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Abstract. Infection with a dengue virus (DENV) serotype induces cross-reactive, weakly neutralizing antibodies to
different dengue serotypes. It has been postulated that cross-reactive antibodies form a virus–antibody immune complex
and enhance DENV infection of Fc gamma receptor (FcgR)-bearing cells. We determined whether infectious DENV–

antibody immune complex is formed in vivo in marmosets after passive transfer of DENV-specific monoclonal antibody
(mAb) and DENV inoculation and whether infectious DENV–antibody immune complex is detectable using FcgR-
expressing cells. Marmosets showed that DENV–antibody immune complex was exclusively infectious to FcgR-expressing
cells on days 2, 4, and 7 after passive transfer of each of the mAbs (mAb 4G2 and mAb 6B6C) and DENV inoculation.
Although DENV–antibody immune complex was detected, contribution of the passively transferred antibody to overall
viremia levels was limited in this study. The results indicate that DENV cross-reactive antibodies form DENV–antibody
immune complex in vivo, which is infectious to FcgR-bearing cells but not FcgR-negative cells.

INTRODUCTION

Dengue virus (DENV) is estimated to cause more than
300 million infections annually.1 Infection with any of the four
DENV serotypes (DENV-1 to −4) can cause an array of symp-
toms ranging from asymptomatic to undifferentiated fever,
dengue fever, and severe life-threatening dengue hemor-
rhagic fever.2 Infection with one DENV serotype confers life-
long protection against infection with the same serotype and
short-lived protective immunity against other serotypes. Severe
dengue cases often occur in sequentially infected patients with
a heterologous DENV serotype or a serotype that differs from
that of primary infection.3–5 Antibody (Ab) -dependent
enhancement (ADE) of DENV infection has been proposed
to be the underlying mechanism of severe DENV infection.6

In ADE, non-neutralizing antibodies that cross-react with a
heterologous serotype form immune complexes with DENV
and enhance infection through FcgR-bearing cells, leading to
higher virus replication.7,8

DENV–Ab immune complex has been associated with
severe dengue.9,10 Because infectious virus–Ab immune com-
plex is associated with higher viremia titers during secondary
DENV infection, understanding of their role during DENV
infection is important for elucidating the pathogenesis of
severe dengue.11 In vitro studies have shown ADE activity to
heterotypic serotype in undiluted serum samples from human
dengue patients and non-human primates.12–14 In infants,
maternal antibodies are associated with disease enhancement,
resulting in the onset of severe illness and the development of
severe dengue.12 A mouse model of maternal ADE antibod-
ies showed higher viremia correlates with increased disease
severity.15 ADE has also been shown in mouse and non-human
primate models, in which passive transfer of a cross-reactive
monoclonal Ab (mAb) and sera from dengue patients resulted

in higher viremia levels.16–18 However, the formation of infec-
tious virus–immune complex in these primate models has not
been shown.
In this study, marmosets were used to elucidate the interac-

tion of DENV with cross-reactive, non-neutralizing antibod-
ies and the formation of infectious immune complex in vivo.
We previously reported the use of marmosets as an animal
model of DENV infection. The marmoset model consistently
developed high levels of viremia on primary and secondary
DENV infection.19,20 Marmosets sequentially infected with
DENV have also been shown to show infectious virus–Ab
immune complex in plasma samples.20 In this study, marmosets
passively transferred with two types of infection-enhancement
antibodies and then inoculated with DENV-2 were used to
determine virus–immune complex formation in vivo.

