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Dengue Virus Infection with Highly Neutralizing Levels of Cross-
Reactive Antibodies Causes Acute Lethal Small Intestinal Pathology
without a High Level of Viremia in Mice
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ABSTRACT

Severe dengue virus (DENV)-associated diseases can occur in patients who have preexisting DENV antibodies (Abs) through
antibody-dependent enhancement (ADE) of infection. It is well established that during ADE, DENV-antibody immune com-
plexes (ICs) infect Fcty receptor-bearing cells and increase the systemic viral burden that can be measured in the blood. For pro-
tection against infection with DENV serotypes 1 to 4, strongly neutralizing Abs must be elicited to overcome the effect of ADE.
Clinical observations in infants who have maternal DENV Abs or recent phase II/III clinical trials with a leading tetravalent den-
gue vaccine suggested a lack of correlation between Ab neutralization and in vivo disease prevention. In addressing this gap in
knowledge, we found that inoculation of ICs formed with serotype cross-reactive Abs that are more than 98% neutralized in
vitro promotes high mortality in AG129 mice even though peak viremia was lower than that in direct virus infection. This sug-
gests that the serum viremia level is not always correlated with disease severity. We further demonstrated that infection with the
ICs resulted in increased vascular permeability, specifically in the small intestine, accompanied with increased tissue viral load
and cytokine production, which can be suppressed by anti-tumor necrosis factor alpha (anti-TNF-«) Abs. Flow cytometric anal-
ysis identified increased infection in CD11b™ CD11¢™™* CD103~ antigen-presenting cells by IC inoculation, suggesting that
these infected cells may be responsible for the increase in TNF-a production and vascular permeability in the small intestine that
lead to mortality in mice. Our findings may have important implications for the development of dengue therapeutics.

IMPORTANCE

We examined the relationship between the neutralizing level of Abs at the time of infection and subsequent disease progression
in a mouse model in order to understand why patients who are shown to have a neutralizing quantity of Abs still allow sufficient
DENYV replication to induce severe dengue manifestations, which sometimes do not correlate with viremia level. Strikingly, we
found that high mortality was induced in AG129 mice by the increase in TNF-a-induced vascular permeability accompanied by
an increased viral load, specifically in the small intestine, even when the initial infection level is suppressed to less than 5% and
the peak viremia level is not enhanced. This suggests that ADE overcomes the protective efficacy of Abs in a tissue-dependent
manner that leads to severe small intestinal pathology. Our findings may serve to address the pathogenic role of Abs on severe
dengue disease and also help to develop safe Ab-based therapeutic strategies.

Dengue virus (DENV) infection with any of the 4 related viral
serotypes (DENV1 to DENV4) causes a variety of clinical
manifestations, ranging from self-limiting febrile illness, known
as dengue fever (DF), to the life-threatening severe diseases, such
as dengue hemorrhagic fever (DHF) or dengue shock syndrome
(DSS), characterized by vascular leakage, thrombocytopenia,
bleeding, and elevated levels of cytokines (1-3). Dengue is emerg-
ing as a global public health threat, with an estimated 400 million
human infections and several hundred thousand cases of severe
dengue occurring yearly (4). Severe dengue diseases are often as-
sociated with secondary heterotypic infections or primary infec-
tion in the case of infants born from DENV-immune mothers.
Preexisting cross-reactive antibodies (Abs) or neutralizing Abs at
suboptimal concentrations are hypothesized to enhance DENV
infection through the phenomenon termed “antibody-dependent
enhancement” (ADE) of infection (5-7). Understanding the de-
tailed disease mechanisms underlying ADE is important in order
to develop safe vaccines and other Ab therapeutic interventions
for DENV diseases. The study of the pathogenic properties of spe-
cific Abs in humans is complicated by various factors: variable
precision in grading the severity of dengue cases in different coun-
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tries where it is endemic, rapid changes in the clinical presentation
of patients, and difficulty in obtaining tissue specimens from pa-
tients to directly observe the pathology (8). Understanding den-
gue pathogenesis is therefore challenging, and animal models that
recapitulate essential elements of major pathologies of human in-
fection are needed to address the complications associated with
severe dengue infections.

ADE is believed to occur through the formation of dengue
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virus-antibody immune complexes (ICs) that bind to Fcy recep-
tors on cells, such as monocytes/macrophages and dendritic cells,
subsequently facilitating viral entry and replication; this in turn
results in an increase in the number of infected cells and systemic
viral burden (9, 10). Experimental evidence in support of ADE has
been reported in both in vitro and in vivo studies. DENV infection
is enhanced in Fcy receptor-bearing cells in the presence of im-
mune sera or DENV monoclonal Abs in vitro (11-13). It has been
reported that nonhuman primates passively immunized with
DENV Abs developed a higher level of viremia than that seen with
virus-only infection. (12, 14). More recently, in the AG129 mouse
model lacking alpha interferon (IFN-a), IFN-@, and IFN-vy recep-
tors, it was demonstrated that by injecting Abs into mice prior to
DENV infection, nonlethal illness becomes a fatal disease; it re-
sembles human DHF/DSS accompanied by elevated levels of cy-
tokines, vascular leakage, intestinal bleeding, and thrombocyto-
penia, as well as increased viremia levels (15-18). These results
support the hypothesis of ADE that Abs contribute to enhance-
ment of viral burden and disease severity. However, it remains
unclear whether Abs merely increase the systemic level of virus,
which is referred to as serum viremia. Although some clinical
studies have shown a statistical correlation between high levels of
viremia and an increased risk for DHF/DSS (19-21), a more re-
cent clinical study of 75 Vietnamese infants with DHF/DSS has
shown significant heterogeneity in viremia and that viremia level
is not always associated with clinical severity (22). Since the pres-
ence of maternal DENV Abs is associated with developing DHF/
DSSininfants (23), it is possible that Abs might have a potential to
facilitate disease severity besides responses arising from increased
viremia.

Recently, clinical trial results of the leading dengue vaccine
candidate, a recombinant live, attenuated tetravalent CYD vaccine
(ChimeriVax), have been reported (24, 25). The clinical outcome
showed varied efficacy among DENV serotypes; the vaccination
failed to protect against DENV2 in a phase 2b trial in Thailand
(25) and provided only 35% protection against DENV?2 in a phase
3 trial in five Asian countries (24) even though highly neutralizing
levels of Ab titers were suggested to be triggered in patients (as-
sessed by the 50% plaque reduction neutralization test [PRNT;]).
Although the vaccine efficacy was elevated to 42.3% against
DENV?2 infection in a phase 3 trial in five Latin American coun-
tries (26), these reports, together with the above-mentioned expe-
rience of the Vietnamese infants in the 5- to 9-month age bracket,
suggest that the presence of Abs at the neutralizing level still allows
sufficient DENV replication to induce severe dengue manifesta-
tions in patients. This reflects the complexity of the role of Abs in
achieving the correct balance between protective efficacy and ADE
in vivo.

