces
both FB and FH mRNA. Surprisingly, however, this translates to a significant increase
only in FB protein, while the levels of secreted FH protein remain unchanged from
those in uninfected cells for both cell types. Induction of FB mRNA has previously been
reported in DENV-infected HUVEC, although with a higher 34-fold induction of mRNA
(16). Results presented here confirm induction of FB mRNA and extend this to dem-
onstrate an increase in FB protein. This report is the first to describe the DENV induction
of FH mRNA and additionally presents several lines of evidence suggesting that the

FIG 7 FH and FB are increased specifically in DENV antigen-positive HUVEC and MDM. (A, B) HUVEC (A) and MDM (B) were isolated and were left uninfected
(UI) or DENV infected. At 48 hpi, cells were fixed and immunostained for DENV (green), FH (orange), and FB (red). Nuclei were stained with Hoechst (blue). Cells
were imaged with an Operetta high-content imaging system at a �20 magnification. (C, D) Images of 49 fields of view were analyzed, and the intensity means
were calculated using Harmony software. The intensity means for FH and FB were compared in uninfected (gray bars) versus DENV-infected (black bars) wells
and in DENV-negative cells (gray bars with a hatching pattern) versus DENV-positive cells (black bars with a hatching pattern) within a well. HUVEC (C) and MDM
(D) were analyzed. Results represent the mean � standard deviation for triplicate samples and are representative of those from three independent infection
experiments *, P � 0.05, one-way ANOVA/Tukey’s test.
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resultant production and/or release of FH protein from the infected cell is compro-
mised. This inability to detect an increase in secreted FH from DENV-infected cells is not
due to FH being complexed in the supernatant to other proteins, as validated by
detergent (Triton X-100) or heat (56°C) treatment of samples prior to ELISA. Addition-
ally, since FH also exerts its regulatory function on the cell surface via binding to cell

FIG 8 DENV infection of HREC and ARPE-19 cells induces FH and FB mRNA and protein. HREC and ARPE-19
cells were isolated and were left uninfected (UI) or DENV infected at an MOI of 1. (A) At 24 and 48 hpi,
supernatants and total cellular RNA were collected and analyzed for FH and FB mRNA by RT-PCR, and the
results were normalized against those for cyclophilin. (B) Supernatants were analyzed by ELISA for FH and
FB proteins. Results represent the mean � standard deviation for duplicate samples and are representative
of those from three independent infection experiments. *, P � 0.05, Student’s unpaired t test.
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surface glycosaminoglycans (39–41), DENV could influence the rebinding of FH to
infected cells to reduce apparent levels in the supernatant. Indeed, the results showed
increased levels of endogenous FH binding at the surface of DENV antigen-positive
cells within a DENV-infected population of either HUEVC or MDM. In the DENV-infected
population, endogenous surface-bound FH was also increased in the DENV antigen-
negative population of DENV-infected MDM but not HUVEC, suggesting cell type
differences in the ability of FH to bind and protect the surfaces of uninfected bystander
cells. Additionally, the lack of an increase in FH in supernatants from DENV-infected
MDM and EC was not due to an inability per se of our cell system to induce both FH
mRNA and secreted protein, with both being induced following stimulation of HUVEC
or MDM with TLR3 or -4 agonists. This is consistent with the findings of other studies
demonstrating an upregulation of FB mRNA and protein by LPS and poly(I·C) in
macrophages (55, 56), increased production of FH protein in U937 cells upon LPS
stimulation (57), and emerging evidence indicating extensive cross talk between com-
plement and TLR signaling (58). Since DENV stimulates TLR3 (59) and TLR4 (22, 23) and

