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Dengue virus (DEN) causes dengue fever and dengue hemorrhagic fever/dengue shock syndrome, which are
major public health problems worldwide. The immune factors that control DEN infection or contribute to
severe disease are neither well understood nor easy to examine in humans. In this study, we used wild-type and
congenic mice lacking various components of the immune system to study the immune mechanisms in the
response to DEN infection. Our results demonstrate that alpha/beta interferon (IFN-o/3) and IFN-y receptors
have critical, nonoverlapping functions in resolving primary DEN infection. Furthermore, we show that
IFN-a/f3 receptor-mediated action limits initial DEN replication in extraneural sites and controls subsequent
viral spread into the central nervous system (CNS). In contrast, IFN-y receptor-mediated responses seem to
act at later stages of DEN disease by restricting viral replication in the periphery and eliminating virus from
the CNS. Mice deficient in B, CD4™ T, or CD8™" T cells had no increased susceptibility to DEN; however, RAG
mice (deficient in both B and T cells) were partially susceptible to DEN infection. In summary, (i) IFN-o/f3 is
critical for early immune responses to DEN infection, (ii) IFN-y-mediated immune responses are crucial for
both early and late clearance of DEN infection in mice, and (iii) the IFN system plays a more important role

than T- and B-cell-dependent immunity in resistance to primary DEN infection in mice.

Dengue virus (DEN) is a member of the Flavivirus genus in
the Flaviviridae family of single-stranded, positive-polarity, en-
veloped RNA viruses. DEN causes dengue fever (DF) and
dengue hemorrhagic fever/dengue shock syndrome (DHF/
DSS), the most common mosquito-borne viral illnesses in hu-
mans (3, 5). An estimated 50 million new cases of DF and over
250,000 cases of DHF/DSS occur per year in the subtropical
and tropical regions of the world (3). Typically, individuals with
primary infection by any one of the four distinct DEN sero-
types develop DF, an acute febrile illness with arthralgia, my-
algia, and headache (13). In some cases, individuals with pri-
mary infection or secondary infection by a different serotype
may develop the severe, life-threatening form of DF, called
DHE/DSS, with increased vascular permeability, thrombocyto-
penia, focal or generalized hemorrhages, and shock in cases of
DSS (15). A small subset of DHF/DSS patients also exhibit
severe central nervous system (CNS) symptoms, such as re-
duced consciousness, convulsions, and encephalitis (4, 44, 50).
Currently, no specific treatment for or vaccines against DEN
exist, despite an increase in the geographic distribution of the
DEN-transmitting Aedes aegypti and Aedes albopictus mosqui-
toes, the cocirculation of different DEN serotypes, and the
increased frequency of DEN epidemics (14, 45). Thus, dengue
is an emerging disease and a major public health concern.

At present, the mechanisms of DEN-induced disease and
immunity are poorly defined, and the protective versus the
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pathogenic nature of the immune response to DEN infection is
as yet unclear. Clinical, epidemiological, and laboratory studies
suggest that the protective components of the immune system
against DEN infection include interferons (IFNs) (7, 8, 31),
antibodies (Abs) (10, 12, 29, 47), and T cells (30, 38), whereas
the immunopathogenic mechanisms may involve subneutraliz-
ing concentrations of DEN-specific Abs (26), Abs cross-reac-
tive to host antigens (19, 33, 34), and DEN serotype-cross-
reactive Abs and T cells (15, 20, 46). IFNs may be involved in
DEN pathogenesis as well, since pretreatment of U937 cells, a
human monocytic cell line, leads to an increase in both the
expression of Fc-y receptors and DEN infection (27). These
findings are based primarily on in vitro data, due to the lack of
an adequate animal model for DEN infection and disease.
Since in vitro findings may not reflect in vivo activity, animal
model-based studies that identify the precise immune mecha-
nisms against DEN infection in vivo are required.

As a first step to understanding the role of the immune
system in DEN infection in vivo, we recently characterized a
model for primary DEN infection in A/J mice by using a
non-mouse-adapted strain of DEN serotype 2 (DEN2) (49). A
subset (50%) of A/J mice that were intravenously inoculated
with a high dose (10® PFU) of DEN2 developed paralysis, with
infectious virus in both the brain and the spinal cord. We have
now started to identify immune components that are required
for protection following primary DEN infection in vivo by
using a variety of loss-of-function mice that are deficient in
immune cells and molecules. Previous work from our labora-
tory demonstrated that DEN infection of human cells in vitro
was inhibited by pretreatment of cells with alpha/beta IFN
(IFN-o/B) and IFN-y (7, 8), and other investigators have
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shown that peripheral blood mononuclear cells from naive
humans produced both IFN-a/B and IFN-y upon exposure to
DEN-infected cells in culture (31). More recent studies with
dendritic cells, which may be the initial cellular targets for
DEN infection in vivo (41, 53, 55), have revealed that human
peripheral blood mononuclear cell-derived dendritic cells pro-
duce several cytokines, including IFN-«, after infection by
DEN (17, 32). Together, these results suggest a role for the two
IFN systems in limiting DEN infection in vivo. Indeed, John-
son and Roehrig (21) have demonstrated that mice lacking
receptors for both IFN-«/B and IFN-y succumb to DEN in-
fection, whereas all wild-type mice survive. Therefore, in this
study, we have further defined the role of IFN-o/B and IFN-y
receptor-dependent immunity in controlling primary DEN in-
fection in vivo by using mice of the 129/Sv/Ev strain that are
deficient in the IFN-a/B receptor, the IFN-y receptor, or both.

