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Subneutralizing concentrations of antibody may enhance virus
infection by bringing the virus–antibody complex into contact with
the cell surface Fc receptors; this interaction facilitates entry of
virus into the cell and is referred to as antibody-dependent en-
hancement (ADE) of infection. Northern analysis of macrophage
RNA demonstrated that ADE infection by the indigenous Austra-
lian alphavirus Ross River (RRV-ADE) ablated or diminished mes-
sage for tumor necrosis factor � (TNF-�), nitric-oxide synthase 2
(NOS2), and IFN regulatory factor 1 (IRF-1), as well as for IFN-
inducible protein 10 (IP-10) and IFN-�; the transcription of a control
gene was unaffected. Additionally, electrophoretic mobility-shift
assay (EMSA) studies showed that transcription factor IFN-�-acti-
vated factor (AAF), IFN-stimulated gene factor 3 (ISGF3), and
nuclear factor-�B (NF-�B) complex formation in macrophage nu-
clear extracts were specifically suppressed post-RRV-ADE infection,
emphasizing the capacity for ADE infections to compromise anti-
viral responses at the transcriptional level. The suppression of
antiviral transcription factor complexes was shown to depend on
replicating virus and was not simply a result of general antibody–
Fc–receptor interaction. Although only a minority of cells (�15%)
were shown to be positive for RRV by immunostaining techniques
post ADE, molecular (RT-PCR) analysis showed that unstained cells
carried RRV-RNA, indicating a higher level of viral infectivity than
previously suspected. Electron microscopy studies confirmed this
observation. Furthermore, levels of cellular IL-10 protein were
dramatically elevated in RRV-ADE cultures. This evidence demon-
strates that RRV can potently disrupt the activation of specific
antiviral pathways via ADE infection pathways, and may suggest
a significant mechanism in the infection and pathogenesis of other
ADE viruses.

Ross River virus (RRV) is a mosquito-borne alphavirus
endemic to Australia and New Guinea that is responsible for

outbreaks of epidemic polyarthritis (EPA) in the Australian
community each year. The incidence of RRV infection, reflected
by the consequent sequelae of RRV disease, including polyar-
thritis, appears to be increasing, with up to 7,000 cases reported
annually in Australia (1). In 1979�1980, an explosive epidemic
swept through several islands of the South Pacific, resulting in
tens of thousands of disease cases (1). The predominant symp-
toms are arthritis�arthralgia, myalgia, rash, and lethargy, which
in some patients can persist for extended periods (months to
years). Synovial effusions taken from EPA patients predomi-
nantly contain monocytes, macrophages, T cells, and B cells, and
recent studies in a mouse model of RRV disease have shown
macrophages to be the cellular agent of disease, as well as the cell
mediating severe muscle pathology (2).

In vitro enhancement of arbovirus infection by antibodies was
originally demonstrated by Hawkes in the early 1960s (3).
Antibody-dependent enhancement (ADE) of infection, which
involves the entry of virus–antibody complexes into monocytic

cells via Fc-�-receptors (Fc-�Rs), results in significantly en-
hanced virus titers and is recognized for several viruses, includ-
ing influenza, dengue, and HIV (4–8). For dengue, ADE
mechanisms associated with cross-reactive antibody responses to
one of the four virus serotypes are considered a risk factor in the
development of the life-threatening conditions dengue hemor-
rhagic fever and dengue shock syndrome post-secondary infec-
tion (4, 9).

Lipopolysaccharide (LPS) is the major component of the
outer membrane of Gram-negative bacteria and induces innate
immune responses and expression of cytokine genes, which
include IL-1, IL-10, IFN-�, and tumor necrosis factor-� (TNF-�)
(10). Interaction of LPS with its receptors on monocytic�
macrophage cells results in the activation of a number of tyrosine
and serine kinases, with consequent activation of nuclear tran-
scription factors such as nuclear factor-�B (NF-�B), signal
transducer and activator of transcription 1 (STAT-1), STAT-3,
and Sp-1 (11). The activation of transcription factor STAT-1,
NF-�B, and Sp-1 plays a major role in the transcriptional
activation of type I IFNs (IFN-���), TNF-�, and IL-10, respec-
tively (11). LPS can directly induce NF-�B activation whereas the
activation of STAT-1 is mediated by LPS-induced type I IFN
expression. LPS-induced type I IFN induced both IFN-
stimulated gene factor 3 (ISGF3; STAT-1, Stat-2, and p48
heterodimers) and IFN-� activated factor (AAF; STAT-1 ho-
modimers; ref. 11). AAF and ISGF3 complexes translocate to
the nucleus and bind to IFN-�-activated sequence elements and
IFN-stimulated response elements, respectively. These different
forms of STAT-1 complexes could cooperate with NF-�B to
induce full transcriptional activation of many antiviral genes that
are detrimental to the survival of the virus.