FIG 9 DENV infection of HREC and ARPE-19 cells induces intracellular FH and FB proteins. (A, B) HREC (A) and ARPE-19 cells (B) were isolated and were left
uninfected (UI) or DENV infected. At 48 hpi, cells were fixed and immunostained for DENV (green), FH (orange), and FB (red). Nuclei were stained with Hoechst
(blue). Cells were imaged with an Operetta high-content imaging system at a �20 magnification. (C and D) Images of 49 fields of view were analyzed, and the
intensity means were calculated using Harmony software. The intensity means of FH and FB were compared in uninfected (gray bars) versus DENV-infected
(black bars) wells and in DENV-negative cells (gray bars with a hatching pattern) versus DENV-positive cells (black bars with a hatching pattern) within a well.
HUVEC (C) and MDM (D) were analyzed. Results represent the mean � standard deviation for triplicate samples and are representative of those from three
independent infection experiments *, P � 0.05, one-way ANOVA/Tukey’s test.
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given that the DENV-induced FH mRNA levels are comparable to or greater than those
induced by TLR3/4, our results imply that the induction of FH mRNA but not FH protein
in the supernatant of DENV-infected cells is due to a virus-induced defect in the ability
to produce more FH protein extracellularly in these primary cell types. This discordance
between FH mRNA and extracellular levels of FH was also observed following infection
with the related flavivirus ZIKV. Additionally, DENV induced both FH mRNA and
secreted protein in the cell lines ARPE-19 and HREC.

To investigate FH protein production further, intracellular FH was quantitated.

FIG 10 DENV induces lower levels of FH than FB. HUVEC (A), MDM (B), HREC (C), and (D) ARPE-19 cells were isolated and were
left uninfected (UI) or DENV infected. At 48 hpi, supernatants were analyzed by ELISA for FH and FB proteins, and the ratio
between the two was calculated. A lower ratio implies lower levels of FH than FB. Results represent the mean � standard
deviation for duplicate samples and are representative of those from three independent infection experiments. *, P � 0.05,
Student’s unpaired t test.

FIG 11 DENV infection releases factors that promote complement AP activity. HUVEC (A) and MDM (B) were isolated and were
left uninfected (UI) or DENV infected. At 48 hpi, supernatants were collected, mixed with different concentrations of normal
human serum (NHS) and/or purified FH protein, and analyzed for the ability to promote AP activity by quantitation of
hemolysis of rabbit erythrocytes under buffer conditions specific for the AP. Results represent the mean � standard deviation
for duplicate samples and are representative of those from three independent infection experiments. *, P � 0.05 for the
comparison between uninfected and DENV cell supernatant by one-way ANOVA/Tukey’s test; #, P � 0.05 for the comparison
between DENV and DENV cell supernatant supplemented with purified FH by one-way ANOVA/Tukey’s test.
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Although no significant change in intracellular FH protein was detected in MDM, a small
but significant increase in intracellular FH protein was detected in DENV-infected
HUVEC and a substantial increase in FH was observed following DENV infection of
ARPE-19 cells and HREC. For the latter, as with MDM and HUVEC, this was even in the
face of a low level of DENV-infected cells in culture. This stronger induction of
intracellular levels of FH in HREC than HUVEC correlates with the ability to detect
extracellular changes in FH protein levels in HREC. This suggests that DENV infection of
only a small number of cells does not of itself preclude detection of increased secreted
FH, but the level of intracellular FH protein induction may be restricted in primary MDM
and HUVEC compared to that in the cell lines ARPE-19 and HREC. Overall, although
significant levels of FH mRNA are induced following DENV infection, there is a poor
subsequent increase in FH protein extracellularly. This may, at least in part, be ac-
counted for by increased cell surface binding of FH, as described above, although DENV
infection could also influence the production of extracellular FH by blocking intracel-
lular FH translation, inhibiting protein secretion, or inducing FH degradation either
inside or outside the cell, and these possible mechanisms remain to be investigated.

One of the primary consequences of poor induction of FH following DENV infection
is a reduction in the extracellular negative regulatory capacity for the AP. This is of
particular importance in the face of increases in other complement AP components, as
described previously for FD (45) and shown here for FB and C3b. The latter finding of
increased binding of C3b during DENV infection has also been described previously
(60), and the increased C3b binding observed in our study may be related to activation
of the AP but could also result from the activity of the classical and lectin pathways.
Additionally, the results of our study show for the first time a consistent imbalance in
components of the complement AP, with higher relative levels of FB than FH being
found in DENV-infected cells from all cell types examined. Notably, this imbalance still