In this study, we inoculated DENV ICs displaying various lev-
els of neutralization as measured by in vitro assays into AG129
mice and examined the relationships between neutralization level,
viremia level, and disease severity. Consequently, we found that
inoculation of ICs, which showed a >98% neutralization level in
vitro, accompanied with infusion of massive free Abs, still caused
systemic infection in mice. Quite surprisingly, the infection
caused higher mortality, without enhancement of the peak
viremia level, than the virus infection control (no Abs). Further-
more, we found that DENV infection in the presence of a neutral-
izing quantity of Abs specifically caused severe small intestinal
pathology accompanied with increased tissue viral load, cytokine
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production, and vascular permeability, which later could be ther-
apeutically suppressed by anti-tumor necrosis factor alpha (anti-
TNF-a) Abs without causing any mortality.

MATERIALS AND METHODS

Cells, virus strain, and antibodies. BHK-21 cells (baby hamster kidney
fibroblast cells; ATCC) were cultured in RPMI 1640 medium (Gibco)
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin (P/S) at 37°C in 5% CO,. C6/36, an Aedes albopictus cell
line (ATCC), was maintained in RPMI 1640 medium with 10% FBS, 25
mM HEPES, and 1% P/S at 28°C in the absence of CO,. A mouse-adapted
strain, DENV2 S221 (27), was a gift from Sujan Shresta (La Jolla Institute
for Allergy and Immunology, California). The S221 strain was grown in
C6/36 cells, and the supernatants were stored at —80°C after filtration
through a 0.45-pm-pore-size membrane. Virus titer was determined by
standard plaque assay on BHK-21 cells. 4G2 (mouse IgG2a, anti-E of all
serotypes) and 3H5 (mouse IgGl, anti-E of DENV2) hybridomas were
purchased from ATCC and grown in PFHM-II (Gibco) with 1% P/S at
37°Cin 5% CO,. The bulk supernatant was collected and filtered through
a 0.45-pm-pore-size membrane. 4G2 and 3H5 Abs were then purified
through a protein G column by using AKTApurifier UPC 10 (GE Health-
care) according to the manufacturer’s instructions. After dialysis against
phosphate-buffered saline (PBS), the concentration of Ab was quantified
using a NanoDrop spectrophotometer (Thermo Scientific). The human-
ized 4G2 Ab was constructed using a previously published protocol (28).
Monoclonal 6B6C-1 Ab (mouse 1gG2a, anti-E of all serotypes) was pur-
chased from Merck Millipore (MAB8744). The mouse IgG2a isotype con-
trol Ab was purchased from BioLegend. After dialysis against PBS to re-
move sodium azide, the concentration of Ab was remeasured before use
by using a NanoDrop spectrophotometer.

In vitro and in vivo IC infection. Sv/129 mice deficient in type [ and II
interferon (IFN) receptors (AG129), purchased from B&K Universal
(United Kingdom), were housed in the biosafety level 2 (BSL-2) animal
facility at Duke-NUS, Singapore, and all animal experiments were ap-
proved by the Animal Care Committee at Singapore General Hospital/
NUS. Six- to 10-week-old mice were used for all in vivo experiments. If not
stated otherwise, ICs were preformed by mixing 2 X 10* PFU of $221 with
various concentrations of mouse monoclonal Ab, 4G2, 3H5, or 6B6C-1
for 1 h on ice and inoculated intravenously (i.v.) in a total volume of 200
wl into mice. For the in vitro neutralization assay, 1 X 10° BHK-21 cells
were incubated with ICs in a total volume of 200 wl for 1 h at 37°C. Cells
were then washed once with culture medium, resuspended with 500 pl of
culture medium, and incubated for an additional 24 h at 37°C. For the in
vitro ADE assay, 1 X 10° THP-1 cells were incubated with ICs in a total
volume 0f 200 pl for 2 h at 37°C. Cells were then washed once with culture
medium, replaced with 500 pl of culture medium, and incubated for an
additional 48 h at 37°C. The supernatants were subjected to standard
plaque assay using BHK-21 cells to determine virus titers.

PRNT. Fifty-percent plaque reduction neutralization test (PRNTS)
values of mouse 4G2, 6B6C-1, and 3H5 were determined by using 100
PFU of S221. S221 (100 PFU/100 pl) was incubated on ice with 0 to 10
g/100 wl of Ab for 1 h and then added on confluent BHK-21 cells. After
1 h of incubation at 37°C, cells were washed once with culture medium
and proceeded to the standard plaque assay. PRNTj, values were calcu-
lated using GraphPad Prism software.

Quantification of viral load in serum by quantitative real-time RT-
PCR. Blood samples were collected by submandibular bleeding or from the
postcaval vein after euthanasia of mice. Serum viral RNA was extracted using
the QIAamp viral RNA minikit (Qiagen) according to the manufacturer’s
instructions. Real-time reverse transcription (RT)-PCR was carried out in a
Bio-Rad real-time thermal cycler CFX96 by the use of the qScript one-step
quantitative RT-PCR kit (Quanta) with primers (forward, 5'-CATATTGAC
GCTGGGAAAGA-3'; and reverse, 5'-AGAACCTGTTGATTCAAC-3") and
TagMan probe (6-carboxyfluorescein [FAM]-5'-CTGTCTCCTCAGCATC
ATTCCAGGCA-3'-6-carboxytetramethylrhodamine [TAMRA]) targeting
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for the DENV2 distal 3" noncoding region (29). Plasmid containing whole-
genome sequences of DENV?2 strain 3295 (GenBank accession EU081177.1)
was used to make a standard curve for the quantification of the viral genome
copy number.

Measurement of viral load and cytokine levels in mouse tissue. Mice
were euthanized by CO, inhalation and perfused with PBS after blood
collection from the postcaval vein. Tissues were collected and snap-frozen
in liquid nitrogen after removal of all visible luminal content from the
intestine. Frozen tissues were then homogenized by TissueLyser (Qiagen)
in PBS, and the supernatants after centrifugation were used to measure
tissue viral load and cytokine levels. For the viral load measurement, RNA
was extracted from the supernatants using the TRIzol extraction method
and subjected to real-time RT-PCR as described above. The values of viral
genome numbers in tissues were normalized to 18S rRNA expression
levels with mouse 18S primers (forward, 5'-CGGCTACCACATCCAAG
GAA-3'; and reverse, 5'-GCTGGAATTACCGCGGCT-3") and TagMan
probe (FAM-5'-TGCTGGCACCAGACTTGCCCTC-3'-TAMRA). The
levels of cytokines (TNF-q, interleukin 1@ [IL-1B], IL-6, monocyte che-
moattractant protein 1 [MCP-1], IL-10, and IL-12) in serum and tissue
homogenates were measured by using Ready-SET-Go! enzyme-linked
immunosorbent assay (ELISA) kits (eBioscience) according to the man-
ufacturer’s instructions.

Anti-TNF-a antibody treatment. Rat anti-mouse TNF-a Ab (clone
MP6-XT22; eBioscience) was dialyzed against PBS to remove sodium
azide and used for the neutralization of TNF-« in mice (18) with modifi-
cation of the therapeutic regimen. A total of 200 g of TNF-a Ab was
administered intraperitoneally (i.p.) into mice on day 3 postinfection.

Measurement of vascular leakage levels in tissues. Vascular leakage
levels in tissues were measured by Evans blue staining assay as described
previously (18, 30) with modifications. Mice were i.p. administered 0.4 ml
of Evans blue solution (0.5% in PBS), and 2 h later, mice were sacrificed by
CO, inhalation and perfused with PBS. Tissues were collected into form-
amide after the removal of all visible luminal content from the intestine.
After 24 h of extraction at 37°C, the amount of Evans blue in the extract
was quantified by measuring absorbance at 620 nm using a microplate
reader, Infinite M200 (Tecan).

