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The goal of this study was to compare the immune response and the protection capacity induced by the
dengue virus 2 (DENV-2) American and Asian genotypes in Macaca fascicularis monkeys. Animals were infected
with American or Asian DENV-2 strains and challenged 1 year later with a DENV-2 Asian genotype strain. The
viremia and monkey antibody levels were similar for the different strains after primary and secondary
infection; however, the functionality of the antibody response was different. A limited viral replication was
demonstrated after the secondary infection in all the monkeys. No virus was isolated in tissue culture, while
reverse transcription-PCR showed a late positive reaction in four of five challenged monkeys. The immuno-
globulin M response pattern and the detection of antibodies to specific proteins by Western blotting supported
the protection data. Despite the demonstration of the protective effect after homologous challenge, a strong
anamnestic antibody response was observed.

Dengue fever and dengue hemorrhagic fever/dengue shock
syndrome (DHF/DSS) are caused by any of four closely related
but antigenically distinct dengue virus (DENV) serotypes
(DENV-1, DENV-2, DENV-3, and DENV-4). Currently, den-
gue fever/DHF is the most important mosquito-borne viral
disease affecting humans, and an estimated 2.5 billion people
live in areas at risk of epidemic transmission (14).

Infection with one of these serotypes does not provide long-
lasting cross-protective immunity. In addition, preexisting anti-
body titers against DENV can enhance the severity of the disease
during subsequent exposure to different serotypes (12, 15, 42).
Important risk factors for DHF/DSS include the strain and the
serotype of the virus involved, as well as the age, the immune
status, the sequence of infection, and the genetic predisposition of
the individual (5, 11, 28). Antibody-dependent enhancement and
viral virulence are two of the major mechanisms proposed to
explain DHF/DSS (20, 41). Molecular, clinical, and epidemiolog-
ical studies suggest that virus genotypes and particularly certain
virus mutations are of importance in the final outcome of the
disease (9, 31, 37).

Among DENV-2 strains, the Asian and the American geno-
types are of interest. The former has been associated with
DHF/DSS during secondary heterotypic infections both in
Southeast Asia and in the American regions, and the latter,
demonstrated in the Americas since 1953, has been associated
only with mild disease. American genotype viruses show ge-
netic differences from Asian viruses that correlate with the

reduced pathogenicity (31). Most notably, these viruses differ
at amino acid envelope 390, a known virulence determinant
(31); in their ability to replicate in monocyte-derived macro-
phages (35, 37); and in the sequence (and hence secondary
RNA structure) of the 3� untranslated region (31), which has
been shown to correlate with virulence in DENV (34). It has
been also proposed that American genotype viruses are less
able to replicate in Aedes aegypti than viruses of Asian origin,
so the latter may be more transmissible (2).

The lack of an animal model reproducing the severe DENV
disease has hampered the identification of the pathogenic
mechanisms implicated in the progression to DHF/DSS. How-
ever, the usefulness of the monkey model to study the immune
response to DENV has been demonstrated (16–19). In spite of
the fact that monkeys do not show disease symptoms, the
antibody responses in monkeys are qualitatively similar to
those in human patients, and they become viremic after sub-
cutaneous inoculation with live DENV, although in many in-
stances the antibody titers and/or duration of viremia in hu-
mans is greater (23). Currently, this model is widely employed
in pathogenicity and vaccine investigations (4, 26, 32).

The implications of the molecular differences among geno-
types in induced immunity have not been extensively studied.
Studies with mice suggested a different humoral immune pat-
tern after primary inoculation with the Asian and the Ameri-
can DENV-2 genotypes (3). However, whether the immunity
induced against one genotype is able to protect against subse-
quent homotypic infections by strains of different genotypes is
unknown.

In this study, the virological and humoral immune responses
induced by the DENV-2 American and Asian genotypes in
primary-inoculated Macaca fascicularis monkeys was com-
pared. In addition, the protection after a secondary homotypic
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infection with the same and different genotypes of the primary
infection was evaluated.

MATERIALS AND METHODS

Cells and viruses. African green monkey kidney (Vero cells) and baby hamster
kidney (BHK-21) cells were grown at 37°C in 199 medium and Eagle’s minimal
essential medium, respectively, both supplemented with 10% heat-inactivated
fetal bovine serum (HFBS). The Aedes albopictus cell line C6/36-HT was grown
at 33°C in Eagle’s minimal essential medium supplemented with 10% HFBS, 1%
nonessential amino acids, and 1% glutamine solution (200 mM).