FIG 12 DENV infection results in increased cellular C3b deposition. HUVEC (A) and MDM (B) were isolated and were left uninfected (UI) or DENV
infected at MOI of 1 and 3, respectively. At 48 hpi, cells were incubated with NHS for 30 min, detached with 5 mM EDTA, stained for C3b
deposition, and analyzed by flow cytometry. Gray and black plots represent C3b staining on uninfected and DENV-infected cells, respectively. The
percentage of C3b-positive cells was calculated from the gate indicated on the histogram, and the mean florescent intensity (MFI) of the
population was determined. Results represent the mean � standard deviation for duplicate samples and are representative of those from three
independent infection experiments. *, P � 0.05, Student’s unpaired t test.
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occurs even when extracellular FH protein is significantly induced in the HREC and
ARPE-19 cell lines. FB activates the AP by binding C3b to form the AP C3 convertase
(C3bBb), which stimulates complement consumption and the production of the ana-
phylatoxins C3a and C5a (28, 30). Likewise, FH may be recruited to infected cell surfaces
to regulate C3b deposition and negatively influence the formation of C3 convertase.
Additionally, there may be other cell surface complement regulators, such as conserved
repeat 1, monocyte chemoattractant protein (CD46), and decay-accelerating factor
(CD55) (50), that may be modulated during DENV infection, and these remain to be
investigated. The failure to induce local secretion of FH protein, alongside the increased
production of FB, elevated C3b binding to DENV-infected cells, and a greater ability of
supernatant from DENV-infected cells to promote AP activity, suggests increased
complement AP activity in the local microenvironment of DENV-infected cells. This is
consistent with previous reports linking high levels of complement consumption and
the hyperactivity of the AP to the severity of DENV-associated vascular leakage (8, 16,
25–27, 45). Recently, it has been shown that the AP ability to lyse rabbit erythrocytes
is dependent on the levels of FB and FH, among other factors (61). While the imbalance
in the ratio of FH/FB in DENV-infected cells may not be directly or solely responsible for
this increased AP activity, our observations of FH and FB changes in ZIKV-infected cells
suggest that this ratio may be related to pathogenesis. Similar to DENV infection, ZIKV
infection induces FH mRNA but not an increase in FH protein, and in contrast to DENV,
ZIKV additionally fails to induce FB protein. Thus, for ZIKV-infected cells, the relative
levels of FB and FH are unchanged and C3b deposition and complement activity would
be predicted to also be unaffected. In terms of clinical disease, DENV is well described
to induce effects on the vascular endothelium, but this is not a characteristic of ZIKV
disease. Thus, we propose that the dysregulation and imbalance in the complement AP
components FB and FH that we have described here are likely of significance to the
pathogenesis of DENV-induced vascular leakage.

It is well described that microorganisms can hijack the complement system by
binding to regulatory proteins, such as FH, and utilize their negative regulatory function
to downregulate complement AP activity and evade complement function (62–65).
West Nile virus NS1 binds to FH, although DENV NS1 does not (64). DENV NS1 does,
however, bind C1s and C4 to restrict and evade classical/lectin pathway activation (60)
and binds to vitronectin to prevent C9 polymerization and MAC formation (66). Our
findings here are in contrast to these previously reported pathogen evasion strategies,
with induction of FB but not effective extracellular FH protein production and
increased C3b binding to cells providing a mechanism supporting overactivity of
complement rather than the DENV-FH interaction providing a complement-
pathogen evasion strategy.

As modeled in Fig. 13, in a normal situation, where FB and FH are produced in a
balanced ratio, deposition of C3b on cells is tightly controlled by opposing roles of
complement AP regulators, leading to controlled production of inactivated C3b (iC3b)
and C3 convertase (Fig. 13A). DENV infection of EC and MDM induces FH and FB mRNA
and protein inside DENV-infected cells but fails to produce significant amounts of
extracellular secreted FH protein in the fluid phase (Fig. 13B). FH can bind back to the
surface of both DENV antigen-positive and antigen-negative cells in MDM but mainly
DENV antigen-positive cells for HUVEC (Fig. 13B). In DENV-infected cells, this study has
defined a reduced FH/FB in the extracellular space, increased AP activity released from
cells, and increased C3b binding to cell surfaces (Fig. 13C). The increased ability of
secreted components from DENV-infected EC or MDM to activate the AP is reversed by
addition of exogenous FH and thus may relate to our described changes in FB and FH
or as yet undescribed factors produced from DENV-infected cells that can promote AP
activity (Fig. 13C). These overall changes are predicted to result in increased production
of C3 convertase (C3bBb) and reduced C3b decay or conversion to iC3b, leading to
increased complement activity. For the endothelium, this excessive fluid phase and cell
surface complement activity has the potential to affect EC function and promote
vascular permeability (Fig. 13C).
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In conclusion, our study has defined changes in regulators of the complement AP
using primary cells relevant to the pathology of DENV infection and disease and the
cellular mechanisms by which this pathogenic overactivity of the complement AP may
be mediated. It has been hypothesized that during DENV infection, the endothelium
coordinates a multitude of signals and factors released by immune cells, like macro-
phages, which ultimately act on the endothelium to contribute to vascular permeability
and hemorrhage (6, 11, 67). This study proposes an additional layer of contributing