Additionally, immunologic analysis of the A/J mouse model
revealed early activation of B cells in the spleen at day 3
postinfection (p.i.) and the presence of DEN-specific immu-
noglobulin M (IgM) at day 3 p.i. and IgG at day 7 p.i (49). The
kinetics of isotype production in the A/J mouse model parallels
that in human cases, and human Abs against DEN presumably
provide protection from reinfection (20, 28). In a mouse model
for DEN vaccine testing, immunization with DEN vaccine
strains resulted in the production of neutralizing Ab titers and
protection from lethal DEN challenge (21). In the same study
(21), the adoptive transfer of anti-DEN Abs failed to protect
mice from subsequent virus infection; however, other passive
transfer experiments (16, 24, 25, 52) have shown that the ad-
ministration of anti-DEN Abs can protect mice from lethal
DEN challenge, indicating that DEN-specific Abs alone may
prevent or control infection. Therefore, in this study, we have
examined the role of B cells in protection against primary DEN
infection in vivo by using puMT mice, which lack B cells, and
RAGI ™/~ or RAG2~’~ mice, which are devoid of both T and B
lymphocytes.

Here, using two different DEN serotypes and two mouse
strains, we have confirmed that the combined activities of IFN-
o/B and IFN-y receptors are essential for protection against
primary DEN infection. Additionally, we demonstrate that the
IFN-o/B receptor pathway limits early DEN viral load and that
the IFN-vy receptor pathway may be more important than the
IFN-o/B receptor pathway in resistance to DEN-induced dis-
ease. Furthermore, we show that B, CD4", or CD8" cells
alone are not necessary for resolving primary DEN infection in
mice; however, B and T cells in combination offer partial pro-
tection against DEN-induced disease. These results demon-
strate that IFN-o/B and IFN-y receptor-dependent immunity is
more important than B- and T-cell-dependent adaptive immu-
nity in controlling primary DEN infection in mice.

MATERIALS AND METHODS

Mice. Mice were either obtained through scientific collaboration or purchased
from the Jackson Laboratory (Bar Harbor, Maine) or Taconic (Germantown,
N.Y.), and they were housed and bred under specific pathogen-free conditions at
the University of California, Berkeley (UC Berkeley). All experiments were
approved and conducted in accordance with the guidelines of the Office of
Laboratory Animal Care at UC Berkeley. Mice were used at 5 to 6 weeks of age,
and all experiments were performed in the biosafety level 2 animal facility at UC
Berkeley. 129/Sv/Ev (WT129) mice and mice with null mutations in the IFN-o/B
receptor (A129 mice), the IFN-y receptor (G129 mice), or both the IFN-o/f and

J. VIROL.

the IFN-vy receptors (AG129 mice) were obtained from M. Aguet (Swiss Institute
for Experimental Cancer Research, Epalinges, Switzerland). C57BL/6J (B6)
mice deficient in CD4 (CD4~/~ mice), the CD8 « chain (CD8 /™ mice), and the
IgM heavy chain (uMT mice) were obtained from M. Diamond (Washington
University School of Medicine, St. Louis, Mo.). B6 mice (Jackson 000664),
RAG1-deficient B6 (RAGB6) mice (Jackson 002216), and RAG2-deficient 129/
Sv/Ev (RAG129) mice (Taconic RAG2-M) were purchased.

Virus and mouse infection. DEN2 (PL046 strain, non-mouse adapted, Tai-
wanese isolate) and DEN1 (Mochizuki strain, mouse adapted, Japanese isolate)
were obtained from H.-Y. Lei (National Cheng Kung University, Taiwan) and R.
Tesh (University of Texas Medical Branch, Galveston, Tex.), respectively. Both
viral stocks were passaged in the Aedes albopictus C6/36 cell line for amplifica-
tion, since mosquito cells are natural hosts and are highly susceptible to DEN
infection, yielding high viral titers. Culture supernatants containing virus were
harvested, frozen, and stored at —80°C, as previously described (6, 8). Viral titers
were determined by a standard plaque assay using baby hamster kidney clone 21
(BHK-21) cells (6, 8). Although the C6/36 cell passage history of both viral
strains prior to our acquisition of them was unknown, DEN2 stocks from our
passage 2 and DEN 1 stocks from our passages 4 and 5 were used in all
experiments in this study. For injection into mice, frozen stocks containing 5 X
10° to 5 X 107 PFU of DEN2/ml and 1 X 10% to 5 X 10° PFU of DEN1/ml were
thawed, ultracentrifuged (43,000 X g for 2.5 h), and resuspended in endotoxin-
free, ice-cold phosphate buffered saline (PBS). Our initial experiments had
shown that A/J and AG129 mice were more susceptible to DEN infection via an
intravenous route than by an intraperitoneal method of inoculation. Therefore,
all mice in this study were intravenously injected with 100 to 250 wl of the
inoculum via the tail vein. The exact viral doses and numbers of mice per group
are indicated in the figures and the figure legends.