Flow cytometry. Small intestines were collected, opened longitudi-
nally, and washed with PBS to remove the contents. Intestines were then
cut into approximately 1.5-cm pieces, placed into 50-ml tubes containing
30 ml Hanks balanced salt solution (HBSS) medium (Gibco) supple-
mented with 5% FBS, 1% P/S, and 2 mM EDTA (Merck), and shaken at
200 rpm for 30 min at 37°C. After being washed with PBS, tissue pieces
were minced by scissors and digested in 20 ml of HBSS medium contain-
ing 5% FBS, 1% P/S, and 1.5 mg/ml collagenase VIII (Sigma) at 200 rpm
for 15 min at 37°C. The cell suspension was collected, passed through a
70-mm strainer (BD) by pressing with the plunger of a 1-ml syringe (BD),
and washed twice with HBSS supplemented with 5% FBS and 1% P/S.
Cells were stained with LIVE/DEAD viability reagent (LIVE/DEAD fix-
able near-IR dead cell stain kit; Invitrogen) according to the manufactur-
er’s instructions and then stained with FcR block/anti-mouse CD16/32
(clone 93; BioLegend). Cells were further stained using FITC anti-mouse
CD103 (clone M290; BD Pharmingen) or Alexa Fluor 488 anti-mouse
CD31 (clone 390; BioLegend), PerCP anti-mouse I-A/I-E (clone M5/
114.15.2; BioLegend), phycoerythrin (PE)-Cy7 anti-mouse CD11c (clone
N418; BioLegend), antigen-presenting cell (APC) anti-mouse CDI11b
(clone M1/70; BioLegend), and Alexa Fluor 700 anti-mouse CD45 (clone
30-F11; BioLegend). Cells were fixed and permeabilized using the Cytofix/
Cytoperm kit (BD Pharmingen), and PBS supplemented with 1% FBS and
0.1% saponin was used for further washing and the Ab dilution process.
Cells were stained with anti-NS3 Ab (clone 3F8) (31) or human IgG1
isotype control (Ancell), which were biotinylated using EZ-Link NHS-
PEG4-biotin (Thermo Scientific) according to the manufacturer’s in-
structions. After being washed, cells were stained with streptavidin-con-
jugated PE (BioLegend). Data were obtained using a BD Fortessa and
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analyzed with FlowJo software (Tree Star). The gate for NS3-positive cells
was set at less than 0.1% of the isotype control staining.

DLS assay. S221 was grown in C6/36 cells and purified as described
previously (32). Briefly, virus particles in the supernatant of virus-infected
cells were precipitated with 8% polyethylene glycol 8000 (PEG 8000) in
NTE buffer (12 mM Tris-Cl [pH 8.0], 120 mM NaCl, 1 mM EDTA). The
virus particles were resuspended and centrifuged through a 30% sucrose
cushion and further purified by using 10% to 30% potassium tartrate
gradient centrifugation. The virus band was collected, buffer exchanged to
NTE buffer, and concentrated using an Amicon Ultra-4 centrifugal con-
centrator (Millipore). The purity of the virus preparation was assessed by
a Coomassie blue-stained SDS-PAGE gel (data not shown). Virus titer
and absolute genome copy numbers were determined by standard plaque
assay and real-time RT-PCR separately as described above. The ratio of
virus titer to genome number was determined as comparable to that of the
virus stock used for our mouse experiments. ICs were formed by mixing
2 X 10* PFU of the virus with 0 to 200 g of 4G2 Ab as described above
and immediately subjected to dynamic light scattering (DLS) measure-
ment as well as neutralization assay. For DLS size measurement, 20 pl of
IC was loaded into a quartz cuvette for analysis by a Zetasizer Nano S
machine (Malvern) at 37°C. Samples were measured without any filtra-
tion. Data were analyzed using Zetasizer Nano software version 6.01. The
deconvolution of the measured correlation curve to size distribution by
numbers or intensities was done by using a nonnegative least-squares
algorithm. Each generated diameter report is an average from more than
10 readings.

Statistical analysis. Significant differences between data groups were
determined by a 2-tailed Student ¢ test analysis. For mouse survival, sta-
tistical analysis was performed by the log-rank test using the GraphPad
Prism software. P values less than 0.05 were considered significant.

RESULTS

Inoculation with highly neutralized ICs causes lethal diseases
without enhancing the viremia level in mice. Previous ADE
mouse model studies showed that preinjection of DENV Abs fol-
lowed by next-day inoculation with a mouse-adapted DENV
strain significantly increased viremia and mortality (16, 18). As
this model clearly showed the effect of ADE in vivo, we used this
mouse system for the study of DENV pathogenesis (33) and the
evaluation of therapeutic candidates (34-36). In the present study,
in order to address the relationship between the neutralizing ac-
tivity of Abs and dengue disease severity, we take a reductionist
approach to examine the conditions where neutralizing levels of
Abs at the time of infection cause severe disease progression in
mice. For this, we used DENV-Ab immune complexes (ICs) pre-
formed in vitro for infection in mice. The ability of ICs to infect
BHK-21 cells was used as a surrogate to score for neutralization,
since these cells do not induce Fcy receptor-mediated infection
(37), and furthermore, we used THP-1 to determine the Ab con-
centrations required for ADE in vitro. ICs were preformed with
2 X 10* PFU of $221 (mouse-adapted DENV2 strain) with various
amounts of 4G2 Ab (cross-reactive anti-DENV E Ab) (38) and
inoculated into mice. As shown in Fig. 1A, virus inoculation with-
out Abs (virus control) and with 0.01 pg Ab (0.01 g IC) induced
only 10% and 20% mouse mortality, respectively, while 0.1 to 100
pg IC inoculation induced more than 80% mortality (80% for 0.1
pg [P =0.0043] and 100 pg [P = 0.0043] and 100% for 1 pg [P =
0.0002], 10 g [P = 0.0002], and 20 pg [P = 0.0005]) by day 6
postinfection. Infection levels in BHK-21 cells showed 1% (for
infection with 0.01 pg IC), 49% (for 0.1 ng), 91% (for 1 pg), 98%
(for 10 pg), 98% (for 20 pg), and 99.7% (for 100 pg) (Fig. 1B),
indicating that inoculation with ICs displaying more than 90%
neutralized levels in vitro can cause high mortality in mice. Infec-
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FIG 1 Mouse survival rate and kinetics of viremia after inoculation with immune complexes (ICs) havmg different levels of neutralization. ICs were formed in
vitro by mixing 2 X 10* PFU/100 .l of $221 with 0 to 100 .g/100 .l of 4G2 Ab. A total of 200 .l of IC was used for inoculation i.v. into mice and infection in
BHK-21 cells or THP-1 cells. (A) Mouse survival rate was monitored until day 10 after inoculation with ICs containing 0 g, 0.01 g, 0.1 pg, 1 g, 10 g, 20 g,
and 100 pg of Ab. (B) A total of 1 X 10> BHK-21 cells were infected with ICs for 1 h followed by replacement with 500 jul of culture medium and incubation for
an additional 24 h. A total of 1 X 10° THP-1 cells were infected with ICs for 2 h followed by replacement with 500 .l of culture medium and incubation for an
additional 48 h. Virus titer in the supernatants was measured by standard plaque assay using BHK-21 cells. The percentages of virus titer were calculated based
on virus control. Error bars indicate standard deviations from duplicate samples. (C) Blood samples were collected on days 1 to 5 (24, 48, 72, 90, and 114 h)
postinfection, and mixed serum from each group was subjected to quantitative real-time RT-PCR to measure virus genome numbers. The results were obtained
from two separate experiments, the graphs show the average results from two independent measurements, and error bars indicate standard deviations. The

numbers of mice per group are 10 for virus control and 5 for other IC inoculations.