DENV-2 strain A15 (isolated in Cuba during the 1981 epidemic) (27) and
DENV-2 strain Jamaica (1329TVP965), both classified as Asian genotype (13,
37), and DENV-2 strain I348600, isolated in Colombia in 1986 and classified as
American genotype (37), were used for the inoculation of monkeys. The passage
history of these strains is shown in Table 1. Viral stocks were prepared in
C6/36-HT cells, removing the supplemented culture medium of the infected cells
when a cytopathic effect was observed and replacing it with fresh medium with-
out HFBS. The supernatant was harvested when the cytopathic effect covered
80% of the monolayer, stored at �80°C, and titrated by viral plaque formation
on BHK-21 cells.

Supernatants from C6/36-HT cells infected with the aforementioned strains
and supernatant from noninfected cells as mock antigen were employed as
antigens for enzyme-linked immunosorbent assay (ELISA), Western blotting
(WB), and plaque reduction neutralization test (PRNT). The PRNT was also
performed with strains DENV-1 Jamaica (isolated in 1977), DENV-3 116/00
(isolated during the 2000 Cuban outbreak), and DENV-4 Dominica (isolated in
1981).

The standard DENV strains DENV-1 Hawaii, DENV-2 New Guinea C,
DENV-3 H87, and DENV-4 H241, grown in suckling mouse brain and extracted
by the sucrose-acetone method, were used for the hemagglutination inhibition
(HAI) assay (8). This DENV-2 stock was also employed for immunoglobulin M
(IgM) capture ELISA.

Strains DENV-1 Jamaica, DENV-2 Jamaica, DENV-2 I348600, and DENV-4
Dominica were donated by the late Robert Shope.

Monkey inoculation. Five adult Macaca fascicularis monkeys seronegative for
DENV were used in this study. The animals were inoculated twice by the
subcutaneous route at an interval of 1 year. Monkeys I, II, and III were primarily
inoculated in the left arm with 4 log10 PFU of the DENV-2 A15 strain, monkey
IV with the DENV-2 Jamaica strain, and monkey V with the DENV-2 I348600
strain (Table 1). One year later, all monkeys were secondarily inoculated with 4
log10 PFU of the DENV-2 A15 strain. After the first and the second viral
inoculations, blood samples were collected daily for 10 days to detect viremia and
to evaluate the generation of specific antibodies over time. For serological
studies, three additional blood samples were taken at days 15, 30, and 60.

Before each handling, animals were anesthetized intramuscularly with Keta-
mine hydrochloride. The maintenance and care of experimental animals com-
plied with the Cuban guidelines for the humane use of laboratory animals.

Viremia detection. Viral isolation was performed by inoculating 100 �l of
undiluted serum onto Vero cells grown in 24-well plates, shaking the plates for
1 h at 37°C, and then centrifuging the plates as previously described (22, 38).
Fresh supplemented medium was added to the wells, and after 7 days of incu-
bation, cells were tested by an indirect immunofluorescence technique using
monoclonal antibodies (MAbs) specific for DENV (21). Samples were subjected
to three blind passages in the same cell culture before being considered negative.

The presence of viral RNA was assessed by qualitative RNA reverse transcrip-

tion-PCR (RT-PCR). RNA was extracted from 250 �l of serum samples using
the Trizol procedure according to the manufacturer’s instructions (Gibco-BRL).
RT and cDNA amplification were performed as previously described (30, 40).

Serological studies. The anti-DENV antibodies developed after virus inocu-
lations were evaluated by ELISA, PRNT, HAI, and WB.