Quantitation of virus in infected mice. Mice were euthanized via isofluorane
inhalation, and blood was immediately collected by cardiac puncture to isolate
serum. Tissues were harvested, weighed, and homogenized by using zirconia-
silica beads (1.0-mm diameter) with a Mini-Beadbeater-8 (BioSpec Products,
Bartlesville, Okla.) and microcentrifuged to pellet debris as previously described
(49). Viral burden in the supernatants of tissue homogenates and serum samples
was assessed by both direct and indirect plaque assays, as previously described
(49). Direct plaque assays were performed using BHK cells, and results were
measured as PFU per gram (tissue weight). In indirect plaque assays, C6/36 cells
were inoculated, and standard plaque assays with BHK cells were performed
with the resulting supernatants; thus, indirect plaque assay results were scored
for the presence or absence of virus and were not quantitative. For analysis of
virus in tissues of infected mice at early time points after infection, mice were
cardiac perfused with ice-cold PBS (30 to 50 ml) prior to tissue dissection. At late
time points p.i., a majority of mice with paralysis were not flushed with PBS
before tissues were harvested, since no difference in viral titers was observed
between mice with and without PBS perfusion.

Hematocrit measurement. After cardiac puncture, blood was collected into an
EDTA-coated Microtainer tube (Becton Dickinson Vacutainer Systems, Frank-
lin Lakes, N.J.), drawn into a microhematocrit capillary tube (Fisher Scientific,
Pittsburgh, Pa.), and spun in a microhematocrit centrifuge, as previously de-
scribed (49). After centrifugation, the hematocrit was read on a microhematocrit
capillary tube reader (Sherwood Medical, St. Louis, Mo.).

Statistical analyses. The major clinical phenotype in susceptible mice with
DEN infection was paralysis. As per the UC Berkeley guidelines, mice were
sacrificed as soon as they developed paralysis. Paralysis was scored as death, since
mice with severe paralysis sometimes died while preparations for harvesting
tissue samples were in progress, indicating that paralysis does in fact lead to
death. Kaplan-Meier analysis was performed to generate survival curves with
Prism software (version 3.0cx; GraphPad Software, Inc., San Diego, Calif.).
Statistical analyses of hematocrit and direct plaque assay results were performed
with Microsoft Excel X (Microsoft Corporation, Seattle, Wash.), and values are
shown as means * standard deviations.

RESULTS

AG129 mice lacking both IFN-a/f and IFN-vy receptors are
completely susceptible to DEN2-induced disease. To evaluate
the role of the IFN system during DEN infection in vivo, we
compared the abilities of wild-type 129/Sv/Ev mice and con-
genic strains bearing null mutations in the IFN-o/B receptor
and/or IFN-y receptor genes to control primary DEN2 infec-
tion. At a high dose of a non-mouse-adapted strain of DEN2
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FIG. 1. (A) Susceptibility of wild-type and IFN receptor-deficient mice to primary DEN2 infection. 129/Sv/Ev wild-type (WT129), IFN-o/B
receptor /~ (A129), IFN-y receptor '~ (G129), and IFN-a/B receptor /= X IFN-y receptor /= (AG129) mice were inoculated via the tail vein
with 10® PFU of DEN2 (PL046 strain). Mice were euthanized as soon as they developed paralysis, as per the guidelines of the Office of Laboratory
Animal Care at UC Berkeley. Kaplan-Meier analysis was performed, and the log rank test yielded P values of <0.0001 for WT129 versus AG129
and 0.0171 for WT129 versus G129. The survival curves shown represent combined data from three to five separate experiments (n = number of
mice per group). (B) Dose dependence of AG129 mice for DEN2 infection. Mice were intravenously injected with 10°, 10°, 107, or 10° PFU of
DEN?2 (PL046 strain), and their times of survival (see above) were recorded until day 30 p.i. Results from two to three different experiments were
pooled (n = total number of mice per group) and plotted as Kaplan-Meier survival curves. All experiments shown were terminated at day 30 p.i.

(10® PFU), AG129 mice that were deficient in both IFN re-
ceptors began to develop limb paralysis more rapidly than
WT129, A129, or G129 mice starting at day 8 p.i., and none
survived past day 30 p.i. (Fig. 1A). A dose-response study
revealed that 0, 70, 79, and 100% of AG129 mice manifested
paralysis and died after infection with 10°, 10°, 107, and 10®
PFU of DEN2, respectively (Fig. 1B), demonstrating the dose-
dependent nature of DEN-induced disease. DEN2-infected
AG129 mice with paralysis carried high viral loads in the brain
and spinal cord, as determined by plaque assay (Fig. 2). In
another assay for measuring DEN-induced illness, the hemat-
ocrit was measured, since hemoconcentration is observed in
human DHF/DSS. The paralytic mice had significantly ele-
vated hematocrits compared to those of mock-infected mice
(the mean hematocrit * the standard deviation was 54.7 = 2.4
in DEN2-infected mice with paralysis [# = 16 mice] versus
46.5 = 1.4 in mock-infected mice [n = 7 mice]; P < 0.0001). In
contrast, 87% of WT129 mice, 100% of A129 mice, and 57% of