tion levels in THP-1 cells showed that 0.01 to 0.1 g IC induced
ADE more efficiently than 1 to 100 pg IC (Fig. 1B). Taken to-
gether, the BHK-21 data and the THP-1 infection data indicate
that highly neutralized virus formed in vitro causes severe diseases
in vivo. The viremia level measured by RT-PCR (virus copies/
milliliter) showed that 0.01 to 10 pg IC induced enhancement of
peak viremia regardless of infection levels at the early stage (days 1
and 2) (Fig. 1C), indicating the clear effect of ADE in the mice.
Surprisingly, however, viremia for the 20 wg and 100 g IC inoc-
ulation on day 1 was only 4.2% and 3.6% of that of the virus
control, respectively; this indicates that more than 95% of initial
infection was restricted by Abs, and the peak viremia level during
the subsequent days monitored could not reach as high as that of
the virus control (Fig. 1C). Notably, although both 0.01 pg and 0.1
pg IC inoculation induced enhancement of viremia from day 1
and showed similar kinetics throughout (Fig. 1C), 0.01 pg IC
caused only 20% mortality, which is comparable to the virus con-
trol mortality rate of 10% (P = 0.6038), whereas 0.1 p.g IC caused
80% mortality (Fig. 1A). Also, viremia of 20 pg IC and 100 pg IC
inoculation was lower than that of 0.01 pg IC at all time points
examined (Fig. 1C); however, these IC amounts induced higher
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mortality (100% for 20 g IC and 80% for 100 wgIC) than 0.01 pg
IC (20%) (Fig. 1A). The calculation of area under the curve (AUC)
for viremia showed increased values for 0.01 to 10 pg IC inocula-
tion compared with that of the virus control, as expected from the
levels of peak viremia. However, in the case of 20 pg or 100 pg IC
inoculation, the AUC was 2.05-fold or 2.54-fold lower than that of
the virus control (Table 1). This indicates that the systemic infec-
tion level was suppressed in 20 g and 100 pg IC-inoculated mice
even though it caused higher mortality (Fig. 1A). We further
tested the 500 pg IC inoculation; however, the mice showed sup-
pressed viremia levels throughout and no mortality was recorded
(data shown below). This suggests that the neutralization over-
comes the disease progression at this Ab concentration in the case
of 4G2. We also confirmed that inoculation with 100 j.g Ab alone
or 100 wg Ab with UV-inactivated virus (2 X 10* PFU) did not
cause any disease symptoms (data not shown), indicating that the
mortality observed for mice receiving highly neutralizing ICs is
directly related to virus infection.

Next, ICs formed with different titers of S221 and 20 g Ab
were tested. Infection levels in BHK-21 cells showed 95.5%,
98.8%, and 99.0% reductions, to 1 X 10° PFU, 1 X 10* PFU, and
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TABLE 1 Summary of the AUC for viremia until day 5 postinfection

IC inoculation or Virus titer 4G2 Ab amt % mouse

Ab preinjection (PFU) (pg) survival AUC?

IC inoculation 2 X 10* 0 90 1.00
2 X 10* 0.01 80 1.78
2 X 10* 0.1 20 1.89
2 X 10* 1 0 2.15
2 X 10* 10 0 1.58
2 X 10* 20 0 0.49
2 X 10* 100 20 0.39
1X10° 0 0 1.00
1X10° 20 0 0.51
1 X 10* 0 100 1.00
1x10* 20 33 0.31
1x10° 0 100 1.00
1X10° 20 83 0.34

Ab preinjection 2 X 10* 0 80 1.00
2 X 10* 0.2 40 1.68
2 X 10* 2 0 2.29
2 X 10* 20 0 1.67
2 X 10* 100 20 0.36
2 X 10* 200 60 0.17

@ AUC values are calculated by the sum of the area of each day until day 5 postinfection
by using Microsoft Excel software. Data are expressed as fold increases compared to
virus control (0 pg Ab) in each experiment.

1 X 10 PFU of IC infection, respectively (data not shown). Mice
that received 1 X 10° PFU of IC died earlier than mice that re-
ceived virus alone, and inoculation with 1 X 10* PFU or 1 X 10’
PFU of virus alone did not induce mortality, while 1 X 10* PFU or
1 X 10° PFU of IC caused 67% or 17% mortality, respectively
(data not shown). In all cases, peak viremia levels (data not
shown) and AUC values until day 5 (Table 1) of IC infection were
lower than those of the virus control in spite of earlier or higher
mortality. Taken together, these results imply that DENV infec-
tion, even when neutralizing quantities of Abs are present, still has
a potential to cause severe diseases without any correlation with
viremia level in mice.

Inoculation with highly neutralized ICs formed with cross-
reactive Abs, but not with serotype-specific Abs, causes lethal
diseases. Severe dengue diseases are often caused by sequential
infection with a different serotype but not with infection with the
same serotype (39). Therefore, the formation of ICs with preex-
isting cross-reactive Abs in patients may play a critical role in
disease severity (40). To address this, we repeated the immune
complex studies with a different cross-reactive monoclonal Ab,
6B6C-1, which recognizes an epitope similar but not identical to
that of 4G2 Ab in domain II (fusion loop) of the E protein (41, 42),
and serotype-specific monoclonal Ab, 3H5, which recognizes do-
main IIT of the DENV2 E protein (43). PRNT;, values of 4G2,
6B6C-1, and 3H5 using 100 PFU of S221 were 3.65 pg, 0.93 g,
and 0.19 pg, respectively, indicating the different neutralizing ac-
tivities between these 3 Abs (data not shown). For 6B6C-1 ICs,
clear enhancement of peak viremia and high mortality were in-
duced by 0.2 g and 2 g IC. However, viremia for 20 g IC on
day 1 was restricted to 4.1% of the virus control, and the peak
viremia level was observed to be reproducibly lower than the virus
control (Fig. 2C) despite higher mortality (Fig. 2A), similar to ICs
formed with cross-reactive 4G2 Ab (Fig. 1). For serotype-specific
3H5 Ab, high mortality was not induced by IC inoculation at any
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Ab concentrations (20% for 0.2 g IC and 0% for other amounts
of IC) (Fig. 2D). Infection levels in BHK-21 cells showed 44%,
94%, 99.3%, and 99.8% reductions in infections with 0.02 pg, 0.2
g, 2 ug, and 20 wg IC, respectively (Fig. 2E), thereby indicating a
higher neutralizing activity of 3H5 than of 4G2 (Fig. 1B) or
6B6C-1 (Fig. 2B). The enhancement of the peak viremia level was
not observed at any Ab concentration for 3H5 (Fig. 2F), although
0.02 g and 0.2 pg IC showed the effect of ADE in THP-1 cells
(Fig. 2E). These results may reinforce an important aspect that
highly neutralizing serotype-specific Abs are protective against se-
vere diseases in vivo regardless of neutralized levels of ICs, while
the presence of cross-reactive Ab causes lethal diseases at a wide
range of Ab concentrations.