MATERIALS AND METHODS

Primates. In total, 10 marmosets were used in the study.
Marmosets were purchased from Clea Japan Inc. (Tokyo,
Japan) and caged singly at 27°C ± 2°C in 50% ± 10% humid-
ity with a 12-hour light–dark cycle (lighting from 7:00 AM to
7:00 PM) at the National Institute of Infectious Diseases
of Japan. Animals were fed with a standard marmoset diet
(Clea New World Monkey Diet, CMS-1M; CLEA Japan Inc.,
Tokyo, Japan) supplemented with fruit. Water was given ad
libitum.19,20 All animal studies were conducted in accordance
with the guidelines for animal experiments at the National
Institute of Infectious Diseases after obtaining study approval
from the Animal Welfare and Animal Care Committee of the
National Institute of Infectious Diseases of Japan (approval
numbers 512005 and 613005).
DENV strains and propagation. DENV-2 DHF0663 strain

(Genbank accession number AB189122) was used for the
experiment.19,20 The DENV-2 strain was used within four pas-
sages on cell culture. Culture supernatant from infected baby
hamster kidney (BHK) cells was centrifuged at 800 + g for
5 minutes to remove cell debris and stored at −80°C until use.
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Antibodies. To examine the formation of infectious virus–
Ab immune complex on passive transfer of ADE Ab, two
mouse mAbs with ADE activity in vitro to the DENV-2
DHF0663 strain (mAb 4G2 and mAb 6B6C) were used.21

The Ab mAb 4G2 enhanced DENV-2 infection (fold
enhancement range = 2.4–10.8) at dilutions between 0.26 and
260 mg/mL Ab using FcgR-expressing cells. No neutralizing
activity was detected at mAb 4G2 Ab concentrations using
BHK cells. The mAb 6B6C enhanced DENV-2 infection (fold
enhancement range = 2.0–6.1) at 0.59–590 mg/mL Ab using
FcgR-expressing cells.22,23 Neutralizing activity was detected
at mAb 6B6C Ab concentrations of 59–5,900 mg/mL using
BHK cells.22

Inoculation of marmosets with DENV. Marmosets were
randomly assigned to three groups: group A (N = 3), group B
(N = 3), and control (N = 4). Group A marmosets (A1–A3)
were intravenously administered with 1 mL 26 mg/mL
(0.09 mg/kg) mAb 4G2, group B marmosets (B1–B3) were
intravenously administered with 1 mL 590 mg/mL (2.0 mg/kg)
mAb 6B6C, and group C marmosets (C1–C3) were intrave-
nously administered with 1 mL saline (normal saline; Otsuka
Pharmaceutical Co., Tokyo, Japan). The mean weight of mar-
mosets at the day 0 was 288 ± 30 g (group A), 297 ± 66 g (group
B), and 276 ± 19 g (group C). At 20 minutes after intravenous
administration, all 10 marmosets were subcutaneously inocu-
lated with 1 + 105 plaque forming units (PFU)/dose DENV-2
DHF0663 strain in the upper back.19,20 The 50% plaque reduc-
tion neutralizing test (PRNT50) of mAb 6B6C at a concentration
of 590 mg/mL was 1:80 using BHK cells and 1:20 using FcgR-
expressing BHK cells. No neutralizing activity was detected
in mAb 4G2 at a concentration of 26 mg/mL using BHK and
FcgR-expressing BHK cells.22 Inoculation with DENV and
blood drawing were performed under anesthesia with 5 mg/kg
ketamine hydrochloride. Blood samples were centrifuged at
200 + g for 10minutes for plasma collection. Blood samples were
collected before Ab and saline administration and 20 minutes
after Ab and saline administration (before virus inoculation).
Day 0 was defined as the day of virus inoculation.
Quantification of viremia by quantitative reverse transcrip-

tase polymerase chain reaction and plaque assay. Levels of
DENV genome in plasma samples (High Pure Viral RNA Kit;
Roche Diagnostics GmbH, Mannheim, Germany) were deter-
mined by quantitative TaqMan real-time reverse transcriptase
polymerase chain reaction (RT-PCR).24 Viral genome levels