FIG 13 Summary and proposed complement AP interactions during DENV infection. (A) Normally, FB and
FH are produced in a balanced ratio and the cleavage of C3, the deposition of C3b, and the formation
of either iC3b or C3 convertase on cells are tightly controlled by opposing roles of FB and FH in
conjunction with other regulators, such as FD and FI. (B) DENV infection of macrophages (M�) and EC
(i) induces FB and FH mRNA but intracellular protein only in DENV-antigen positive cells, (ii) induces FB
protein but little increase in extracellular FH protein production, and (iii) increases FH binding to cell
surfaces of both uninfected DENV antigen-negative and DENV antigen-positive MDM but only in DENV
antigen-positive HUVEC. (C) In the local environment of DENV-infected cells, this study shows that there
is (i) a reduced amount of FH protein relative to FB, (ii) an increased ability of soluble factors to promote
the activity of the AP, and (iii) increased binding of C3b at the cell surface. (iv) In the context of the
endothelium, this is predicted to promote vascular permeability.
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signals that affect the EC barrier function during DENV infection: the AP activity in the
cellular microenvironment of both macrophages and EC, with DENV induction of FB
and deposition of C3b but limited induction of FH, particularly at the protein level at
the surface of an infected cell. These results stimulate interest in complement AP
regulators, for example, the development of agents to promote FH protein production
from MDM and EC, as therapeutics to alleviate complement hyperactivity and poten-
tially reduce DENV-induced vascular permeability and severe forms of DENV disease.

MATERIALS AND METHODS
Cell lines and cell culture. HUVEC were isolated from human umbilical cords collected with approval

from the Central Northern Adelaide Health Service Ethics Committee. In brief, HUVEC were isolated by
collagenase digestion and cultured on 0.2% (wt/vol) gelatin (Sigma)-coated flasks in M199 medium
(HyClone) supplemented with 20% (vol/vol) fetal bovine serum (FBS), 1% penicillin-streptomycin, and 1%
glutamine (all from Gibco) plus 0.3% endothelial cell growth supplement (BD Bioscience). HUVEC were
utilized in infection studies at passages 1 to 4. Human MDM were isolated from healthy blood donors at
the Australian Red Cross Blood Service and collected under ethics approval from the Southern Adelaide
Clinical Human Research Ethics Committee (SACHREC). Monocytes were isolated by adherence and
cultured for 4 to 5 days in Dulbecco modified Eagle medium (DMEM) supplemented with 10% (vol/vol)
FBS, 10% (vol/vol) human heat-inactivated serum, 1% penicillin-streptomycin, and 1% glutamine to
differentiate into MDM, as previously described and validated by CD14 and Wright-Giemsa staining (48).
Human serum was collected from healthy donors in accordance with SALHN/HREC ethics approval and
was determined to be DENV antibody negative by a diagnostic rapid immunochromatographic IgG and
IgM assay. Generation and characterization of the HREC line has been described previously (68). The
HREC line was cultured in MCDB-131 medium (Sigma-Aldrich) with 5% FBS and endothelial growth
factors (EGM-2 SingleQuots supplement, omitting FBS, hydrocortisone, and gentamicin; Clonetics-Lonza,
Walkersville, MD). The ARPE-19 cell line (American Type Culture Collection, Manassas, VA) was cultured
in DMEM–F-12 medium supplemented with 5% FBS. All cells were grown in a humidified incubator with
5% CO2 in air and at 37°C.