Preexisting cross-reactive Abs at high levels of neutralizing
activity cause lethal diseases in mice. To address whether high
lethality is reproducibly induced by preexisting Abs at a neutral-
izing quantity, mice were preinjected intravenously with 0 to 200
g 4G2 Ab 1 h prior to infection and then inoculated with 2 X 10*
PFU of $221. Virus infection control showed 20% mortality, while
preinjection of 0.2 to 20 g Ab induced 60% or 100% mortality
(60% for 0.2 g Ab [P = 0.2207] and 100% for 2 pg Ab [P =
0.0119] and 20 pg Ab [P = 0.008]) (Fig. 3A) accompanied by the
enhancement of peak viremia levels (Fig. 3B). Although the sur-
vival rates for 100 pg and 200 g Ab were not at a significant level,
these concentrations of Abs still caused higher mortality (80% for
100 pg [P = 0.099] and 40% for 200 g [P = 0.6071] Ab) than the
virus control (20%) (Fig. 3A). Notably, viremia for 100 p.g and 200
g Ab preinjection on day 1 was limited to 5.9% and 4.5% of that
of the virus control, respectively (Fig. 3B), indicating that the in-
oculated virus was highly neutralized through IC formation in
vivo, and their peak viremia levels (Fig. 3B) and AUC values until
day 5 (Table 1) were observed to be lower than those of the virus
control. Inoculation with 200 pg of isotype control Ab (mouse
IgG2a) did not affect mouse survival and viremia level (data not
shown). These results confirm that even under conditions where
preexisting circulating Abs at the time of infection result in more
than 95% neutralization, there is still a potential to cause severe
diseases in mice without increasing the viremia level, which is
similar to inoculation with highly neutralized in vitro-formed ICs.

Highly neutralized IC inoculation is accompanied with the
infusion of massive free Abs into mice. In the experiments so far,
we have not considered the physicochemical status of the Ab-virus
mixture used in the in vivo experiments. In order to probe this, we
resorted to measure the distribution and size of the ICs by dy-
namic light scattering (DLS). ICs were formed with 2 X 10* PFU
of 5221 with a range of 4G2 Ab amounts (0 to 200 pg), and their
size distribution profiles were measured rapidly. The plot of the
resulting size distribution data by numbers for ICs showed that
their apparent particle sizes increased from 40.6 nm (virus only), a
size close to the reported size measured by cryoelectron micros-
copy (cryo-EM) (44), to ~60 nm when incubated with 0.02 pg or
0.2 pg of Ab (Fig. 4A). The plot by number normalized the data by
taking into consideration the higher signal of the bigger molecules
and readjusted the ratio of Ab to virus-Ab complex in solution.
The signal for free Abs was not detectable in the IC mixture of 0.02
pg and 0.2 g Ab, indicating that the majority of the Abs at this
concentration are bound to the virus. In contrast, for ICs formed
with 2 to 200 g Ab, only the Ab molecules are detected (Fig. 4A),
hence indicating that the free Ab/Ab-virus complex ratio in solu-
tion is very high. This suggests that the epitopes on the virus par-
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FIG 2 Mouse survival rate and kinetics of viremia after inoculation with ICs formed with cross-reactive Ab, 6B6C-1, and serotype-specific Ab, 3H5. ICs were
formed by mixing 2 X 10* PFU/100 pl of $221 with 0 to 20 pg/100 pl of 6B6C-1 or 3H5 Ab. A total of 200 .l of IC was used for inoculation i.v. into mice and
infection in BHK-21 and THP-1 cells. (A and D) The mouse survival rate was monitored until day 10 after inoculation with ICs containing 0 n.g, 0.02 p.g, 0.2 g,
2 pg, and 20 pg of Ab. (Band E) A total of 1 X 10° BHK-21 cells and THP-1 cells were infected with ICs and cultured as described in Fig. 1. The virus titer in the
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samples. (C and F) Virus genome numbers in serum on days 1 to 5 were measured as described for Fig. 1. The graphs show the average results from two
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ticles were almost saturated with Abs at the concentrations tested.
Plotting the same results by intensity (Fig. 4B), which is biased
toward the detection of larger molecules, showed the presence of
virus-Ab complexes when incubated with 2 to 200 g Ab even
though the absolute numbers of these complexes are <<1% of the
total population of molecules in the samples. Although it is well
established that the hydrodynamic radius of the ICs becomes
larger with increased amounts of Abs, it is also possible that at
these high concentrations of Abs, the solution becomes more vis-
cous, resulting in less accurate size measurements. Alternatively,
the virus-Ab complexes may have started to form bigger aggre-
gates due to the cross-linking of particles by antibodies.
Neutralization tests of ICs in BHK-21 cells in the presence of 2
g, 20 pg, and 200 pwg Ab showed a reduction in infectivity of
93%, 98%, and 99.7%, respectively (Fig. 4C). This corresponded
well with the large excess of Abs detected by DLS. Thus, inocula-
tion of highly neutralized ICs is accompanied with the infusion of
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a massive quantity of free Abs in mice. These results, along with
the observations in mice preinjected with Abs (Fig. 3), suggest that
the presence of massive amounts of free Abs may contribute to
further disease progression by forming infective ICs with newly
produced virus in vivo.

DENV infection with high concentrations of Ab specifically
enhances viral load and the production of TNF-a and IL-6 in the
small intestine. Increased cytokine production is one of the hall-
marks of dengue pathogenesis and is thought to be a critical factor
for DHF/DSS (45). Although viremia level was not enhanced by
inoculation with highly neutralized ICs, it was conceivable that
massive production of cytokines in IC-inoculated mice might af-
fect their disease status. To investigate the detailed pathogenic
events, tissues were harvested from the mice inoculated with virus
alone (2 X 10* PFU) or ICs (2 X 10* PFU and 20 ug Ab) on days
1 to 5 postinfection. The homogenized tissues were then subjected
to the measurement of viral load and cytokine levels. Figure 5A
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FIG 3 Survival rate and kinetics of viremia after infection of mice preinjected
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mice per group is 5.