The anti-DENV IgG antibodies in each individual serum sample were titrated
by ELISA against the three DENV-2 strains. Maxisorp 96-well plates were
coated with MAb 4G2 (ATCC), which recognizes the flavivirus E protein (22).
Three washes with phosphate-buffered saline containing 0.05% Tween 20
(Merck, Germany) were completed after each step of the ELISA. Plates were
blocked with 2% bovine serum albumin and then incubated overnight at 4°C with
a saturating concentration of DENV antigen and the mock antigen in separate
wells. Twofold-diluted serum samples were incubated 1 h at 37°C with either the
DENV or the mock antigen. Anti-monkey IgG-peroxidase conjugate (Sigma)
diluted 1/10,000 was incubated for 1 h at 37°C. H2O2–ortho-phenylenediamine
was added as the substrate solution and left for 30 min. Optical densities (OD)
were measured at 492 nm. A dilution of serum was considered positive when the
ratio of the OD with DENV antigen to that with mock antigen was 2 or higher.

Anti DENV-2 IgM antibodies were determined by an IgM capture ELISA.
Maxisorp 96-well plates were coated with affinity-purified anti-human IgM de-
veloped in goat serum (Sigma). Once plates were blocked with 2% bovine serum
albumin, 1/10-diluted monkey serum samples were incubated for 2 h at room
temperature in four wells of the plate. A saturated concentration of DENV-2 was
added and left overnight at 4°C in two of the four wells, and in the other two wells
a mock antigen preparation was added as a negative antigen control. Later,
1/2,000-diluted anti-DENV-2 hyperimmune mouse ascitic fluid was incubated for
1 h at 37°C, followed by a similar incubation with 1/4,000-diluted anti-mouse
Ig-peroxidase conjugate (Amersham, United Kingdom). As the substrate solu-
tion, H2O2–ortho-phenylenediamine was added and left for 30 min. A serum
sample was considered positive when the ratio of the OD with DENV antigen to
that with mock antigen was 2 or higher.

The PRNT was performed with BHK-21 cells as described by Morens et al.
(33) with some modifications (1). The serum dilution that resulted in a 50%
reduction of plaque count, as determined by probit analysis, was considered the
end point titer. The HAI test was performed as described earlier (8). The sera
were treated with acetone and adsorbed with goose erythrocytes. HAI antibody
titers were estimated as the highest serum dilution which resulted in the com-
plete inhibition of hemagglutination produced by 8 hemagglutinating units of
DENV.

In addition, sera collected 30 days after the first and second virus inoculations
were tested by WB to determine the protein specificity of the antibodies elicited.
Supernatant from DENV-infected Vero cells was mixed with the sample buffer
(without �-mercaptoethanol) for sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and heated for 5 min at 80°C as previously described (7). The
mixture was loaded onto a 10% polyacrylamide gel; electrophoresis and blotting
were assessed as described previously (29, 44). After blocking with 5% skim milk
for 1 h at room temperature, the nitrocellulose membrane was cut to strips and
incubated overnight at 4°C with 1/50-diluted monkey sera. DENV-2 proteins
were identified with MAbs and polyclonal antibodies: MAb 3H5 and 4G2 (anti-E
Flaviviridae family; ATCC) to the E protein, MAb 2H2 to the PrM/M protein
(10), MAb 8H8 to the core protein (C) (36), murine polyclonal antiserum to the
recombinant DENV-2 nonstructural 3 protein (NS3), and DENV-2 hyperim-
mune mouse ascitic fluid. Finally, the strips were incubated with a 1/1,000
dilution of goat anti-monkey IgG-peroxidase conjugate (Sigma) or goat anti-
mouse IgG-peroxidase conjugate (Amersham) as control strips for 1 h at 37°C.

TABLE 1. Viremia in monkey sera after primary and secondary DENV-2 infections as estimated by viral isolation and RT-PCR

Monkey Strain used for
primary inoculation Passage historya

Viremia on the indicated day afterb:

Primary infection Secondary infection

1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10

I DENV-2 A15 4 MB, 2 C6/36 �, � �, � �, � � � �
II DENV-2 A15 4 MB, 2 C6/36 � � �, � �, � � �
III DENV-2 A15 4 MB, 2 C6/36 � � �, � �, � �, � �
IV DENV-2 Jamaica 3 M, 5 C6/36 �, � �, � �, � �
V DENV-2 I348600 ? M, 5 C6/36 �, � �, � �, � � � �

a MB, mouse brain; M, mosquitoes; C6/36, C6/36-HT cells.
b �, positive by RT-PCR; �, positive by viral isolation. Days of inoculation and challenge were considered day zero.
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Bands were visualized using H2O2–3,3-diaminobenzidine tetrahydrochloride as
the substrate.