determined by RT-PCR were expressed as log10 genome
copies per milliliter. To determine viremia levels (infectious
particles) in plasma samples, the samples were serially diluted
10-fold from 1:101 to 1:106 with Eagle’s minimum essential
medium (EMEM; Sigma) supplemented with 10% fetal bovine
serum (FBS).11 Fifty microliters diluted serum samples were
inoculated onto BHK and FcgR-expressing BHK cell mono-
layers in 12-well plates. The plates were incubated for 1 hour at
37°C in 5% CO2. After virus absorption, the cells were over-
laid with maintenance medium containing 1% methylcellulose
(Wako Pure Chemical Industry, Osaka, Japan). The plates
were incubated at 37°C in 5% CO2 until visible plaques could
be observed (5–7 days of incubation). The cells were fixed
with formaldehyde, stained with methylene blue, and washed
with water. Assays were conducted in duplicate. Viral titers
were expressed as PFU per millimeter using the following
formula: (number of plaques per well) + (dilution)/(inoculum
volume).11

Serological studies. DENV-specific immunoglobulin M
(IgM) Ab was detected by Dengue Fever IgM Capture
Enzyme-Linked Immunosorbent Assay (ELISA; Focus), and
DENV-specific IgG Ab was determined using Dengue IgG
Indirect ELISA (PanBio) in accordance with the manufac-
turer’s instructions.19,20 Concentrations of mouse IgG anti-
bodies in marmoset plasma samples were determined in
accordance with the manufacturer’s instructions (Mouse IgG
ELISA Quantitation Set; Bethyl, TX). The positive/negative
(P/N) ratio was calculated by the following formula: optical
density (OD) of the test sample/OD of a negative sample.
Plasma samples collected from three DENV-naı̈ve marmosets
were used as the negative samples. P/N ratios of < 2 and ³ 2
were considered to be negative and positive, respectively. All
ELISA assays were conducted in duplicate.20

Neutralizing Ab titers were determined by plaque reduc-
tion neutralization to the inoculated DENV-2 DHF 0663
strain.19,25,26 Heat-inactivated plasma samples were serially
diluted twofold from 1:5 to 1:160 with EMEM supplemented
with 2% FBS. Virus–Ab mixture was prepared by mixing
25 mL DENV-2 (DHF 0663 strain) at titers of 2,000 PFU/mL
with 25 mL serially diluted plasma samples to make up a final
plasma dilution of 1:10 to 1:320. Controls were prepared by
mixing 25 mL DENV-2 at titers of 2,000 PFU/mL with 25 mL
EMEM supplemented with 2% FBS. Virus–plasma sample
mixture was incubated at 37°C for 1 hour. Fifty microliters

Figure 1. Viremia kinetics in Ab-treated and untreated marmosets after DENV inoculation. (A–C) Viremia levels determined using FcgR-
expressing BHK cells (black bars) and FcgR-negative BHK cells (white bars) in plasma samples from marmosets administered (A) mAb 4G2,
(B) mAb 6B6C, or (C) saline. (D) Viremia levels as determined by RT-PCR. Black bars indicate marmosets in the mAb 4G2 Ab-treated group
(group A), gray bars indicate marmosets in the mAb 6B6C Ab-treated group (group B), and white bars indicate marmosets in the control (saline)
group. *Values below the detection level.
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virus–plasma sample mixture was inoculated onto BHK and
FcgR-expressing BHK cell monolayers in 12-well plates.
After 5 days of inoculation, cells were fixed and stained, and
plaques were counted. Neutralizing assay was not tested in
some samples because of insufficient volume. Tests were con-
ducted in duplicate. Neutralization titer was expressed as the
maximum dilution of plasma sample that yielded a > 50%
plaque reduction in the virus inoculum compared with control.25

Statistics. Results were expressed as the mean value of each
group. Non-parametric Kruskal–Wallis and Mann–Whitney
tests were used to compare values between the marmoset
groups and determine statistical significance. Microsoft Excel
(Microsoft Corporation, Redmond, WA) was used for raw data
processing, and GraphPad Prism (GraphPad Software Inc., La
Jolla, CA) was used for statistical analysis. A P value of < 0.05
was considered to be a statistically significant difference.