Recently, in vitro studies on RRV-ADE infection of macro-
phages have provided vital clues to the mechanism of enhanced
virus replication post Fc-�R-mediated infection (12). RRV-
ADE infection specifically ablated the production of both TNF-�
and nitric oxide (NO) in response to LPS (12). The specificity of
gene�protein ablation was determined via the analysis of mul-
tiple constitutively expressed housekeeping genes, as well as
studies on total cellular de novo protein synthesis post-RRV-
ADE infection. These studies found that housekeeping control
gene expression was unaffected by infection and general de novo
protein synthesis for infected cells was not significantly per-
turbed (12). The ablation of antiviral protein production by
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RRV-ADE infection, which was concomitant with significantly
increased RRV titers, was found in LPS-treated macrophage
cultures. In contrast, uninfected (control) LPS-treated macro-
phage cultures were found to have enhanced TNF-� and NO
production (12). Additionally, for non-ADE-infected macro-
phages (RRV alone or RRV � control antibody), LPS treatment
significantly restricted RRV growth (12). This evidence dem-
onstrates that the ADE infection pathway allows RRV to
establish an enhanced infection in macrophages under condi-
tions of substantial inflammatory activity where the virus would
not normally survive.

This study describes investigations focused on the activity of
the downstream transcription factor protein complexes ISGF3,
AAF, and NF-�B in macrophages post-RRV-ADE-infection.
RRV-ADE infection was found to significantly suppress the
activity of these transcription factor protein complexes in mac-
rophages, with replicating virus found to be crucial to this
outcome. To address whether this suppression correlated with
levels of infectivity, we investigated the degree of RRV infec-
tivity in macrophage cultures. It was found that immunofluo-
rescent antibody (IFA) techniques did not detect the full extent
of infection, with IFA negative cells shown to contain RRV-
RNA (confirmed quantitatively by electron microscopy). There-
fore, RRV infectivity post-ADE infection was greater than
previously suggested (12). In addition, IL-10 was prominently
expressed in RRV-ADE-infected macrophages compared with
controls. Together, these findings explain the global nature of
antiviral gene suppression in infected cells post-RRV-ADE.

Methods
Cells and Virus. RAW 264.7 mouse macrophages (ATCC TIB-71)
were maintained, cultured, LPS treated, and RRV infected
exactly as described previously (12). Details can be found in
additional text, which is published as supporting information on
the PNAS web site, www.pnas.org.

In addition to RRV-ADE infection, the following control
infections�treatments were performed: PBS � 1% FCS alone,
RRV alone, anti-RRV antibody alone, RRV � mouse anti-
Barmah Forest virus (BFV) antibodies (titer � 1�5,120, 10�3

dilution), opsinized zymosan (a gift from W. Cowden, John
Curtin School of Medical Research, Canberra, Australia), and
UV-irradiated RRV (5 min, 55 cm from a 30-W source; irradi-
ation before incubating with anti-RRV antibody). All virus and
control preparations were diluted in PBS � 1% FCS.

Northern Hybridization Analysis of Macrophage RNA. RAW 264.7
cells were infected for 24 h, after which the cells were trypsinized
from the wells and washed twice in calcium�magnesium-free
PBS (TRACE, Melbourne). Total RNA was isolated from cells
with RNAzol B (Biotech Laboratories, Houston, TX) as rec-
ommended by the manufacturer. Details can be found in addi-
tional text in the supporting information.

RT-PCR and ELISA for IL-10. RT-PCR was performed to determine
relative quantities of mRNA for IL-10 as described (13). Details
can be found in the supporting information.

IL-10 protein concentrations from macrophage culture super-
natants were determined by ELISA as described previously (14).
Recombinant IL-10 used in the assay as a standard was obtained
from PharMingen. The sensitivity of the IL-10 ELISA was 15
pg�ml.

Electrophoretic Mobility-Shift Assay (EMSA) Studies. EMSAs were
done to determine the activation of AAF, ISGF3, and NF-�B
complexes in RRV-ADE-infected macrophages by previously
described methods (15, 16). Details can be found in the sup-
porting information.