DENV production and infection. Mon601, a laboratory clone of the DENV serotype 2 New Guinea
C strain, was used for infections (69) and is here referred to as DENV. Virus stocks were produced from
in vitro-transcribed RNA that was transfected into baby hamster kidney clone 21 (BHK-21) cells and
amplified in Aedes albopictus C6/36 cells. Cell culture supernatants containing virus were harvested,
clarified, filtered, and stored at �80°C until use. The titer of infectious virus was determined by plaque
assay using African green monkey kidney (Vero) cells and quantitated as the number of PFU per milliliter.
HUVEC, ARPE-19 cells, and HREC were either left uninfected or infected with DENV at a multiplicity of
infection (MOI) of 1. MDM were infected at an MOI of 3 as previously described (11). After 90 min of
infection, the inoculum was removed, the cells were washed with phosphate-buffered saline (PBS; pH
7.4), and fresh medium was added. Supernatants and cells were harvested after 24 and 48 hpi and stored
at �80°C until analysis. ZIKV infections utilized the cosmopolitan ZIKV strain PRVABC59, which was
amplified in C6/36 cells; stocks were collected, titers were determined, and cells were infected as
described above for DENV.

RNA extraction and real-time qRT-PCR. Total RNA was extracted from cells using the TRIzol reagent
(Ambion Life Technologies) according to the manufacturer’s instructions. The extracted RNA was DNase
treated (Zymo Research) and quantitated by spectrophotometry (NanoDrop Elite; Thermo Scientific). RNA
(0.5 �g) was reverse transcribed using Moloney murine leukemia virus reverse transcriptase (NEB) and
random hexamers (NEB). The cDNA template was subjected to real-time quantitative reverse
transcription-PCR (qRT-PCR) using iTaq SYBER green (Bio-Rad) in a Rotor-Gene 600 real-time PCR cycler
(Corbett Research) and primers for DENV and cyclophilin as previously described (18). The cyclophilin
gene was used as a normalization gene since its expression did not change in DENV-infected cells in our
prior studies (18, 48) and, similarly, in the study described herein, where for the same input amount of
RNA, threshold cycle (CT) values for cyclophilin were comparable. For FH PCR, primers were designed to
anneal with short consensus repeat 2 (SCR2): forward (f) primer, 5=AGGCCCTGTGGACATC3=; reverse (r)
primer, 5=AACTTCACATATAGGAATATC3=. FB PCR primers were as previously reported (70): f primer,
5=ACTGAGCCAAGCAGACAAGC3=; r primer, 5=AGAAGCCAGAAGGACACACG3=. Both FH and FB PCRs were
performed under the following conditions: 1 cycle of 95°C for 5 min; 40 cycles of 95°C for 15 s, 59°C for
20 s, and 72°C for 20 s; and 1 cycle of 72°C for 5 min. All PCR mixtures included high- and low-copy-
number comparative controls. The results were normalized against those for cyclophilin, and the relative
RNA level was determined by the ΔCT method (71).

Flow cytometry. For FH and DENV staining, HUVEC or MDM were cultured in a 6-well plate and
infected as described above. After 48 h, cells were washed twice with PBS and detached by scraping in
PBS with 5 mM EDTA. Cells were washed again with PBS and blocked with 1% (wt/vol) bovine serum
albumin (BSA) for 30 min at room temperature. Cells were rinsed once with PBS and incubated with a
goat anti-human FH (1:25; Calbiochem) for 1 h at room temperature. After three washes with PBS–1%
(wt/vol) BSA, cells were incubated for 1 h at room temperature with Alexa Fluor 546-labeled anti-goat
immunoglobulin (1:200; Invitrogen). Subsequently, cells were fixed with 2% (wt/vol) paraformaldehyde
(Sigma) for 10 min at room temperature. After three washes with PBS–1% (wt/vol) BSA, cells were
permeabilized with 0.05% (wt/vol) octylphenoxy poly(ethyleneoxy) ethanol (Igepal CA-630; Sigma) in PBS
for 20 min. Cells were washed again with PBS and blocked with 1% (wt/vol) BSA for 30 min at room
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temperature. Cells were rinsed once with PBS and incubated overnight at 4°C with a mouse anti-DENV
(1:10), D1-4G2-4-15 (ATCC HB-112TM). After three washes with PBS–1% (wt/vol) BSA, cells were incubated
for 1 h at room temperature with Alexa Fluor 488-labeled donkey anti-mouse immunoglobulin (1:200;
Invitrogen). Following a final set of PBS-BSA washes, cells were analyzed by flow cytometry. Flow
cytometry was performed with a CytoFlex S flow cytometer (Beckman Coulter Inc.) and analyzed by
CytExpert (version 2.0.0.153) software (Beckman Coulter Inc.).