RESULTS

Detection of infectious DENV–Ab immune complex using
FcgR-expressing cells in marmosets passively transferred with
mAbs. Plasma samples were collected from marmosets pas-
sively transferred with mAb 4G2 and then inoculated with

DENV-2. The plasma samples were analyzed for viremia
levels using BHK and FcgR-expressing BHK cells (Figure 1
and Table 1). Viremia was detected in all three marmosets
(A1–A3) on days 2, 4, and 7 (Figure 1A and Table 1). Viremia
levels were 4–15 times higher using FcgR-expressing cells than
using BHK cells on day 2 in marmosets A1–A3. On day 7,
viremia was detected using FcgR-expressing BHK cells but
not BHK cells in plasma samples from marmosets A2 and A3
(Table 1). In two of three marmosets (B2 and B3) passively
transferred with mAb 6B6C, viremia levels were higher on
days 2 and 4 using FcgR-expressing BHK cells than BHK cells
(Figure 1B and Table 1). In the control group (marmosets C1–
C4), viremia was detected on days 2 and 4, and viremia levels
were similar using BHK and FcgR-expressing BHK cells
(Figure 1C). The results suggested the presence of a DENV–

Ab immune complex that is infectious to FcgR-expressing cells
but not FcgR-negative cells and confirmed that FcgR-expressing
BHK cells are useful for detecting infectious DENV–Ab com-
plexes developed in vivo.11

Detection of mouse IgG Ab in plasma samples from mar-
mosets after administration of mAbs. Concentration of
mouse IgG Ab was assessed in marmosets using anti-mouse
IgG ELISA. As expected, before mAb administration, all

Table 1

Dengue viremia levels in plasma samples from 10 marmosets after passive transfer of Ab and inoculation with DENV-2

Animal identification Administered Ab/saline Inoculated virus dose (PFU/dose)

Infectious virus titer of BHK/FcgR-BHK cells (log10 PFU/mL; VN/VO ratio) days after inoculation

0 2 4 7 11 15

Group A
A1 mAb 4G2 1 + 105 DENV-2 −/− (ND) 2.7/3.9 (15.8)* 4.3/4.4 (1.3) 2.7/2.3 (0.4) −/− (ND) −/− (ND)
A2 mAb 4G2 1 + 105 DENV-2 −/− (ND) 2.8/3.5 (5.0)* 4.0/3.9 (0.8) −/3.0 (> 100)* −/− (ND) −/− (ND)
A3 mAb 4G2 1 + 105 DENV-2 −/− (ND) 3.0/3.6 (4.0)* 3.7/4.0 (2.0)* −/3.3 (> 100)* −/− (ND) −/− (ND)

Group B
B1 mAb 6B6C 1 + 105 DENV-2 −/− (ND) 2.6/2.7 (1.3) 3.3/2.5 (0.2) 2.9/2.8 (0.8) −/− (ND) −/− (ND)
B2 mAb 6B6C 1 + 105 DENV-2 −/− (ND) 3.1/3.8 (5.0)* 3.8/4.2 (2.5)* 4.0/3.6 (0.4) −/− (ND) −/− (ND)
B3 mAb 6B6C 1 + 105 DENV-2 −/− (ND) 3.0/3.9 (7.9)* 3.7/4.0 (2.0)* −/− (ND) −/− (ND) −/− (ND)

Control
C1 Saline 1 + 105 DENV-2 −/− (ND) 3.2/3.3 (1.3) 4.0/4.0 (1.0) −/− (ND) −/− (ND) −/− (ND)
C2 Saline 1 + 105 DENV-2 −/− (ND) 3.4/3.3 (0.8) 4.3/4.3 (1.0) −/− (ND) −/− (ND) −/− (ND)
C3 Saline 1 + 105 DENV-2 −/− (ND) 4.6/4.5 (0.8) 3.7/3.9 (1.6) −/− (ND) −/− (ND) −/− (ND)
C4 Saline 1 + 105 DENV-2 −/− (ND) 4.5/4.4 (0.8) 3.6/3.8 (1.6) −/− (ND) −/− (ND) −/− (ND)

VN/VO ratio indicates the ratio of viremia titer determined by FcgR-expressing cells (VN) to viremia titer determined by BHK cells (VO), and – indicates viremia below detection levels (< 2.0
log10 PFU/mL). ND = not determined.
*VN/VO ratio ³ 2.0.