Determination of RRV Infectivity by IFA. RAW 264.7 cultures were
infected with RRV exactly as described earlier. The percent-
age of infected cells was determined by IFA at 4, 7, 12 and
24 h postinfection (p.i.) and is described in the supporting
information.

Fluorescence-Activated Cell Sorter (FACS)�RT-PCR Analysis of RRV
Infectivity. Refer to the supporting information.

Electron Microscopy. Refer to the supporting information.

Statistical Analysis. Refer to the supporting information.

Results
Kinetic Analysis of RRV-ADE Infectivity. The kinetics of RRV
infectivity were determined over the first 24 h of infection for
RRV-ADE and RRV-normal mouse serum (NMS) cultures
(Table 1). We observed at 4 h p.i. that there was no difference
in the percentage of cells positive for virus after RRV-ADE or
RRV-NMS infection. At 7 h p.i., there was increased infectivity
for RRV-ADE-treated cells, but this finding was not statistically
significant compared with the control (P � 0.0824; n � 3). As the
data show, a clear and significant increase in infectivity was first
seen at 12 h p.i., with a further substantial increase in infectivity
seen for RRV-ADE at 24 h p.i.

Therefore, initial RRV infectivity was identical for ADE vs.
non-ADE infection of macrophages, with obvious enhance-
ment of ADE-mediated infection seen only after 12 h of viral
replication.

Expression of Antiviral Genes in RRV-ADE-Infected Macrophages. We
first examined the expression of selected antiviral genes post
ADE infection. Fig. 1a shows Northern blot analysis of mRNA
for IFN-inducible protein 10 (IP-10), nitric-oxide synthase 2
(NOS2), IRF-1, TNF-�, and IFN-� from RRV-ADE-infected
macrophages cultured with LPS (250 ng�ml). Message for IP-10,
NOS2, IRF-1, TNF-�, and IFN-� was only marginally detectable
for RRV-ADE-infected macrophages (Fig. 1a, lane 4), whereas,
for noninfected LPS-stimulated cells, specific mRNA was
strongly expressed for IP-10, NOS2, IRF-1, and TNF-� (IFN-�
mRNA expression was weaker but clearly detectable; lanes 1 and
2). Message for IP-10, NOS2, IRF-1, TNF-�, and IFN-� was also
clearly detected in RRV (� NMS)-infected macrophages. Ex-
pression of these factors in RRV (� NMS, lane 1)-infected
macrophages was similar to that observed in infected LPS-
treated macrophages in the absence of NMS (data not shown).
No message was detected for any of these factors in macrophages
in the absence of LPS treatment (data not shown). Exposure of
macrophages to anti-RRV antibody alone had no effect on
mRNA levels for any of the genes examined (Fig. 1a, lane 2).
Although the ablation of mRNA for IP-10, NOS2, IRF-1,
TNF-�, and IFN-� was found for RRV-ADE infection, �-actin
transcription was not affected (Fig. 1a). Quantitative analysis
showed that the levels of IP-10, TNF-�, and IFN-� expression in
RRV-ADE-infected macrophages were only between 10–15% of
those in RRV (� NMS)-infected macrophages (Fig. 1b).

Table 1. Comparison of percent RRV infectivity in RAW 264.7
macrophages at 4–24 h post-ADE or control (NMS) infection

RAW 264.7
treatment

Mean (� SEM) % infectivity

4 h 7 h 12 h 24 h

RRV-ADE 0.13 � 0.01 0.20 � 0.03* 5.2 � 0.3† 12.6 � 0.3†

RRV-NMS 0.11 � 0.01 0.14 � 0.02 0.16 � 0.03 0.22 � 0.02

*Considered not significant when compared with RRV-NMS (P � 0.0824).
†Considered significant when compared with RRV-NMS (P � 0.05).
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At the time of mRNA analysis (24 h p.i.), viral titers in
macrophage cultures were: RRV-NMS � 5.56 � 0.08 plaque-
forming units (pfu)�ml; RRV-NMS � 250 ng�ml LPS � 3.74 �
0.07 pfu�ml; RRV-ADE � 250 ng�ml LPS � 6.66 � 0.19 pfu�ml.
For a full analysis of RRV-ADE titers in RAW 264.7 macro-
phage cultures by plaque assay, see ref. 12.