shows the overall kinetics of viral load in the various tissues mea-
sured by real-time RT-PCR. The enhancement of peak serum
viremia was not observed in IC-inoculated mice, in which the
AUC value until day 5 was 3.0-fold lower than that of the virus
control (P = 0.0382). Corresponding with serum viremia level,
the viral load in many tissues, such as spleen, large intestine, mes-
enteric lymph node (mLN), kidney, lung, and brain, was observed
to be significantly lower in IC-inoculated mice during the early
infection stages (days 1 to 3), and the peak viral load was not
enhanced until a later stage (days 4 and 5) (Fig. 5A). However, we
observed that the peak viral load was specifically enhanced by IC
inoculation compared to the virus-only control (VC) and was
4.2-fold, 3.0-fold, and 540-fold higher on days 3, 4, and 5, respec-
tively, in liver and 5.4-fold and 33.8-fold higher on days 4 and 5,
respectively, in the small intestine, although the latter showed a
lower viral load in IC-inoculated mice until day 3 (Fig. 5A). This
implies that these tissues are more susceptible to infection than
other tissues in the presence of Abs, as described in a previous
study (18), and suggested that the effect of ADE overcomes the
neutralizing activity of Abs in the tissues, although serum viremia
level was not enhanced. Figure 5B shows the kinetics of the pro-
duction of proinflammatory cytokines, such as TNF-a, IL-1j3,
IL-6, and monocyte chemoattractant protein-1 (MCP-1), levels of
which are known to be enhanced in the serum of dengue patients
(46-48). The cytokine profile showed a wide variation among the
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200pg

tissues and did not show significant enhancement by IC inocula-
tion in serum as well as in many tissues, including spleen, liver,
large intestine, mLN, kidney, lung, and brain (Fig. 5B). Notably,
however, the levels of TNF-a and IL-6 in the small intestine were
significantly enhanced by IC inoculation on days 4 and 5 postin-
fection (Fig. 5B), when these IC-inoculated mice started to display
symptoms of severe diseases. Significant increases of IL-10 (anti-
inflammatory) or IL-12 p70 (proinflammatory) were not ob-
served in any tissues by IC inoculation (data not shown). So far in
the tissues that we have examined, inoculation with ICs contain-
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ing a highly neutralizing quantity of Abs specifically increased the
production of TNF-a and IL-6 in the small intestine, accompa-
nied by increased viral loads.

Viral load and the levels of TNF-a and IL-6 in the small in-
testine correlate with disease status in mice. In order to address
whether the small intestinal pathology is relevant to mouse disease
status, tissues were harvested from mice inoculated with a lethal
dose of 1 X 10° PFU of virus alone (V5) or with ICs formed with
2 X 10* PFU of virus and 20 pg Ab (IC) or nonlethally infected
with 2 X 10* PFU of virus alone (V4) at 60 h (day 2.5) and 96 h
(day 4) postinfection (Fig. 6A); they were then subjected to the
measurement of viral load and cytokine levels. As shown in Fig.
6B, only the small intestine at 96 h postinfection showed signifi-
cantly higher viral loads in both V5- and IC-inoculated mice than
in V4-inoculated mice, with a 5.2-fold and 17.4-fold increase in
V5 and IC, respectively. This indicates the correlation of viral load
in the small intestine with disease status. Cytokine levels in tissues
showed that the levels of TNF-a and IL-6 in the small intestine
significantly increased in both V5 and IC compared with those of
V4 at 96 h postinfection, although these levels in V5 at 60 h were
significantly higher than in both V4 and IC (Fig. 6C). This suggests
that inoculation with a high dose of virus alone results in high
levels of cytokine production in the small intestine for an extended
period of time, whereas inoculation with the ICs induces rapid
increases in cytokine production at the later stage, corresponding
with the increase in viral load in the small intestine. The levels of
cytokine in other tissues, such as spleen, liver, large intestine (Fig.
6C), mLN, kidney, and lung (data not shown), did not show any
correlation with disease severity at either 60 h or 96 h postinfec-
tion. Thus, only the levels of TNF-a and IL-6 in the small intestine
appear to correlate with mouse disease status.

ICs increase infection of CD11b™ CD11c¢™" CD103~ APCs
in the small intestine. Our results showed that increased levels of
infection and cytokine production in the small intestine correlate
with disease severity in mice. To identify the infected cells in-
creased by IC infection, flow cytometric analysis was conducted
with various cell markers and anti-DENV NS3 Ab. A previous
study of the ADE mouse model showed that the infected cells in
the small intestine are mainly major histocompatibility complex
(MHC) class I CD103~ CD11b* F4/80" macrophages for both
Ab-dependent and Ab-independent infection (18), although the
phenotype difference of target cells is still indistinct. We found
that, after being gated on APCs (CD45" MHC class 11" cells),
NS3* cells were 4.1-fold more abundant in IC-inoculated mice
(1.69 = 0.26%, n = 4) than in the virus infection control mice
(0.41 = 0.30%, n = 4) (P = 0.00063) on day 4 postinfection (Fig.
7). By analyzing for CD11b, CD11c, and CD103 expression, which
can divide intestinal APCs into subsets of macrophages or den-
dritic cells (49), we found that the NS3* population consists
mainly of CD11b™ CD11¢™™ cells (Fig. 7). CD103* APCs were
found to be negative for NS3 staining (data not shown); therefore,

Antibody-Neutralized DENV Mediates Severe Disease

the infected cell population is suggested to be a subset of lamina
propria macrophages (49, 50) with no difference between IC in-
oculation and virus control, which is consistent with a previous
report (18). NS3 detection was negligible in the CD45~ or CD317"
endothelial cell population (data not shown). Therefore, in-
creased infection in CD11b™ CD11¢™™ CD103~ APCs by IC
inoculation may be responsible for the increase of TNF-aand IL-6
production in the small intestine.

Anti-TNF-a Ab treatment protects mice fromlethal IC infec-
tion by suppressing vascular permeability in the small intestine.
In previous studies, increased serum levels of TNF-a and IL-6
were observed in an ADE mouse model (16, 18), and treatment
with anti-TNF-a Ab was shown to be effective against disease
progression in lethal mouse models (18, 51), while anti-IL-6 Ab
had no effect on mouse survival (18). Therefore, in order to ad-
dress whether increased production of TNF-a in the small intes-
tine is responsible for disease severity, anti-TNF-a Ab (200 g/
mouse, i.p.) was tested in IC-inoculated mice on day 3
postinfection, when the level of TNF-a was shown to increase
drastically in the small intestine (Fig. 5B). Mice did not show any
disease symptoms at the time of treatment on day 3 postinfection.
At 24 h posttreatment, however, untreated mice exhibited severe
disease symptoms, while TNF-a Ab-treated mice did not show
severe clinical signs, such as reduced mobility or extensive ruffled
fur on day 4. Mouse survival data demonstrated that treatment
with TNF-a Ab completely protected IC-inoculated mice from
lethal infection (Fig. 8A). Furthermore, TNF-a Ab treatment did
not affect the serum viremia level as well as viral load in the small
intestine (Fig. 8B), indicating that TNF-a is responsible for dis-
ease progression in the mice. Notably, the small intestine was ob-
served to be swollen by an accumulation of fluid in IC-inoculated
mice, leading to vascular leakage, and quite remarkably this fluid
accumulation was suppressed by TNF-a Ab treatment (Fig. 8C).
Evans blue staining assay demonstrated that massive vascular
leakage was induced by IC inoculation only in the small intestine,
and the leakage level was suppressed by TNF-a Ab treatment (Fig.
8D). This suggests that massive production of TNF-a in the small
intestine is the leading cause of severe vascular leakage and ulti-
mately death in the mice.