RESULTS

Development of viremia. The mean viremia duration after
primary infection as estimated by viral isolation was 2.6 days
for monkeys inoculated with strain A15 and 3 days for monkeys
inoculated with strain Jamaica or I348600 (Table 1). Using
RT-PCR, nucleic acid that was assumed to represent viremia
was detected. According to RT-PCR, the mean viremia dura-
tion in animals inoculated with strain A15 was 5.3 days, while
viremia lasted 3 and 5 days in monkeys inoculated with strain
Jamaica or I348600, respectively (Table 1). The onset of vire-
mia was first detected at days 2 and 3 by RT-PCR and virus
isolation, respectively. The positive RT-PCR at day 1 was not
assumed to indicate viremia.

After secondary infection no virus was isolated in any of the
studied samples. A positive RT-PCR was observed late for all
the animals with the exception of monkey III.

Antibody response. Specific IgM antibodies were detected in
monkeys I, II, III, and IV at days 7 to 60 after primary inoc-
ulation. However, specific IgM antibodies were negative at day
30 in serum from monkey V. Peak IgM levels were attained at
day 15 after primary infection, and the levels were similar
among monkeys with the exception of monkey I, which showed
a lower value. After secondary infection, anti-DENV IgM an-
tibodies were detected at day 5 or 6, lasting between 15 and 60
days (Fig. 1). In contrast to the case for the primary infection,
very low levels of IgM antibodies were detected in all animals

after secondary infection. It was noteworthy that monkey III
was still positive for IgM antibodies 1 year after the primary
infection and in addition remained positive 60 days after the
secondary infection.

After primary infection, high titers of anti-DENV-2 specific
IgG antibodies were observed in all monkeys, with maximum
levels at between 15 and 60 days (Fig. 2). After secondary
infection, the antibody titers showed a fast increase, reaching
plateau levels at between 6 and 15 days.

HAI antibodies to DENV-2 showed the highest titers at day
15 after primary infection (Table 2). A wider cross-reactivity to
DENV-1, -3, and -4 was observed in sera from monkeys inoc-
ulated with strain A15. In contrast, strains Jamaica and
I348600 induced cross-reactive antibodies only to DENV-4.
Cross-reactive antibodies decreased quickly, while DENV-2-
specific antibodies were maintained over time. After secondary
infection, both homologous and heterologous antibodies rap-
idly increased in all the animals; however, while the former
remained elevated, the latter decreased by day 60.

Low titers of anti-DENV-2 neutralizing antibodies were de-
tected at day 60 after primary inoculation (Table 3). It was
noteworthy that neutralizing antibodies generated in monkeys
first inoculated with strain A15 did not recognize strain Ja-
maica, with the exception of monkey I. After secondary infec-
tion, an increase in anti-DENV-2 neutralizing antibodies was
observed. Monkeys infected twice with strain A15 showed sim-
ilar neutralizing-antibody titers to the three strains. However,
the neutralizing-antibody titers in sera from animals first in-
fected with strain Jamaica or I348600 were lower against strain
A15. After primary and secondary infections, neutralizing an-
tibodies to DENV-1, -3, and -4 were not found.

It was remarkable that HAI and neutralizing-antibody titers
to the homologous serotype increased more than four times
between the sera collected at days 0 and 10 after virus chal-
lenge (Tables 2 and 3).

After primary infection, antibodies to both structural and
nonstructural DENV proteins were detected by WB (Fig. 3).
Sera recognized the envelope (E) protein and the nonstruc-
tural proteins NS1 and NS3 of the three DENV-2 strains
independent of the strain used in the inoculation, with the
exception of monkey III, for which the signal detected to NS3
was very slight after primary infection and absent after second-
ary infection. The antibody levels to the nonstructural proteins
after secondary infection were lower than those after the first
inoculation.