Figure 2. Anti-DENV and mouse IgG Ab levels in Ab-treated and untreated marmosets after DENV inoculation. (A) Mouse IgG Ab levels
after passive transfer of mouse mAbs and DENV challenge in marmosets. (B) Levels of marmoset anti-DENV IgM Abs and (C) levels of
marmoset anti-DENV IgG Abs. Black bars indicate marmosets in the mAb 4G2 Ab-treated group (group A), gray bars indicate marmosets in
the mAb 6B6C Ab-treated group (group B), and white bars indicate marmosets in the control (saline) group. P/N ratio ³ 2.0 was considered as Ab-
positive. †Values after mouse mAb treatment.
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marmosets were negative for mouse antibodies (Figure 2A
and Table 2). All six marmosets (A1–A3 and B1–B3) were
positive for mouse Ab: up to day 15 for mAb 4G2 and day 21
for mAb 6B6C.
Absence of marmoset anti-DENV IgM and IgG on days 0,

2, and 4 after DENV inoculation. Ab response after inocula-
tion with DENV was analyzed using IgM and IgG ELISA.
DENV-specific marmoset IgM was first detected on day 7 after
virus inoculation in control marmosets and those administered
with mAb 4G2 or mAb 6B6C (Figure 2B and Table 3). The
IgM Ab response in the mAb-administered groups was similar
to that in the control group and primary DENV infection.19,20

Anti-DENV IgG was first detected on day 11 in marmoset
C1 and day 15 in all marmosets administered with mAbs
(Figure 2C and Table 4). The IgG Ab response patterns in
groups A and B were similar to those in the control group and
marmosets with primary DENV infection.19,20 The results
indicate that DENV-specific marmoset IgG was absent on
days 2, 4, and 7 in all of the DENV-inoculated marmosets.
These results, along with those shown in Tables 1 and 2,
indicate that infectious DENV–Ab immune complex detected

on days 2, 4, and 7 was formed by administrated mouse mAb
and DENV.
Neutralizing Ab in marmosets after Ab administration and

DENV inoculation. Levels of neutralizing activity to the inoc-
ulated serotype (DENV-2) were assessed using BHK cells
and FcgR-expressing BHK cells (Table 5). Neutralizing activity
was detected in plasma samples from marmosets B1 and B2
on days 0, 2, and 4 but not in those from group A antibodies or
the control group. DENV-specific marmoset IgM and IgG
were not detected on days 0, 2, and 4 (Tables 3 and 4).Thus,
the results suggest that the neutralizing activity, which was
detected in B1 and B2 from days 0 to 4, occurred because of
the administration of mAb 6B6C. Neutralizing activity was
detected from day 7 in the marmosets of groups A and B
and the control group, possibly reflecting marmoset DENV-
specific Ab responses.
Limited effect of administration of a DENV infection-