G129 mice survived the DEN2 infection without exhibiting any
clinical signs, such as fur ruffling, weight loss, hunchback pos-
ture, or paralysis (Fig. 1A). Log rank test results demonstrated
significant differences in mortality rates between WT129 and
AG129 mice (P < 0.0001) and between WT129 and G129 mice
(P = 0.0171). Thus, the AG129 mice, which developed paralysis,
elevated hematocrits, and infectious DEN in the central nervous
system, were extremely vulnerable to infection, suggesting an es-
sential role for the combined actions of IFN-o/ and IFN-y re-
ceptors in controlling primary DEN2 infection in mice. Addition-
ally, a significant number of G129, but not A129, mice succumbed
to infection, suggesting a more important role for IFN-y than
for IFN-a/f in resistance against DEN-induced disease.

A129 mice lacking IFN-o/3 receptors are unable to control
early viral burden. To begin to understand how each IFN
receptor pathway controls DEN infection, viral levels in vari-
ous tissues of WT129, A129, G129, and AG129 mice were
measured at early time points after infection with 10* PFU of
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FIG. 2. Scatter plots of the titers of infectious DEN in the brains and spinal cords of paralytic AG129 mice. AG129 mice were infected with
10® PFU of DEN2 (PL046 strain), and the viral loads in the brain and spinal cord homogenates of 15 AG129 mice with paralysis were titrated by
use of a direct plaque assay on BHK cells. Values are expressed as PFU per gram (tissue weight). Each symbol represents an individual mouse
(m, brain; A, spinal cord), the line indicates the mean, and n is the total number of mice. Paralytic mice from two independent experiments are
represented, and the limit of detection of the assay is 10 PFU per gram (tissue weight).

DEN2. At both day 3 and day 7 p.i., infectious virus was
detected by direct plaque assays in tissues from AG129 mice
but not in tissues from WT129, A129, and G129 mice (Fig. 3
and data not shown). At day 3 p.i., AG129 mice contained virus
in the spleen, lymph nodes, brain, and spinal cord, with higher
viral titers in the spleen and lymph nodes than in the CNS. By
day 7 p.i., AG129 mice no longer had detectable virus in the
spleen and lymph nodes, whereas they harbored increased viral
loads in the brain and spinal cord. These results reveal that
DEN?2 may replicate in both extraneural and neural sites early,
at day 3 p.i., with higher levels in extraneural tissues than in
neural tissues; however, by day 7 p.i, viral replication was
detectable only in the CNS.

Indirect plaque assays, in which virus was amplified in C6/36

cells before plaquing, detected infectious virus in the CNSs of
A129 mice as well as AG129 mice at both day 3 and day 7 p.i.
and in additional nonneural tissues at day 3 p.i. (Table 1).
Specifically, at day 3 p.i., the sera, livers, spleens, lymph nodes,
brains, and spinal cords of A129 and AG129 mice, but not
those of WT129 and G129 mice, contained infectious virus. By
day 7 p.i., DEN2 was detected only in the brains and spinal
cords of these mice (Table 1). Thus, in both A129 and AG129
mice, the initial distribution of DEN2 included nonneural and
neural tissues, followed by a more limited pattern of replica-
tion in the CNS. Moreover, the widespread distribution of
infectious virus in the A129 mice, but not in the WT129 and
G129 mice, at an early time point after infection indicates that
the IFN-o/B receptor pathway plays a role in controlling initial

DEN2-infected AG129 mice: d3 and d7 viral load
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FIG. 3. Levels of infectious DEN2 in tissues of AG129 mice at day 3 and day 7 p.i. AG129 mice were inoculated with 108 PFU of DEN2 (PL046
strain), and viral titers in the spleen, lymph nodes, brain, and spinal cord at days 3 and 7 after infection were quantitated by a direct plaque assay
of BHK cells. Results are expressed as PFU per gram (tissue weight) and are shown as the averages of results from two to three experiments *
standard deviations (n = 7 mice for day 3 and n = 9 mice for day 7). The limit of sensitivity of the plaque assay is 10 PFU per gram (tissue weight).
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TABLE 1. Detection of infectious DEN2 in day 3 and day 7 p.i.
tissues by indirect plaque assays”

Mouse Assay results for’:

strain

Serum Liver Spleen Lymph nodes Brain  Spinal cord

Day 3 p.i.
WT129
A129
G129
AG129

- -

+ 1+
+ I+
+ 1+
+ 1+

Day 7 p.i.
WT129 - - - - - -
A129 - - - - +/= +/—
G129 - - - - - -
AG129 - - - - + +

“ Mice were intravenously inoculated with 10% PFU of DEN2 (PL046 strain).
At day 3 p.i., tissues were harvested and processed for the indirect plaque assay.
Each group consisted of three to five mice per time point. This experiment was
performed three times, and similar results were obtained in all experiments.