DISCUSSION

It is accepted that a primary infection with one DENV
serotype induces long-term protective immunity to reinfection
with the homologous serotype (42). However, the huge resur-
gence of illness caused by DENV in the tropical and subtrop-
ical areas of the world has been characterized by the increased
movement of DENV, including genotypes, among countries
and by a rise in DENV diversity and hyperendemic transmis-
sion. In this context, individuals would be secondarily infected
by the same serotype, including similar or different genotypes.
Few studies have focused on this issue and particularly on the
virological and immunological responses associated with ho-
mologous secondary infections. Taking into account that mon-

FIG. 1. Kinetics of IgM antibodies after primary (A) and secondary
(B) infections. After challenge, days were renumbered, starting at 1.
Values were considered positive when the ratio of the OD with DENV
antigen to that with mock antigen was 2 or higher.
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keys provide the closest model of human DENV infection,
Macaca fascicularis monkeys were used to compare the immu-
nogenicities and the homotypic protective capacities associated
with three DENV-2 strains clustered in the American and
Asian genotypes.

After primary infection, all the animals inoculated either
with the American or Asian DENV-2 strains developed vire-
mia with comparable durations. Similar durations of viremia
have been previously reported by Halstead et al. (16) in mon-
keys inoculated with DENV-2 strains.

Recent studies suggested that DENV-2 strains of the Amer-
ican genotype have a lower replication capacity in Aedes aegypti
mosquitoes than strains of the Asian genotype (4). Although
the onset and duration of viremia were similar for the Amer-
ican and Asian genotypes, we cannot exclude the presence of
differences between them because the viral load was not stud-
ied. Nevertheless, even if differences in viral load among the
strains after primary infection in monkeys were possible, the
similar durations of viremia suggest that they were not signif-
icant. However, the American genotype strain was able to
induce viremia during the primary infection, in contrast to the
results reported by Kochel et al. (26). Those authors could not
demonstrate viremia by cell culture inoculation in six Aotus
nancymae monkeys inoculated with 4 log10 PFU of a DENV-2
American strain (26).

The analysis of the antibody response during the primary
infection confirmed the immunogenic properties of the three
DENV-2 strains studied. The kinetics of anti-DENV IgM in
infected monkeys has not been widely studied. IgM antibodies
developed in all infected animals after primary infection, and
the antibody levels induced were similar between genotypes.
The titers of HAI antibodies, similar to previous observations,
were usually higher and detected earlier in response to the
homologous virus than to the other three serotypes after pri-
mary infection (16). The HAI antibody response induced by
each strain after primary infection was different in the cross-
reactive capacity to serotypes 1 and 3. Our results were similar
to previous reports that showed prominent crossing of antisera
to DENV-2 with DENV-4 antigens (18).

The widest cross-serotype reactivity noted for anti-DENV-2
A15 sera (as estimated by HAI assay) and also the rapid
decrease over time of these cross-reactive antibodies were re-
markable. Whether these observations are related to a higher
pathogenic capacity of this strain is not known; however, it is
important to mention that this strain was isolated during an
epidemic in which more than 10,000 DHF/DSS cases, mostly
with a secondary heterotypic infection, were reported (13).
The DENV-2 A15 strain shows several amino acid differences
in the E protein compared to the DENV-2 I348600 and Ja-
maica strains (M.G. Guzmán and D. Rosario, unpublished

FIG. 2. Kinetics of IgG antibodies induced after primary and secondary infections as detected by ELISA. Kinetics of specific antibodies to strain
A15 (}), strain Jamaica (Œ), and strain I348600 (f) are shown. After challenge, days were renumbered, starting at 0. Arrows indicate the days of
primary and secondary infections.
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data). It is known that the E glycoprotein represents the dom-
inant virus antigen involved in virus attachment, virus-specific
membrane fusion in acid pH endosomes and the induction of
the protective immune response, including HAI and neutral-
izing antibodies (6, 39).

After primary infection, low levels of homologous neutral-

izing antibodies were detected late in all animals. Previous
studies showed earlier and higher neutralizing activity in Aotus
nancymae monkeys primarily infected with either DENV-2
American or Asian genotype strains. In addition, low levels of
neutralizing antibodies to the Asian strain were reported in
sera from monkeys inoculated with the American strain (26).