EMSA Analysis of Antiviral-Associated Transcription Factor Activity in
RRV-ADE-Infected Macrophages. Results from the preceding sec-
tion clearly show that there was a down-regulation of antiviral
gene transcription in RRV-ADE cultures. Therefore, it was of
interest to determine whether this suppression was associated
with the disruption of specific transcription factor complexes.
Greatly reduced NF-�B protein activity was detected in the
nuclei of RRV-ADE-infected macrophages (Fig. 2a, lane 3), but
RRV (� NMS)-infected (lane 4) and noninfected controls
showed abundant NF-�B activity in LPS-treated (250 ng�ml)
cultures. Fig. 2 b and c shows the results of the AAF and ISGF3
protein complex formation in RRV-infected macrophages
(�250 ng�ml LPS) by EMSA. AAF activity (Fig. 2b) was
significantly reduced for RRV-ADE-infected macrophages (lane
5), but was clearly detected for RRV (� NMS)-infected (lane 4)
and noninfected controls cultured with NMS or anti-RRV alone.
Results identical to that detected for AAF were found for ISGF3
(Fig. 2c), with RRV-ADE ablating this protein (lane 4). Inter-
estingly, there appears to be a mild down-regulation of NF-�B,
AAF, ISGF3 complex formation in non-ADE-infected (RRV �
NMS) macrophages, suggesting that RRV infection alone may
have a modest inhibitory effect. However, the nuclear activity of
a transcription factor protein complex not associated with anti-
viral pathways, Sp-1, was not suppressed by RRV-ADE infection
(Fig. 2d). A mild down-regulation of Sp-1 complex formation in
non-ADE-infected (RRV � NMS) macrophages was noted.

Specific antibody probes confirmed the identities of the
examined transcription factor protein complexes.

Fig. 2 also describes a number of control infection and
treatment regimes designed to examine the extent to which
antigen–antibody complex interaction with cellular Fc-�Rs (17)
featured in the ablation of antiviral transcription factors for
LPS-treated cells. ADE infection of RAW 264.7 macrophages
with UV-inactivated RRV did not result in the diminution of
NF-�B (Fig. 2a), AAF (Fig. 2b), and ISGF3 (Fig. 2c) complex
formation, emphasizing the need for functional virus to perturb
antiviral pathways. UV-inactivated virus could be detected by
immunostaining, suggesting that while there was no infection,
there was viral attachment to cells and viral antigens were intact

Fig. 1. Suppression of antiviral genes in RRV-ADE-infected macrophages.
(a) Northern blot analysis of messenger RNA expression specific for IP-10,
NOS2, IRF-1, TNF-�, and IFN-� in LPS-stimulated (250 ng�ml) RAW 264.7 cells
24 h post-RRV-ADE infection (RRV � 10�3 anti-RRV serum). Control mRNA
expression is represented by �-actin. (b) Northern blots were quantified by
PhosphorImager (Molecular Dynamics) analysis, and relative mRNA levels
(IFN-�, TNF-�, and IP-10) are presented as the percentage of expression in
RRV-non-ADE (RRV � NMS) control-infected cultures.

Fig. 2. EMSA analysis of (a) NF-�B complex (p50 � p65), (b) AAF, (c) ISGF3, and
(d) Sp-1. Various transcription factor activity was investigated in LPS-
stimulated (250 ng�ml) RAW 264.7 cells 24 h post-RRV-ADE infection. A
number of different controls were included for comparisons. Five micrograms
of each nuclear extract were analyzed for binding activity by EMSA, by using
radiolabeled oligonucleotides containing the appropriate sequence motif.
Confirmation of protein identity is confirmed by reactivity with specific anti-
sera, shown as shifted complexes.
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(data not shown). In addition, polyclonal antiserum to the
serologically related alphavirus Barmah Forest induced only a
mild suppression of transcription factor complex formation
post-RRV-ADE infection (Fig. 2). Macrophages were also in-
cubated with zymosan–antibody complexes (opsinized zymo-
san). At 24 h posttreatment, high levels of antiviral transcription
factor complex formation were observed, suggesting that non-
viral antibody complexes do not specifically ablate antiviral
transcription factor activation in LPS-treated cultures.