DISCUSSION

The contribution of DENV Abs in causing severe dengue disease
in humans is not fully understood. DHF/DSS are characterized by
plasma leakage, hemorrhage, and thrombocytopenia, and land-
mark studies have shown that the AG129 mouse model can reca-
pitulate some of the aspects of human diseases (16, 18) and is
therefore useful to investigate the mechanisms underlying dengue
disease pathology caused by ADE infection. In this study, by using
the AG129 mouse lethal model, we demonstrated that (i) inocu-
lation with ICs containing a highly neutralizing quantity of cross-
reactive Abs causes lethal infection even though the peak viremia

FIG 5 Viralload and cytokine levels in various tissues after inoculation with virus alone or ICs formed with high concentration of Abs. Mice were inoculated with
2 X 10* PFU of $221 (VC) or ICs formed with 2 X 10* PFU of $221 and 20 p.g 4G2 Ab (IC). Three mice were sacrificed on day 1 (24 h), day 2 (48 h), day 3 (72
h), day 4 (90 h), and day 5 (114 h) postinfection. Five mice were sacrificed before infection as a negative control (NC). Tissues were collected and homogenized
in PBS, and the supernatants of the homogenates were used to measure viral load (A) and cytokine levels (B). (A) RNA was extracted from the homogenates and
subjected to real-time RT-PCR. The values indicate the relative viral RNA genome numbers normalized to 18S rRNA. Samples below the detection limit of viral
RNA, such as the negative control, were shown as the value of 0.1. (B) The levels of TNF-a, IL-18, IL-6, and MCP-1 in the tissue homogenates were measured
by ELISA. All graphs show the averages from 3 infected mice or 5 uninfected mice with standard deviations. A P value of less than 0.05 was considered significant

(*, P <0.05).

June 2015 Volume 89 Number 11

Journal of Virology

jviasm.org 5855


http://jvi.asm.org

A B Serum Spleen Liver S. intestine
¥ *
* *[ 1 L | ¥
100 =1 '_||i| ;%7 g ! 4 Iil 51 [% %1
S 80 o L S ¢ : 1 e
¥ - 2 > 3 2 I I el
2 <9 = I 2
3 60 o I o1 1 1
- L2 S 0 0
g 40 - 60h 96h 60h 96h 60h 96h 60h 96h
o
G 20 : :
o 5 L. intestine mLN Kidney Lung
’ $ ’ . ! *
0246810 ~a LY e a
Days post-infection R s M 6 * 59 x1 M Rl
s 5 al N P e B 2
A= V5 28 . e o 2ml W
v4 g : : 1
—— | =g 0 0 0
c 60h 96h 60h 96h 60h 96h 60h 96h
M V5 va MiIC
C TNFa IL-1B IL-6 MCP-1
* * .
. o . e
509 M 200, [ ] omd ||
Spleen e I 150 o 600 .
(pgltissue) 200 100 * I 400 B 1
500 40 *
100 5 — 2000 M
0 0 0 0
60h  96h 60h 96h 60h 96h 60h 96h
400 1000 400 om
Liver 3w pon 3o 800
(pg/10mg tissue) 20 [ L 400 I I 290 . I .
100 200 100 I 400
0 0 0 0
60h 96h 60h 96h 60h 96h 60h 96h
* 4 " * *
* E ¥ 1
«1 3000 Iil ' 6000 . |i| 1200 [i] ILH
. . * 1
S. intestine 200 w1 20000 ] 40m . X 8000 r
(pgltissue) 1000 M - 200 1 I
— 4000
0 : i 0 0 - 0 L
60h 96h 60h 96h 60h 96h 60h 96h
* *
* — =
600 et 1 400 107 [ .
L.intestine pon - 2% 1
(pgltissue) 0 I I e ] I 200 I [ 800 I
ik 100 400
0 0 0 0

60h 96h 60h 96h 60h 96h 60h 96h
CINC H V5 vi BIC

FIG 6 Comparison of viral load and cytokine levels in tissues between lethally and nonlethally infected mice. Eighteen mice were infected with 1 X 10> PFU of
$221 (V5) or 2 X 10* PFU of $221 (V4), and 21 mice were infected with ICs formed with 2 X 10* PFU of $221 and 20 g 4G2 Ab (IC). Five or six mice from each
group were sacrificed at 60 h (2.5 days) or at 96 h (4 days) postinfection, respectively, and tissues were used for the measurement of viral load and cytokine
production. (A) The remaining mice were monitored for their survival rate until day 10 postinfection. The numbers of mice per group are 7 for the V5 and V4
groups and 10 for the IC group. (B) The viral load in tissues was measured as described for Fig. 4. (C) The levels of TNF-a, IL-1@3, IL-6, and MCP-1 in spleen, liver,
small intestine, and large intestine are shown. Five uninfected mice were used as a negative control (NC). The graphs show the averages from 5 mice (60 h) or 6
mice (96 h) with standard deviations. A P value of less than 0.05 was considered significant (*, P < 0.05).
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with 2 X 10* PFU of $221 and 20 pg 4G2 Ab (IC). Mice were sacrificed on day 4 (90 h) postinfection, and cells were isolated from the small intestines after
digestion with 2 mM EDTA and 15 mg/ml collagenase solution. Flow cytometry (FCM) plots display cells pregated on CD45" and MHC class 11" antigen-
presenting cells (APCs) and then analyzed for NS3 or CD11b and CD11c expression. NS3™ cells were further analyzed for CD11b and CD11c expression and

overlaid with the parent APC population. The FCM profile is representative of 1 in a group of 4 mice.

level is lower than that in Ab-independent nonlethal infection, (ii)
DENV infection with a highly neutralizing quantity of Abs specif-
ically enhances the production of TNF-a and IL-6 and vascular
permeability in the small intestine, accompanied by increasing the
population of infected CD11b™ CD11¢™" CD103~ APCs, and
(iii) anti-TNF-a Ab treatment protects IC-inoculated mice from
lethal infection by suppressing vascular permeability in the small
intestine without significant changes in the viral load.

In general, ADE is thought to be a risk factor for severe diseases
by increasing the number of infected cells and systemic viral bur-
den (52). Although several in vivo experiments support this hy-
pothesis (12, 14, 16, 18), it is still unclear whether Abs merely
enhance systemic viral burden. Several clinical studies have shown
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a statistical correlation between viral burden and disease severity
(19-21); however, a clinical study in Vietnam reported that
viremia level was not always associated with clinical severity in
infants with DHF/DSS (22). Notably, this report showed that in-
fants who have substantial neutralizing maternal DENV Abs (cal-
culated range of the PRNTS;, titer of 138 to 580) can still develop
severe diseases. Collectively, our data in the mouse model show
that inoculation with highly neutralized ICs containing a massive
excess of free Abs in the mixture can cause lethal infection regard-
less of viremia levels and appear to be relevant to observations
made for some dengue patients.