TABLE 2. HAI antibody titers in serum samples collected after primary and secondary DENV-2 infections

Strain used in HAI test Monkey

Reciprocal HAI antibody titera on the indicated day after:

Primary infection Secondary infection

10 15 60 0 5 10 60

DENV-1 Hawaii I �10 40 �10 �10 10 80 20
II �10 20 10 �10 20 40 �10
III �10 40 10 �10 20 80 10
IV �10 �10 �10 �10 �10 20 10
V �10 �10 10 �10 20 80 10

DENV-2 New Guinea C I �10 20 20 40 160 1,280 (32) 320
II �10 160 80 40 320 320 (8) 80
III 20 160 80 80 320 2,560 (32) 160
IV 80 160 40 40 320 640 (16) 320
V 40 40 40 40 320 2,560 (64) 160

DENV-3 H87 I �10 �10 �10 �10 10 80 40
II �10 10 �10 �10 20 40 10
III �10 20 �10 �10 20 160 20
IV �10 �10 �10 �10 10 40 20
V �10 �10 �10 �10 40 160 20

DENV-4 H241 I 10 20 10 �10 20 160 20
II �10 80 20 �10 40 80 20
III �10 80 40 10 40 160 40
IV �10 20 �10 �10 20 80 20
V �10 20 �10 �10 40 320 20

a Data represent the reciprocal HAI antibody titers estimated as the highest serum dilution that resulted in the complete inhibition of hemagglutination produced
by 8 hemagglutinating units. Values in parentheses indicate the fold increase in the homologous titer at day 10 following challenge with respect to the titer detected
at the day of challenge (day 0).

TABLE 3. Neutralizing antibodies to DENV-2 strains in sera collected after primary and secondary DENV-2 infections

Strain used in PRNT Monkey

Reciprocal neutralizing antibody titera on the indicated day after:

Primary infection, 60b
Secondary infection

0 5 10 60

DENV-2 A15 I 24 54 640 200 (3.7) 150
II 25 28 350 190 (6.7) 56
III 50 92 500 250 (2.7) 150
IV 100 25 98 200 (8) 230
V 17 25 240 720 (28.8) 130

DENV-2 Jamaica I 35 160 340 180 (0.06) 300
II �10 11 250 500 (45.4) 150
III �10 �10 260 1,100 (110) 230
IV 17 200 1,200 1,900 (9.5) 1,500
V 45 150 1,200 2,500 (16.6) 300

DENV-2 I348600 I 35 35 190 210 (6) 270
II 11 26 360 400 (15.3) 96
III 33 33 440 600 (18) 210
IV 12 36 1,100 1,100 (30.5) 140
V 16 78 100 660 (8.4) 38

a Data represent the reciprocal neutralizing antibody titers as detected by the PRNT, estimated by probit analysis, which reduced the number of plaques by 50%
compared with the viral control. Values in parentheses indicate the fold increase in the titer at day 10 following the challenge with respect to the titer detected at the
day of challenge (day 0).

b No neutralizing antibody titers were detected prior to day 60.
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Based on the development of viremia and on the rapid increase
of HAI antibodies in all monkeys, it was expected that neu-
tralizing antibodies would also be detected at this time. This
atypical behavior in the neutralizing antibody kinetics could
not be matched with individual viral load because it was not
possible to quantify viremia. Nevertheless, neutralizing anti-
bodies were detected in all animals at day 60 after primary
infection with either American or Asian DENV-2 strains, sug-
gesting a similar behavior among the inoculated monkeys. It
has been postulated that the development of neutralizing an-
tibodies depends on the virus replication levels and on the time
required for antibody maturation (24). Similar results were
obtained when mice were inoculated with several DENV-2
genotypes (3). The possibility of a technical mistake is minimal
because all samples were tested simultaneously by PRNT;
however, it is important to consider the limits of the DENV
neutralization assay in detecting low antibody levels.

The absence of neutralizing antibodies against DENV-2
strain Jamaica in sera collected from two monkeys inoculated
with DENV-2 strain A15 support previous studies with mice.
The preliminary studies could not demonstrate any neutraliza-
tion activity against an Asian DENV-2 strain (isolated during
the 1997 Cuban DHF/DSS epidemic) in sera collected from
mice immunized with the A15 strain (3). The explanation for
this finding remains unclear, but although both strains belong
to the same genotype, the A15 strain is closest to old Asian
strains, while the Cuban 1997 and Jamaica strains are closest to
new Asian strains. Differences in the amino acid sequences of
the E protein may be related to this finding.

Previously, Halstead et al. (16) studied the virological and
immunological responses in monkeys challenged with homol-
ogous virus. That approach focused on viral challenge up to 6
months after primary infection (16). Our study is the first in
which immune animals were challenged with homologous virus
of different genotypes and, in addition, the long-term homol-
ogous protection at 1 year was evaluated.