>+ virus was detectable; —, virus was undetectable; +/—, virus was detected
in only some mice or some experiments.

viral replication and/or spread during primary DEN2 infection.
In the absence of IFN-o/B receptor-mediated responses, the
IFN-y receptor pathway also contributes to limiting the early
DEN load, since AG129 mice had higher levels of DEN than
A129 mice at both day 3 and day 7 p.i.

AG129 mice with primary DEN1 infection confirm the es-
sential role of IFN-o/3 and IFN-vy receptors in defense against
DEN. We next verified the critical role of the IFN system in
resolving primary DEN infection in mice by using a different
DEN serotype. After infection with 4.4 X 10* PFU of a mouse-
adapted strain of DENI, 100% of AG129 mice developed
paralysis within 7 to 14 days p.i. (Fig. 4A) (P < 0.0001) and
carried high viral loads in the brain and spinal cord at the time
of death (Fig. 4B). Similar to the results obtained with DEN2,
93% of WT129 mice, 100% of A129 mice, and 70% of G129
mice survived the DENT infection, and the difference in mor-
tality rates between the WT129 and G129 mice was significant
(P = 0.0162). These results show that all four strains of mice
infected with DEN1 exhibited susceptibilities to infection sim-
ilar to those of mice that were infected with DEN2. Moreover,
log rank test results demonstrated a significant difference (P <
0.0001) between survival curves for DENIl-infected AG129
mice (median survival day, day 9) and DEN2-infected AG129
mice (median survival day, day 15), indicating that the mouse-
adapted DENI1 strain used in this study, even at a lower dose,
was more virulent than the non-mouse-adapted DEN2 strain.
Collectively, these data confirm that the IFN-«/B and IFN-y
receptors in combination are essential for resolving primary
DEN infection in mice. In addition, the increased susceptibilities
of G129 mice to both DEN1 and DEN2 infection compared to
those of the WT129 and A129 mice implicates a more important
role for the IFN-vy receptor pathway than for IFN-a/B receptor
action in providing protection against DEN-induced disease.

MT mice lacking B lymphocytes clear primary DEN infec-
tion. Since Abs and B lymphocytes may protect against DEN
infection in humans (20), we next examined the role of B cells
in limiting primary DEN infection by using B-cell-deficient
pMT mice in the C57BL/6J background. After infection with
4.4 X 10* PFU of DENI1, 79% of wMT mice and 78% of WTB6
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animals survived (Table 2), indicating a normal ability of pMT
mice to resist DEN1-induced disease. At day 3 p.i., infectious
virus was undetectable in both extraneural and neural tis-
sues of wWMT mice, as determined by an indirect plaque assay
(data not shown), demonstrating that wMT mice can mediate
early DEN clearance. Likewise, 75% of CD4 " T-cell-deficient
(CD47/7) mice and 86% of CD8* T-cell-deficient (CD8 /™)
mice survived DENI infection (Table 2), and virus was not
recovered from tissues of infected mice at day 3 p.i. (data not
shown), revealing little defect in the ability of these mutant
mouse strains to clear primary DENI infection. Similarly, wMT,
CD4/~, and CD8 /'~ mice did not exhibit increased suscep-
tibility to DEN2 infection at 10° PFU (Table 2), indicating that
B cells, CD4™" T cells, and CD8™ T cells by themselves do not
appear to play a significant role in limiting primary DEN in-
fection in mice.

RAGB6 and RAG129 mice, which lack both T and B lym-
phocytes, have increased susceptibilities to primary infection
with a mouse-adapted DEN strain. After examining the con-
tribution of each individual component of adaptive immunity,
we next defined the role of the entire adaptive immune re-
sponse in controlling primary DEN infection by using RAG
knockout mice, which are deficient in both T and B cells. A
significant percentage of RAG mice in the 129/Sv/Ev genet-
ic background (RAG129 mice) succumbed to infection with
4.4 X 10* PFU of DENI1 compared to the percentage of WT129
control mice that did (mortality rate of 44% for RAG129 mice
versus 7% for WT129 mice; P < 0.0002) (Fig. 5A). However,
the percentage of RAG129 mice that developed paralysis when
infected with 10% PFU of the non-mouse-adapted DEN2 strain
was not significant compared to the percentage of the WT129
mice that did (mortality rate of 28% for RAG129 mice versus
13% for WT129 mice; P = 0.0548) (Fig. 5B). These results
indicate that some RAG129 mice are unable to resolve pri-
mary infection with a mouse-adapted DENI1 strain, despite
their nearly normal ability to contain the challenge with a non-
mouse-adapted DEN2 strain. Indirect plaque assays did not
detect infectious DEN1 or DEN2 in tissues of RAG129 mice at
day 3 p.i. (data not shown), implying that RAG129 mice, like
WT129 and G129 mice, are able to limit early viral titers.