The liver is implicated in DENV infections in humans and
mouse models (18, 53, 54). In support of this, a recent report of
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FIG 8 The effect of anti-TNF-a antibody on disease progression in IC-inoculated mice. Mice were inoculated with ICs formed with 2 X 10* PFU of $221 and
20 g 4G2 Ab. A total of 200 pg of anti-TNF-a Ab was administered i.p. into IC-inoculated mice on day 3 (72 h) postinfection. (A) The survival rates of untreated
and treated mice were monitored until day10 postinfection. The number of mice per group is 5. (B) Blood was collected from untreated and treated mice at the
time of treatment (day 3) and 24 h after treatment (day 4). Serum viral load was measured by real-time RT-PCR. The small intestine was harvested from untreated
and treated mice at 24 h after treatment (day 4), and the viral load was measured as described for Fig. 5. The graph shows the averages from 5 mice (viremia) or
4 mice (small intestine) with standard deviations. (C) The pictures of the small intestine of an uninfected negative control (NC), an untreated IC-inoculated
mouse, and a TNF-a Ab-treated IC-inoculated mouse on day 4 (24 h after treatment) postinfection are shown. Arrows indicate that the small intestine is swelling
in the untreated IC-inoculated mouse. (D) Vascular leakage levels in tissues were measured by Evans blue staining assay. On day 4 (24 h after TNF-a Ab
treatment) postinfection, mice were injected i.p. with 0.4 ml of 0.5% Evans blue solution, and tissues were collected into formamide after perfusion with PBS. The
amount of Evans blue in the extract was quantified spectrophotometrically. Data are expressed as the fold increases in optical density at 620 nm per gram of tissue
weight compared to the NC. The pictures shown are intestines prior to removal of luminal content. The graphs show the averages from 3 mice with standard
deviations. A P value of less than 0.05 was considered significant (¥, P < 0.05).

the ADE mouse model suggested that Abs initially enhance infec-
tion in liver sinusoidal endothelial cells (LSECs), resulting in an
increased systemic level of virus (viremia) and subsequent disease
severity (18). Our results confirm that ADE in the liver precedes
that in the small intestine in IC-inoculated mice; however, the
enhancement of the serum viremia level was not induced in the
mice. This indicates that increased viral load in the liver may not
always be associated with serum viremia, although the possibility
that infection in the liver may be the upstream event that is re-
quired for infection in the small intestine cannot be excluded. In
addition, it is notable that there was no increase in inflammatory
cytokine production in the liver of either the Ab-mediated or non-
Ab-mediated infection. In contrast, our results demonstrated that
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the levels of TNF-a and IL-6 were specifically enhanced in the
small intestine, accompanied by the increased tissue viral load and
vascular leakage in IC-inoculated mice. Remarkably, a single dose
of anti-TNF-a Ab on day 3 postinfection completely protected the
mice from lethal infection, suggesting that TNF-a-induced vascu-
lar leakage in the small intestine is the leading cause of severe
disease in this mouse model.

One of the interpretative limitations of our observations in the
mouse model is its relevance to humans. The lack of IFN receptors
in AG129 mice and the use of a mouse-adapted virus may alter the
production of cytokines and the pathogenesis profile. Neverthe-
less, the similarity of an elevated serum cytokine profile, such as
for TNF-a, IL-1B, IL-6, and MCP-1, in mice and human patients
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(46—48) supports the use of this mouse model for the study of host
responses against dengue virus infection and its relation to disease
status. It is worth noting that when patients are classified as having
DHE/DSS, virus is no longer detectable in blood (55, 56), and
therefore the host responses may play a critical role in disease
progression. Nonetheless, the collective profile of host responses,
such as tissue specificity of cytokine production in humans, re-
mains unclear because of the difficulty of obtaining biopsy sam-
ples (57). Vascular leakage is a prominent feature of DHF/DSS in
humans, which is characterized by increased hemoconcentration
or fluid effusion in chest or abdominal cavities that is detectable by
radiology or sonography (58—61). Also, the notable pathology that
causes mortality in the IC-inoculated mice is the fluid accumula-
tion in the small intestine as a consequence of TNF-a-induced
vascular leakage. Even though no direct observations of fluid ac-
cumulation in the small intestine has been reported in human
cases, it is well known that diarrhea is a common symptom found
in dengue patients (62, 63). Our results showed that only limited
cell types (CD11b™ CD11¢™™ CD103 ™) among various subsets
of APCs in the small intestine are positive for NS3, and, quite
interestingly, there is no phenotype difference of the infected cells
between the presence and the absence of Abs, although signifi-
cantly higher infection is induced by IC inoculation. Therefore, it
is conceivable that increased infection in the CD11b™ CD11¢™""
CD103™ APCs may have a major role in severe dengue pathology
by inducing massive vascular leakage in the small intestine. Ex-
actly how this event occurs requires further studies in order to
understand the mechanism(s) by which the presence of Abs in-
creases infection in a specific cell population regardless of viremia
level in mice.

Recent reports of the ChimeriVax vaccination clinical trials,
which were expected to induce serotype-specific Abs against all 4
serotypes in the recipients, showed only 30.2% efficacy in a phase
2b study in Thailand (25) and 56.5% efficacy in five Asian coun-
tries and 64.7% efficacy in five Latin American countries in a phase
3 study (24, 26). Notably, the vaccination provided lower efficacy
against DENV2 (no protection in phase 2b and 35% or 42.3%
protection in phase 3) even though highly neutralizing levels of
Abs against this serotype were detected in the recipients when
assessed by PRNTj, assay (mean titer, >300) (24, 25). This sug-
gests that DENV infection even in the presence of a highly neu-
tralizing quantity of Abs appears to retain the potential to induce
severe dengue disease manifestations in humans, which is exactly
what is observed in our mouse study. Our DLS data indicate that
inoculation with ICs (2 to 100 g Ab) is accompanied with mas-
sive free Abs. It is conceivable that the free Abs may be continu-
ously consumed by forming ICs with newly produced virus, re-
sulting in an enhancing status at a later stage. This is a plausible
reason why a highly suppressed level of viral load on days 1 and 2
could be enhanced on days 3 to 5, especially in liver and the small
intestine, although the peak viremia level is still lower than that in
the virus-only control. The formation of ICs in a human subject
with the repertoire of polyclonal antibodies, differing affinities,
and concentrations will be challenging to model precisely (64). By
correlating the DLS data on the size distribution of ICs and the
quantum of neutralized virus used to infect AG129 mice, we have
carefully reproduced a phenomenon that has been seen in the
clinical setting with infants (22). We also showed that inoculation
with ICs formed with serotype-specific Ab, 3H5 (anti-domain III
of E), did not cause high mortality at any concentrations, while
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ICs formed with cross-reactive Abs, 4G2 or 6B6C-1 (anti-domain
IT of E), induced lethal diseases even at the highly neutralizing
concentrations, which showed more than 95% suppression of
viremia at the early stage of infection. The difference in neutraliz-
ing activities, epitopes, or IgG subclasses of the Abs might influ-
ence this phenomenon. Since many cross-reactive anti-domain I1I
and premembrane (prM) Abs are also produced in patients (40,
65), further detailed studies to address the role of cross-reactive
Abs in IC infection and disease status may provide critical infor-
mation for vaccine strategies.

In summary, our results showed that the presence of cross-
reactive Abs, which can suppress more than 95% of the initial
infection level, induces lethal DENV infection regardless of serum
viremia level, by causing rapid severe small intestinal pathology
accompanied by increased tissue viral load, TNF-a production,
and vascular permeability in mice. This finding may have an im-
portant implication for vaccine development, serve to address the
role of DENV Abs in exacerbating diseases in dengue patients, and
also help in the development of novel therapeutic agents, such as
therapeutic antibodies or immunomodulatory drugs.
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