After secondary infection, no virus was isolated in tissue
culture. Comparable results have been previously obtained
after homologous challenge in DENV-1 and DENV-2 immune

monkeys and in individuals immunized with attenuated
DENV-1 and DENV-2 vaccines (19, 25).

The analysis by WB of the monkey sera collected after pri-
mary and secondary infections corroborated the viremia ob-
servations. After primary infection all sera strongly reacted
with the structural and nonstructural proteins, and after sec-
ondary infection the signal to nonstructural proteins de-
creased, indicating that the virus replication was quite limited.
The sera collected from the monkey with a negative RT-PCR
(monkey III) showed lower levels of anti-NS3 antibodies. A
possible role in the pathogenic mechanisms of the T-cell and
humoral responses to NS3 epitopes has been suggested (45,
46). Previous observations also showed an increase in the mor-
bidity and mortality of mice immunized with NS3 protein after
virus challenge (R. Ramirez et al., unpublished data).

An anamnestic antibody response was observed during the
secondary infection. A different IgM antibody pattern was ob-
served after secondary infection. All the monkeys secondarily
infected exhibited an earlier increase, lower levels, and shorter
duration of the IgM response than those with primary infec-
tion. Similar IgM kinetics after challenge have been correlated
with protection in animals immunized with recombinant pro-
teins (3a). In the early phase of the infection, high-affinity IgM
could be produced by non-class-switched IgM B cells having
memory functions (43), which could also explain the different
behavior of monkey IV. In addition, the low viral replication
levels demonstrated during the secondary infection could lead
to a limited availability of specific antigens to naive B cells and
hence to a lower IgM antibody response.

The homologous and heterologous HAI antibodies were
increased after secondary infection, but the DENV-2-specific
titers were at least twice higher. No differences in terms of
IgM, IgG, and HAI antibodies depending on the viral genotype
of the primary infection were identified. However, the mon-
keys inoculated with strains I348600 and Jamaica showed
lower neutralizing antibody titers against strain A15. The
greater divergence in the genomic sequence of strain A15
could explain its lower recognition.

According to previous reports, the evaluation of the sequen-

FIG. 3. WB analysis of serum antibody responses against DENV-2 proteins in monkeys after primary and secondary infections. A, B, and C
represent antibodies to strains DENV-2 A15, Jamaica, and I348600, respectively. Individual strips were used for testing serum collected 30 days
after primary (a) and secondary (b) infections for each monkey (I to V). Control strips: 1, anti DENV-2 hyperimmune mouse ascitic fluid; 2, MAb
3H5/4G2; 3, MAb 8H8; 4, MAb 2H2; 5, polyclonal antibodies to recombinant DENV-2 NS3 protein.
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tial administration of different DENV serotypes in monkeys
has shown solid protection after homologous challenge (16).
The lack of detectable viremia with a secondary HAI response
was classified as partial protection, while the lack of detectable
viremia with an absent or transient HAI response was consid-
ered evidence of solid protection (16). In contrast to the pre-
vious observations, we could not demonstrate sterile immunity
in the animals studied after homologous virus challenge 1 year
after the primary infection. According to the protection pat-
terns proposed by Halstead et al. (16), the low viral replication
(as detected by RT-PCR) and, even more, the strong anam-
nestic response demonstrated by the significant increase in the
antibody titers after challenge suggest a pattern of partial
rather than solid protection in our animals.

The implications of these interesting observations are of
importance in terms of disease and vaccination and deserve
careful studies. Perhaps the differences in the response ob-
served after secondary infection compared to the previous
report by Halstead et al. (16) are a function of the long interval
before homologous virus challenge (1 year after primary infec-
tion) or the animal species employed here. In order to evaluate
the half-life of the immunity induced after a DENV-2 infec-
tion, experiments providing homologous challenge at 3 and 6
months and testing with other animal species should also be
performed.

In summary, the main conclusions of this study are that (i)
even when the three strains induced similar viremia and anti-
body levels after primary and secondary infections, the func-
tionalities of such antibody responses were different, and (ii)
there was protection after homologous challenge although a
strong anamnestic antibody response occurred.
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