To confirm these findings, infection experiments were re-
peated with T- and B-cell-deficient RAGB6 mice of the C57BL/
6J strain (Table 2). Similar to results obtained with RAG129
mice, the mortality rate for RAGB6 mice after infection with
4.4 X 10* PFU of DENI1 was significantly higher than that for
WTB6 mice (52% mortality for RAGB6 mice versus 17%
mortality for WTB6 mice; P < 0.0039) (Table 2). Again, as
observed in experiments with RAG129 mice, at 10% PFU of the
non-mouse-adapted DEN2 strain, the mortality percentage for
RAGB6 mice was not significant compared to that for WTB6
control mice (31% mortality for RAGB6 mice versus 0% mor-
tality for WTB6 mice; P = 0.0895) (Table 2). Additionally,
infectious DEN1 and DEN2 were not detected in either extra-
neural or neural tissues of RAGB6 mice at day 3 p.i., suggest-
ing that the viral load was below the limit of our indirect plaque
assay and/or present in tissues that were not examined. Re-
gardless, the survival data demonstrate that both RAGB6 and
RAG129 mice have decreased resistances to disease induced
by a mouse-adapted DEN strain but not to disease induced by
a non-mouse-adapted DEN strain. Therefore, the T- and B-
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FIG. 4. Susceptibility of mice deficient in IFN receptors to infection with DEN1. Groups of wild-type (WT129), IFN-a/B receptor '~ (A129),
IFN-y receptor '~ (G129), and IFN-a/ receptor /= X IFN-y receptor '~ (AG129) 129/Sv/Ev mice were infected intravenously with 4.4 X 10*
PFU of DEN1 (Mochizuki strain). Mice were monitored daily for the development of paralysis until day 30 p.i. and were euthanized as soon as
they exhibited paralysis. (A) Kaplan-Meier survival curves. Data from three to five separate experiments were pooled. A log rank test revealed

significant differences between WT129 and AG129 mice (P < 0.0001)

and between WT129 and G129 mice (P = 0.0073). (B) Levels of infectious

virus in AG129 mice with paralysis. Brains and spinal cords were harvested from mice that were euthanized due to the onset of paralysis. Samples
were homogenized and subjected to a direct plaque assay. Each symbol represents a mouse, and results for two different infections are shown. m,

brain; A, spinal cord, —, mean; n, total number of mice.

cell-dependent adaptive immunity as a whole provides some
protection from DEN-induced disease but is not absolutely
required for controlling primary DEN infection in mice.

DISCUSSION

In this report, we identified immune mechanisms that pro-
tect against primary DEN infection in mice by comparing in-
fection in wild-type mice to that in congenic mice that are
deficient in various components of the immune system. Spe-
cifically, the IFN-o/B and IFN-y receptor-dependent immune
responses together are essential for resistance to DEN-induced
disease in mice. Furthermore, IFN-a/B receptor-mediated ac-
tion is crucial for limiting initial DEN replication in extraneu-
ral sites and for controlling subsequent viral spread into the
CNS, but it is not required for protection from disease. In

contrast, the IFN-y receptor pathway provides partial resis-
tance against DEN-induced disease and appears to be less
important in controlling the early viral load. However, in the
absence of a functional IFN-a/B receptor pathway, IFN-y
receptor responses can mediate early viral clearance as well,
as evidenced by a higher viral load in mice lacking both
receptors. Thus, we have demonstrated for the first time
significant contributions by each of the two IFN receptor
pathways in controlling primary DEN infection. In compar-
ison, B-, CD4" T-, or CD8" T-cell-mediated functions by
themselves are not required to limit DEN infection, al-
though the combined activities of T and B cells appear to
contribute to the control of infection by a mouse-adapted
DEN strain but not to the control of infection by a non-
mouse-adapted DEN strain.
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TABLE 2. Survival data for wild-type and immunodeficient
C57BL/6J mice after primary DEN infection”

Mouse strain No. of mice No. of survivors % Survival
DENI1
WTB6 46 38 83
CD47/~ 12 9 75
CD8 ™/~ 36 31 86
pmMT 28 22 79
RAGB6 33 16 48"
DEN2
WTB6 16 16 100
CD4~/~ 6 6 100
CD8 ™/~ 8 8 100
pMT 9 9 100
RAGB6 16 11 69°

@ Mice were intravenously inoculated with 4.4 X 10* PFU of DEN1 (Mochi-
zuki) or 10®* PFU of DEN2 (PL046). Mice were observed daily for the develop-
ment of paralysis, and mice that exhibited paralysis were euthanized and scored
as dead. Experiments were terminated on day 30 p.i., and data from two to five
separate experiments were pooled.

> P = 0.0039 for RAGB6 mice versus WTB6 mice.