enhancing mAb in marmosets.Mean peak viremia in all three
groups was comparable using BHK and FcgR-expressing
BHK cells (PBHK = 0.08, PFcgR-BHK = 0.26; Kruskal–Wallis
test). Mean peak viremia between marmosets (A1–A3) that
were passively transferred with mAb 4G2 (BHK = 4.0 log10
PFU/mL, FcgR-expressing BHK cells = 4.1 log10 PFU/mL)
and control marmosets (C1–C4) administered with saline and
then inoculated with DENV-2 was comparable (BHK =
4.4 log10 PFU/mL, FcgR-expressing BHK cells = 4.3 log10
PFU/mL, PBHK = 0.23, PFcgR-BHK = 0.46; Mann–Whitney
test). The mean peak viremia for marmosets passively trans-
ferred with mAb 6B6C was 3.6 log10 PFU/mL using BHK
cells and 3.6 log10 PFU/mL using FcgR-expressing BHK cells
(PBHK = 0.09 and PFcgR-BHK = 0.14, respectively, compared
with control; Mann–Whitney test). The levels of DENV-2
RNA among the three groups on days 2–7 were comparable
(P = 0.06; Kruskal–Wallis test) (Figure 1D and Table 6). IgM
Ab responses increased rapidly from day 7, and levels of
DENV-specific IgM in the three groups were comparable
(Pday7 = 0.09; Kruskal–Wallis test) (Table 3). Marmoset IgG
Ab response was detected on days 15 and 21, and the levels of
specific IgG in the three groups were also comparable
(Pday15,21 = 0.48; Kruskal–Wallis test) (Table 4). The results
suggest that the effects of DENV–mAb immune complex on

Table 2

Concentration of mouse IgG Ab in plasma samples from marmosets
before and after passive transfer of the Ab

Animal identification

Concentration of mouse IgG Ab (ng/mL) days after inoculation

0 0* 2 4 7 11 15 21

Group A (mAb 4G2)
A1 − 258 118 − 3 − 15 −

A2 − 289 70 9 − − − −

A3 − 5 141 130 5 − − −

Group B (mAb 6B6C)
B1 − 1,789 177 419 512 299 6 −

B2 − 730 1,365 192 410 ND − −

B3 − 357 579 871 269 250 20 61
Control (saline)
C1 − − − − − − − −

C2 − − − − − − − −

C3 − − − − − − − −

C4 − − − − − − − −

Mouse IgG concentrations below detection levels (< 2.0 ng/mL) are indicated by –. ND =
not determined.
*Values after Ab or saline administration.

Table 3

IgM Ab responses in marmosets on passive transfer of mAb and
inoculation with DENV-2

Animal identification

Days after inoculation

0 0* 2 4 7 11 15 21

Group A (mAb 4G2)
A1 0.4 0.4 0.5 0.5 2.9† 8.8† 9.3† 8.5†
A2 0.3 0.3 0.2 0.3 4.3† 8.6† 8.4† 6.5†
A3 0.4 0.5 0.2 0.4 3.1† 8.6† 8.6† 7.2†

Group B (mAb 6B6C)
B1 0.3 0.4 0.3 0.3 1.1 7.5† 8.9† 7.4†
B2 0.4 0.5 0.2 0.5 3.1† ND 9.3† 9.1†
B3 0.5 0.6 0.2 0.4 3.8† 8.4† 8.8† 8.1†

Control (saline)
C1 0.3 0.5 0.3 0.3 4.5† 9.0† 9.0† 8.2†
C2 0.3 0.4 0.3 0.4 4.8† 9.2† 9.0† 9.0†
C3 0.3 0.3 0.3 0.3 4.7† 9.0† 8.9† 8.0†
C4 0.4 0.5 0.5 0.4 3.1† 9.1† 8.8† 7.8†

ND = not determined.
*Values after Ab or saline administration.
†Positive detection of DENV IgM (P/N ³ 2.0).

Table 4

IgG Ab responses in marmosets on passive transfer of mAb and
inoculation with DENV-2

Animal identification

Days after inoculation

0 0* 2 4 7 11 15 21

Group A (mAb 4G2)
A1 0.9 0.8 0.9 0.9 0.9 1.2 2.1† 2.6†
A2 1.2 0.9 1.0 0.9 1.0 1.2 1.8 2.4†
A3 1.1 0.9 0.9 0.9 1.0 1.5 2.3† 2.6†

Group B (mAb 6B6C)
B1 0.9 0.8 0.9 0.9 1.0 1.3 2.0† 2.5†
B2 0.9 0.8 0.8 0.8 0.9 ND 1.8 2.6†
B3 1.0 0.9 0.9 0.9 0.9 1.3 1.8 2.4†