Quantitative Analysis of RRV-ADE Infectivity. We have previously
shown by IFA techniques that 12–15% of RAW 264.7 cells were
infected at 24 h post-ADE infection (12). FACS studies showed
that, at an identical time point, 14.2% of the total cell population
stained FITC positive, indicating biological infection of these
cells by RRV.
Flow cytometric sorting and RT-PCR detection of viral RNA. To fully
assess the extent of RRV infectivity in RAW 264.7 macro-
phages post-ADE infection, RRV (FITC)-negative cells were
purified by FACS and subjected to RT-PCR analysis. Whereas
IFA and FACS data indicated that only a minority of cells were
RRV infected, the RT-PCR data demonstrated that the
unstained RAW 264.7 population also harbored virus, but at
levels not detectable by immunostaining techniques. RT-PCR
analysis of the purified unstained (FITC-negative) macro-
phage population showed clearly that RRV-RNA was present
in these cells (Fig. 3a).
Electron microscopy. A subsequent study to accurately quantitate
the number of macrophages that harbor RRV post-ADE or
control infection was performed by electron microscopy. A total
of 100 fields were analyzed randomly, and the presence of virus
was noted for each field (data presented as a percentage of cells
associated with virus). Fig. 3b shows that, for ADE infection,

42% of macrophages harbored RRV, compared with only 15%
of cells for RRV-NMS-infected control macrophage cultures.

Levels of IL-10 in RRV-ADE-Infected Macrophages. In the preceding
section, we showed that Sp-1 was not suppressed by RRV-ADE
infection. Sp-1 has been shown to play a prominent role during
LPS-mediated induction of the IL-10 gene (14). In addition,
IL-10 is known to potently inhibit NF-�B and IFN-induced
STAT-1 activation (18). We therefore investigated the activity of
IL-10 in this system.

RT-PCR analysis revealed high levels of IL-10 mRNA expres-
sion (10-fold) in RRV-ADE cultures when compared with
controls (Fig. 4a). To address whether this observation was
consistent at the protein level, supernatants were then analyzed
for IL-10 protein by ELISA. Supernatants taken from RRV-
ADE-infected macrophage cultures contained significantly (P �
0.05) higher levels (4-fold) of IL-10 protein when compared with
control (RRV-NMS) culture supernatants (Fig. 4b).

Discussion
The in vitro enhancement of virus infection in macrophage cell
lines by virus-specific antibodies at subneutralizing concentra-
tions has been reported for several viruses (4–8). The initial
stages of virus enhancement require the formation of a virus–
antibody complex that then attaches, via the Fc portion of the
antibody, to the macrophage Fc receptor; this complex facilitates
the entry of the virus, as compared with virus infection in the
absence of antibody.

As previously reported, ADE entry into macrophages af-
forded RRV with protection from LPS-induced antiviral activity
in vitro due to the ablation of key antiviral gene expression and
the associated suppression of antiviral proteins (12). In light of
these previous results, this subsequent study focused on the

Fig. 3. (a) RT-PCR analysis of RRV-ADE infectivity in RAW 267.4 macrophages
at 24 h p.i. RNA (RRV-ADE cultures) was extracted from equal numbers of
FACS-purified RRV (FITC) positive and RRV (FITC) negative macrophage pop-
ulations, and first strand cDNA was prepared as described in Methods. PCR was
performed with primers specific for the viral E2 gene, with hypoxanthine
phosphoribosyltransferase used as a housekeeping control. (b) Transmission
electron microscopy analysis of RRV infectivity in RAW 264.7 macrophages at
24 h p.i. A total of 100 fields (each representing a single cell) were examined
randomly to detect RRV in ADE vs. non-ADE control cultures. The number of
high powered fields found to contain virus was determined, and the data were
presented as a percentage of cells found to contain virus.

Fig. 4. Induction of IL-10 mRNA and protein in macrophages. (a) Total RNA
was prepared from macrophage cultures, and IL-10 mRNA was amplified by
RT-PCR. The amplification products were blotted onto nylon membranes and
hybridized to fluorescein-labeled oligonucleotide probes specific for the PCR
product. The reference gene, hypoxanthine phosphoribosyltransferase, was
used to assess variation between RNA and cDNA loading. Non-ADE-RRV-
infected macrophages and LPS alone treated macrophages served as controls.
(b) Supernatants from various groups were collected and analyzed for IL-10
protein by ELISA. Data are presented as means of triplicate cultures � SEM and
are representative of two experiments. Asterisk indicates statistically signifi-
cant differences between groups (P � 0.05).
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activity of relevant transcription factor protein complexes in the
nuclei of RRV-infected and LPS-stimulated macrophages. Here,
we show that AAF, ISGF3, and NF-�B were significantly
suppressed post-RRV-ADE infection. AAF is a STAT-1 ho-
modimer that binds to IRF-1, IFN-�, and NOS2 promoters and
positively regulates the transcriptional activation of these genes.
RRV-ADE also ablated ISGF3 and NF-�B activity, with the
downstream impact of this transcription factor disruption shown
by the suppression of IP-10 and TNF-�, respectively.