¢ P = 0.0895 for RAGB6 mice versus WTB6 mice.
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Infection in AG129 mice. AG129 mice lacking both IFN-a/B
and IFN-y receptors were extremely susceptible to primary
DEN infection. They developed rapid-onset paralysis and
had elevated hematocrits, as observed in a recent study with
DEN2-infected A/J mice (49) and with the HepG2-SCID
mouse chimera model for DEN infection (1). In our studies
involving both AG129 and A/J mice, the hematocrit data alone
represent another marker for DEN-induced illness, not neces-
sarily for plasma leakage, since an elevated hematocrit may be
a result of dehydration in the paralytic mice with a limited
ability to move. Thus, additional studies are necessary to de-
termine the presence of plasma leakage in DEN-infected mice.
As expected, AG129 mice with primary DEN infection carried
high viral burdens in the brain and spinal cord by 7 to 30 days
pi. At day 3 p.i., infectious virus was detected in both neural
and nonneural tissues, including the serum, liver, spleen,
lymph nodes, and CNS. These results concur with a published
report in which AG129 mice that were infected intraperitone-
ally with a mouse-adapted DEN2 strain (New Guinea C) car-
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FIG. 5. Susceptibility of wild-type and T- and B-cell-deficient (RAG27/~) mice in the 129/Sv/Ev background to primary DEN infection.
Wild-type (WT129) and RAG2 ™/~ (RAG129) mice were intravenously inoculated with 4.4 X 10* PFU of DEN1 (Mochizuki strain) (A) or 10° PFU
of DEN2 (PL046 strain) (B). Mice were observed for paralysis on a daily basis until day 30 p.i. and were euthanized immediately after the onset
of paralysis (see above). Data were combined from four or five independent experiments (n = total number of mice per group) and graphed as
Kaplan-Meier survival curves. The log rank test revealed a significant difference between WT129 and RAG129 mice after DENT1 infection (P =
0.0002) (A), whereas no significant difference was observed between WT129 and RAG129 mice after DEN2 infection (P = 0.0548) (B).
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ried high viral loads in their sera and spleens in the early days
after infection, followed by increasingly higher viral titers in
the brain in later days (21). Both studies demonstrate an ab-
solute requirement for the combined activities of IFN-a/B and
IFN-vy receptors in the control of primary DEN infection, sim-
ilar to reports of increased susceptibility of AG129 mice to
other RNA viruses. For example, studies with the arenavirus
lymphocytic choriomeningitis virus (54) and a calicivirus, mu-
rine norovirus 1 (23), demonstrated that AG129 mice had a
more severe disease phenotype than A129 or G129 mice.

Infection in A129 mice and G129 mice. In general, IFN-a/(3,
produced within hours by virus-infected and uninfected cells,
limits early viral replication and spread by activating the tran-
scription of IFN-inducible genes, such as protein kinase R and
2'-5" oligoadenylate synthetase (OAS). In our study, IFN-«/B
receptor-deficient A129 mice did not present clinical symp-
toms when infected with DEN, although virologic analysis re-
vealed that A129 mice harbored infectious virus in multiple
tissues, including the serum, the liver, the spleen, the lymph
nodes, and the CNS, at day 3 p.i. This phenotype indicates a
role for the IFN-a/B receptor pathway in regulating early viral
replication and spread. Additional experiments have revealed
that some of the A129 mice develop paralysis after DEN1
infection, indicating that A129 and WT129 mice have a similar
susceptibility to primary DENI infection.

In contrast to IFN-«/B, IFN-vy is secreted later in the course
of infection by NK and T cells, modulates the immune re-
sponse, and mediates antiviral activities primarily through the
induction of nitric oxide synthase in macrophages (40). Unlike
IFN-/B receptor-deficient A129 mice, G129 mice lacking the
IFN-vy receptor had undetectable amounts of virus in tissues at
both day 3 and day 7 p.i., and a significant proportion devel-
oped paralysis, thereby suggesting a role for the IFN-y recep-
tor pathway in resistance to disease. This decreased survival of
G129 mice is not consistent with a previously published report
in which IFN-v receptor-deficient BALB/c mice were found to
be no more susceptible than wild-type controls to DEN infec-
tion (21). Genotypic differences in the DEN2 strains used
(New Guinea C versus PL046) as well as the difference in
routes of infection (intraperitoneal versus intravenous) may
have affected the outcome of infection in mice lacking IFN-y
receptors. Additionally, differences in the genetic backgrounds
of the 129/Sv/Ev and the BALB/c strains may account for this
discrepancy. In particular, the levels of expression of IFN-
responsive gene products, including OAS, that are important
in flavivirus infection may differ among inbred mouse strains.
For example, a mutation in the OAS1b gene has recently been
discovered to be associated with West Nile virus susceptibility
in the mouse model (37, 42).

The distinct disease phenotypes of DEN-infected A129 and
G129 mice imply that the IFN-o/B and IFN-y receptor path-
ways act synergistically in response to DEN infection. In the
absence of IFN-a/B receptor-mediated activities, the ITFN-y
receptor pathway limits early viral burden, since higher levels
of infectious virus were present in AG129 mouse tissues than
in A129 mouse tissues at both day 3 and day 7 p.i. Similarly, the
higher mortality rate for AG129 mice than for G129 mice
implies that the IFN-«/ receptor pathway can prevent DEN-
induced disease under conditions in which IFN-y receptor-
mediated responses are lacking.
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Taken together, our results demonstrate both synergistic
and nonredundant activities of the two IFN receptor pathways.
Previous work has shown that resistance to murine infection by
the picornavirus Theiler’s murine encephalomyelitis virus also
involves nonredundant functions of the two IFN receptor path-
ways (11). In the immune defense against Murray Valley en-
cephalitis virus, a flavivirus that is related to DEN, IFN-o/B
receptor-mediated responses play a more dominant role than
IFN-y-mediated mechanisms (36). Similarly, IFN-a/B recep-
tor-mediated activity, but not IFN-y receptor-mediated activ-
ity, limits disease resulting from other RNA viruses, including
the rhabdovirus vesicular stomatitis virus and the togavirus
Semliki Forest virus (39). Thus, in contrast to these other RNA
virus infections, resistance to primary DEN infection in mice
involves complementary roles for the two IFN receptor path-
ways.