Control (saline)
C1 1.0 1.0 1.0 1.0 1.2 2.1 2.9† 3.1†
C2 1.0 0.9 0.9 1.0 1.3 1.7 2.2† 2.8†
C3 1.0 0.8 0.8 0.8 0.9 1.4 1.8 2.1†
C4 1.0 0.7 0.7 0.8 1.0 1.4 2.1† 2.6†

ND = not determined.
*Values after Ab or saline administration.
†Positive detection of DENV IgM (P/N ³ 2.0).
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the levels of viremia and IgM and IgG immune responses
were limited in this study.

DISCUSSION

DENV–immune complex formation in vivo contributes to
viral replication, and the presence of the immune complex
triggers an array of effector cells and pathways through FcgR,
ultimately leading to severe dengue disease.27–31 In the
absence of an anamnestic immune response, passive Ab trans-
fer, including maternal Abs, is speculated to be more effective
at enhancing DENV infection than infection-acquired immu-
nity.12,32 However, the presence of DENV–immune complex
formation in vivo has not been fully defined. In this study,
DENV infection-enhancing mAbs were passively transferred
to marmosets to determine the formation of DENV–Ab
immune complex in vivo and the effects of these antibodies
on DENV infection. Ab was administered at concentrations
that showed ADE in vitro. In plasma samples from marmo-
sets passively transferred with infection-enhancing mAb, we
showed the formation of infectious DENV–Ab immune com-
plex before the induction of DENV-specific IgM and IgG
antibodies. The results suggest that the DENV–Ab immune
complex develops on passive administration of infection-
enhancing Abs.

There have been other attempts to show ADE of DENV
infection in non-human primate models using sequential
infection with heterologous serotypes. Primates with sequential
heterotypic DENV-2 infection (mean peak viremia = 2.8 + 103
PFU/0.5 mL) have been shown to have higher titers of viremia
compared with primates with primary DENV-2 infection
(mean peak viremia = 2.4 + 102 PFU/0.5 mL; P < 0.001).17 In
marmosets, infectious virus–Ab complex has been detected
using FcgR-expressing cells during sequential secondary heter-
ologous infection.20 These findings concerning secondary infec-
tion are concurrent with the results of this study, which shows
the formation of DENV–Ab immune complex in vivo with
passively acquired DENV cross-reactive infection-enhancing
Abs. The results of this study are also concurrent with a study
on secondary infection in human dengue patients,11 in which
viremia levels were found to be higher using FcgR-expressing
cells than BHK cells.
In other non-human primate models of passive Ab transfer,

peak viremia range was higher in primates passively immu-
nized with chimpanzee–human chimeric Ab (passive transfer
group viremia range = 0.58–2.76 log10 focus forming units
(FFU)/mL; control group viremia = 0.40 log10 FFU/mL)16

and human sera from dengue patients (passive transfer group
viremia range = 2.7–4.2 log10 PFU/mL; control group peak
viremia range = 2.0–2.9 log10 PFU/mL).33 In this study, levels

Table 5

Neutralizing Ab titers to inoculated DENV-2 (DHF0663 strain) in marmosets using BHK and FcgR-expressing BHK cells

Animal identification

Days after inoculation (PRNT50 titers by BHK, FcgR-expressing BHK cells)

0* 2 4 7 11 15 21

Group A (mAb 4G2)
A1 < 10, < 10 < 10, < 10 < 10, < 10 10, 10 10, 10 10, 10 20, 10
A2 < 10, < 10 < 10, < 10 < 10, < 10 10, < 10 10, 20 10, 10 10, ND
A3 < 10, < 10 < 10, < 10 < 10, < 10 10, < 10 20, 20 10, 10 10, 10