For detection of C3b deposition, HUVEC or MDM were cultured and infected as described above. At
48 hpi, the culture medium was removed and cells were incubated in M199 medium (HyClone)
containing 10% NHS (as the complement source) for 30 min at 37°C in a 5% CO2 incubator. Cells were
also incubated with the corresponding medium containing 10% heat-inactivated serum as a negative
control. Cells were washed and detached with PBS–5 mM EDTA. C3b deposition was detected with a
mouse anti-human C3b (1:25; BioLegend) and Alexa Fluor 488-labeled donkey anti-mouse immunoglob-
ulin (1:200; Invitrogen). Cells were fixed and analyzed by flow cytometry as described above.

Treatment of TLR ligands. HUVEC or MDM cells were treated with 10 �g/ml poly(I·C) (TLR3) or 1
�g/ml LPS (TLR4) for 24 and 48 h. DENV infection was carried out in parallel and as described above.
Supernatants and cells were harvested after 24 and 48 hpi and stored at �80°C until analysis. TLR ligands
were purchased from Sigma.

Human complement FH purification. FH was purified from human serum by one-step affinity
chromatography using CNBr-activated Sepharose 4B coupled to a sheep anti-human FH polyclonal
antibody (pAb) (72). Briefly, total human serum was diluted 1:2 in PBS and loaded onto the column, and
the flowthrough was reloaded at least four times. After washing with PBS, FH was eluted with 0.1 M
glycine (pH 2.3) and immediately neutralized with 1 M Tris-HCl (pH 8.8). Eluted fractions were analyzed
by SDS-PAGE under reducing and nonreducing conditions and Western blotting using the primary goat
anti-human FH pAb (1:2,000; Calbiochem) and the secondary anti-goat IgG coupled to horseradish
peroxidase (1:30,000; Calbiochem). Bound complexes were detected by chemiluminescence (Clarity
Western ECL substrate; Bio-Rad) and visualized with a LAS4000 imaging system (Fuji Imaging Systems).
FH-containing fractions were pooled and concentrated using an Amicon Ultra 0.5-ml centrifugal filter
(100-molecular-weight cutoff; Millipore), and the purity of FH was reassessed by Western blotting as
described above.

Quantitation of FH and FB by ELISA. FH or FB proteins were quantitated in cell culture supernatant
by ELISA. For FH detection, 96-well microtiter plates (Greiner) were coated with goat anti-human FH
(Calbiochem) at 10 �g/ml diluted in carbonate-bicarbonate buffer, pH 9.6, and incubated overnight at
4°C. Plates were blocked with 2% (wt/vol) BSA (Sigma) diluted in PBS (pH 7.4) for 1 h at 37°C. Purified FH
protein, isolated as described above, was used to generate a standard curve. Standards and supernatant
samples were diluted in PBS containing 1% (wt/vol) BSA (PBS-BSA) and incubated on the plates for 2 h
at 37°C. The plates were washed five times with PBS containing 0.05% (vol/vol) Tween 20 (PBS-T) and
incubated with a mouse anti-human FH monoclonal antibody (Abcam) diluted 1:10,000 in PBS-BSA for
1 h at 37°C. The plates were washed again and incubated with an anti-mouse IgG coupled to horseradish
peroxidase (Promega) and diluted 1:10,000 in PBS-BSA for 1 h at 37°C. The plates were washed seven
times and developed with tetramethylbenzidine peroxidase substrate (KPL), the reactions were stopped
with 1 M sulfuric acid, and the absorbance at 450 nm was quantitated in a microplate reader (Beckman
Coulter). A standard curve with purified FH was established using a linear regression curve (R2 � 0.99)
with eight standard concentrations. The range of detection was from 20 to 1,000 ng/ml. To disrupt
possible interactions between FH and viral protein(s), supernatants were treated with 0.05% Triton X-100
(Sigma) for 30 min at room temperature or incubated for 30 min at 56°C and then evaluated by the FH
ELISA as described above.

The levels of FB in the cell culture supernatants were measured using a human FB ELISA kit (Abcam)
in accordance with the manufacturer’s instructions.