Infection in wMT, CD4~/~, and CD8~'~ mice. Our results
with puMT mice lacking B cells indicate that an Ab response to
DEN is not required to resolve primary infection in mice.
These results contrast with a recent finding that Abs are critical
for defense against the flavivirus West Nile virus in mice (9),
highlighting the control of closely related flavivirus infections
by different immune mechanisms. Our previous results for A/J
mice revealed early B-cell activation and production of DEN-
specific antibodies at day 3 p.i (49). However, this finding may
simply indicate general immune activation without direct in-
volvement in the resolution of the infection. Although several
reports have shown the production of neutralizing Abs in re-
sponse to DEN infection in humans, a crucial role of these Abs
in the control of primary DEN infection in people has yet to be
proven. Similar to humans, DEN-infected mice produce neu-
tralizing antibodies by day 10 p.i. (our unpublished observa-
tions), but these antibodies may protect against reinfection and
may not necessarily prevent early viral dissemination in pri-
mary infection.

The CD4 /= and CD8 /" mice were resistant to DEN-
induced disease and had a normal ability to limit early viral
infection, suggesting that these cells are not required for re-
solving primary DEN infection. This finding agrees with pre-
vious work using the Mochizuki strain of DEN1 to infect T-
cell-deficient nude (nu/nu) mice, in which no significant
difference was observed in the mortality rates between nu/nu
mice and nu/+ mice (18). Our results with CD4 '~ or CD8 ™/~
mice are not surprising given the existence of redundant and
compensatory mechanisms in vivo. Although DEN-specific
CD8" CTL clones have previously been generated from mu-
rine splenocytes and tested for antigen cross-reactivity (51),
CD8" CTLs do not appear to be essential in our mouse model
of primary DEN infection. In CD8 /" mice, virus may be
eliminated by CD4" or NK cell-dependent functions in the
absence of a vigorous CD8" cytotoxic T-lymphocyte (CTL)
response. The phenotype of CD4 ™/~ mice is more surprising,
since (i) our present results demonstrate that IFN-y is required
for resolving DEN infection and (ii) we have previously shown
that CD4" T cells produce IFN-y at day 14 p.i. in A/J mice
(49). However, CD4 '~ mice are likely to be compensated by
other IFN-y-producing cells, including NK (2), NKT (2), yd T
(48), and CD8™ T (43) cells.

Infection in RAG129 and RAGB6 mice. DEN1 and DEN2
infection of both RAG129 and RAGB6 mice resulted in in-
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creased mortality compared to that for wild-type mice, yet this
increased mortality was statistically significant only with the
mouse-adapted DENT1 infection. Published studies using hu-
man cell-engrafted scid mice (35, 56) have also shown that
innate immunity was sufficient to clear DEN infection. In our
studies, the mouse-adapted DEN1 Mochizuki strain was more
lethal than the non-mouse-adapted DEN2 PL046 strain, re-
quiring 4.4 X 10* PFU of DEN1 and 10% PFU of DEN2 to
induce disease in 100% of AG129 mice and some RAG129
mice. In comparison, 79% of AG129 mice infected with 107
PFU of DEN2 develop paralysis, compared to 0% of RAG129
mice (data not shown). Therefore, depending on the viral dose
and virulence, T and B cells together may play an active role in
fighting DEN infection but may not be absolutely required for
the elimination of virus. Since the survival curve for DEN-
infected RAG mice is similar to that for G129 mice, the T- and
B-cell-dependent immune responses may contribute to DEN
clearance via IFN-y.

In summary, IFN-o/B and IFN-y receptors have nonover-
lapping yet critical functions in resolving primary infection with
DEN. In the presence of a functional IFN system, CD4™,
CD8™, or B cells alone appear to be unnecessary for control-
ling primary DEN infection in mice. However, the collective
activities of T and B cells together are important but not
absolutely required for protection against DEN infection. The
finding of a lack of a severe defect in the ability of RAG mice
to resist DEN infection is similar to a recent finding that
AG129 mice, but not RAG mice, succumb to acute murine
norovirus 1 infection (23), confirming that the IFN system
plays a more dominant role than T- and B-cell-dependent
immunity in controlling certain viral infections. Since T cells
are one of the major sources of IFN-y production during viral
infection in vivo (22), the partial susceptibility of RAG mice to
DEN-induced disease may be due to an insufficient level of
IFN-y produced solely by NK cells. The decreased IFN-y level
may allow the virus to enter the CNS and replicate there with
greater efficiency, leading to paralysis. Further experiments are
now necessary to determine the precise mechanisms by which
the IFN system mediates the antiviral response in mice with
primary DEN infection.
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