Group B (mAb 6B6C)
B1 10, < 10 10, < 10 10, < 10 10, < 10 10, 10 ND, 10 40, 10
B2 10, < 10 10, < 10 < 10, < 10 < 10, < 10 ND, ND 10, 10 40, 10
B3 < 10, < 10 < 10, < 10 10, < 10 10, < 10 10, 20 20, 10 10, ND

Control (saline)
C1 < 10, < 10 < 10, < 10 < 10, < 10 < 10, < 10 20, 20 10, 10 20, 10
C2 < 10, < 10 < 10, < 10 < 10, < 10 10, 10 ND, ND 10, 10 160, 10
C3 < 10, < 10 < 10, < 10 < 10, < 10 10, < 10 ND, ND 10, 10 40, 20
C4 < 10, < 10 < 10, < 10 < 10, < 10 10, < 10 ND, ND 10, 10 80, 40

Results are shown as reciprocal of the highest plasma dilution (end-point titer) that results in < 50% input of plaque count and were expressed as PRNT50 values. ND = not determined because
of low sample volumes.
*Values after Ab or saline administration.

Table 6

Levels of dengue viral RNA in plasma samples from marmosets treated with mouse Ab or saline and inoculated with DENV-2

Animal identification Administered Ab/saline Inoculated virus dose (PFU/dose)

Dengue viral RNA copy numbers (log10 copies/mL) days after inoculation

0* 2 4 7 11 15

Group A
A1 mAb 4G2 1 + 105 DENV-2 − 6.0 6.9 5.7 − −

A2 mAb 4G2 1 + 105 DENV-2 − 6.3 6.5 4.6 − −

A3 mAb 4G2 1 + 105 DENV-2 − 5.9 6.4 4.9 − −

Group B
B1 mAb 6B6C 1 + 105 DENV-2 − 5.5 5.9 5.5 − −

B2 mAb 6B6C 1 + 105 DENV-2 − 6.0 6.4 6.0 − −

B3 mAb 6B6C 1 + 105 DENV-2 − 6.0 6.4 4.6 3.6 −

Control
C1 Saline 1 + 105 DENV-2 − 6.2 6.7 5.4 4.0 −

C2 Saline 1 + 105 DENV-2 − 6.4 6.9 4.5 − −

C3 Saline 1 + 105 DENV-2 − 6.3 6.6 4.7 3.6 −

C4 Saline 1 + 105 DENV-2 − 6.2 6.7 4.7 3.2 −

Viral RNA below detection levels is indicated by –.
*Levels of viral genome were quantitated using plasma samples from marmosets after passive transfer of mouse mAb but before DENV inoculation.
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of viremia were comparable between marmosets passively
transferred with infection-enhancement Ab and non-treated

marmosets, although the peak viremia titer in both infection-
enhancement Ab-treated and non-treated marmosets (peak

viremia range = 3.3–4.6 log10 PFU/mL) in this study was
higher than those of macaques treated with infection-enhancing

chimeric Ab.16 Additional studies using Abs with infection-
enhancing activities and Abs originating from primates are

needed to clarify the factors contributing to overall higher
viremia titers in the presence of virus–Ab immune complex

in vivo. Because Callithrix jacchus marmosets possess Ig
receptors, including FcgRs and leukocyte immunoglobin-like

receptors (LILRs),34 the marmoset model is potentially useful
in ADE and therapeutic Ab studies.35,36 Our results confirm

that DENV cross-reactive antibodies form virus–Ab immune
complexes in vivo and that these immune complexes are

infectious only to FcgR-bearing cells. Our results also concur
with those of prior studies, which show that infectious virus–

Ab immune complexes occur in the presence of DENV cross-
reactive infection-enhancing Abs before DENV infection

or with transfer of maternal Ab. Overall, our results sug-
gest the feasibility of the marmoset model for elucidating

the role of DENV–Ab immune complex in vivo. Together
with our earlier studies on primary and sequential DENV

infection in marmosets, our results also suggest that the mar-
moset model could prove useful for studies on the immune

response after passive Ab transfer and as a model for thera-
peutic Ab studies.
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