AP in vitro activity assay. Whole blood was collected under aseptic conditions from a healthy rabbit
in accordance with Flinders University Animal Welfare Committee approvals for collection of scavenge
material. Blood was collected into a conical flask containing glass beads and gently swirled until a clot
formed. The defibrinated blood was decanted and washed three to four times in AP buffer (Veronal-
buffered saline containing 0.01 M EGTA and 0.1% gelatin, pH 7.5) until the supernatant was clear. The
cells in the cell-containing supernatant were enumerated, and 5 � 107 cells/ml of rabbit erythrocytes
were resuspended in AP buffer and used as a master stock for the hemolysis assay.

For the assay, NHS was incubated with AP buffer for 15 min on ice to inactivate the classical and lectin
complement pathways. Uninfected and DENV-infected cell supernatants were mixed with treated NHS
(to support the AP activity) at from 5 to 20% NHS. To evaluate the possible effect of FH, DENV-infected
cell supernatant was supplemented with exogenous purified FH protein at 500 �g/ml and serially diluted
with different concentrations of NHS as described above. Fifty microliters of each NHS-supernatant mix
was added in duplicate to a flat-bottom 96-well plate (Costar), and 50 �l of the rabbit erythrocyte master
stock was overlaid onto the wells. The plate was incubated for 30 min at 37°C with intermittent agitation.
Three controls were included in the assay: NHS serially diluted in AP buffer, a 100% hemolysis control
consisting of erythrocytes mixed with water 1:1, and an erythrocyte cell blank consisting of erythrocytes
mixed with AP buffer 1:1. After incubation, 150 �l ice-cold saline (0.15 M NaCl) was added to all wells
except the 100% lysis wells, the plate was centrifuged, and 150 �l of the supernatant was transferred to
a new plate. Hemolysis was assessed by measuring the absorbance at 405 nm in a microplate reader
(Beckman Coulter), and percent hemolysis was calculated by the following equation: percent lysis �
[(OD405 for the sample � OD405 for the blank)/(OD405 for total lysis � OD405 for the blank)] � 100, where
OD405 is the optical density at 405 nm.
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Immunostaining and high-throughput image analysis. HUVEC, MDM, ARPE-19 cells, or HREC (1 �
104) were plated in a 96-well plate (Cell Carrier Ultra; PerkinElmer) and allowed to attach for 24 h. Cells
were DENV infected as described above, and at 48 hpi cells were fixed with 2% (wt/vol) paraformalde-
hyde (Sigma) for 10 min at room temperature. After three washes with PBS, cells were permeabilized with
0.05% (vol/vol) Igepal CA-630 (Sigma) in PBS for 20 min. Cells were washed again with PBS and blocked
with 1% (wt/vol) BSA and 2% (vol/vol) normal goat serum diluted in Hanks’ balanced salt solution (Gibco)
for 30 min at room temperature. The cells were rinsed once with PBS and incubated overnight at 4°C with
a mouse anti-DENV (1:10), D1-4G2-4-15 (ATCC HB-112); a goat anti-human FH (1:25; Calbiochem); and a
rabbit anti-human FB (1:25; Santa Cruz). After three washes with PBS, the cells were incubated for 1 h at
room temperature with the corresponding secondary antibodies: Alexa Fluor 488-labeled donkey
anti-mouse immunoglobulin (1:75; Invitrogen), donkey anti-sheep immunoglobulin-Cy3 (1:75; Invitro-
gen), and Alexa Fluor 647-labeled goat anti-rabbit immunoglobulin (1:75; Invitrogen). Nuclei were
stained with Hoechst 33342 (5 �g/ml). Following a final set of PBS washes, cells were imaged with an
Operetta high-content imaging system with Harmony software (PerkinElmer) at a �20 magnification.
Forty-nine different images, representing approximately 10,000 cells, were taken for each well. Nuclei
and the cytoplasm were discriminated using the Hoechst and Cy3 channels, respectively. The mean Alexa
Fluor 488, Cy3, and Alexa Fluor 647 intensity in the cell cytoplasm of each individual cell was calculated.
Using visual observation and intensity histograms, an Alexa Fluor 488 intensity threshold was set to
define DENV-infected cells. Imaging was performed at the Flinders University Cell Screen South Australia
(CeSSA) facility.

Statistical analysis. Results were expressed as the mean � standard deviation (SD), and statistical
analyses were performed using a two-tailed unpaired Student t test or one-way or two-way analysis of
variance (ANOVA) in GraphPad Prism (version 7) software (GraphPad Software, La Jolla, CA, USA).
Differences were considered statistically significant if P was �0.05.
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