The requirement for active virus in the suppression of antiviral
responses by macrophages also needed exploration. Was the
specific suppression of antiviral activity simply a result of Fc-�R
cross-linking by antibody, regardless of the antigen involved?
EMSA studies showed that nonviral immune complexes (zymo-
san–antibody complexes) did not induce the suppression of
STAT-1 and NF-�B complexes in LPS-treated macrophages.
Zymosan is a yeast capsular protein that is used extensively in
phagocytosis studies (19). Also, RRV that was briefly UV
irradiated before ADE infection did not suppress these com-
plexes. It was viral replication post-antibody-enhanced entry,
therefore, and not Fc-�R cross-linking that was responsible for
the suppression�ablation of key antiviral responses.

Recent studies with dengue virus lend considerable support
into observations of disruption to antiviral cytokine production
post-ADE infection. Subneutralizing titers of immune sera
against dengue-1 were found to enhance dengue-2 growth in
monocytes, with an associated increase in cellular proliferation,
but a decrease in the production of the potent antiviral cytokine
IFN-� (20, 21). This evidence led these workers to suggest that
suppression of Th-1 immune responses may be linked to ADE
associated with heterotypic dengue infection. However, the
findings for monocytes�macrophages cannot be generalized to
all cells. Another study found that, for antibody-enhanced
dengue infection of a mast cell�basophil cell line, a significant
increase in IL-1� production was observed and a ‘‘modest’’
increase for IL-6, but no increases were observed for granulo-
cyte-macrophage colony-stimulating factor (22). These results
lend some support to the concept of cytokine disruption post-
ADE infection, but the enhanced production of IL-1�, an
important inflammatory cytokine although not antiviral, is
contrary to this position.

It should also be considered that a report has shown aug-
mented serum TNF-� levels in patients suffering dengue hem-
orrhagic fever�dengue shock syndrome (DHF�DSS), compared
with patients with primary dengue fever (23). While the serum
TNF-� levels reported for DHF�DSS patients were a convincing
correlate to the severity of these diseases, ex vivo monocyte�
macrophage cultures from these patients were not examined
directly for spontaneous or in vitro stimulated TNF-� produc-
tion, leaving the question open as to the nature of the cells
producing the excessive TNF-� concentrations in these patients.
The timing of infection may also be of importance to the
cytokine profile post-ADE infection. Whereas RRV-ADE in
vitro infection of macrophages results in dramatic increases of
virus titers initially, by day 5 p.i. the ADE titers are similar to
non-ADE control (RRV) titers, with virus titers dropping to
undetectable levels (plaque assay) more rapidly for ADE-
infected cultures (data not shown). Initial ADE infection path-
ways ablate early antiviral responses in infected macrophages,
allowing the establishment of infection, but this result may not
guarantee that the expression of inflammatory�antiviral cyto-
kines is suppressed for the duration of the infection or associated
disease, particularly because the dynamic of the virus–host
interaction may change greatly once an infection becomes
prolonged or persistent.

Although the ability of double-stranded DNA viruses to
perturb antiviral activity has been well recognized (24–26), much
evidence has recently emerged on the capacity of RNA viruses

to disrupt cellular antiviral pathways via the action of viral genes.
The sole nonstructural protein of influenza A virus, NS1, has
been recognized as a key virulence factor for its ability to inhibit
type 1 IFN responses in the infected host (27). The ability of NS1
to block IFN-��� activation has been found to be associated with
the perturbation of double-stranded-RNA-activated protein ki-
nase (PKR; ref. 28), with further investigations finding that
IRF-3 and NF-�B were also inhibited (29, 30). This property of
type I IFN antagonism has also been identified for Ebola virus
VP35 protein (31), suggesting dual and possibly multiple roles
for proteins encoded by small genome RNA viruses in cell
interactions and immune evasion. TNF-� expression has been
shown to be sensitive to in vitro infection by RRV alone (12), and
this finding has been confirmed by this study (see Fig. 1). Like
influenza and Ebola, RRV appears to have an innate capacity to
disrupt host gene expression, but ADE entry is required for the
maximum level of broad antiviral suppression post-macrophage
infection.

With RRV alone displaying the ability to mildly disrupt TNF-�
expression, consideration of possible disparities in the initial
infection conditions for RRV-ADE vs. RRV alone was required.
An infectivity kinetics study (Table 1) definitively demonstrated
that the initial infectivity for RRV-ADE was identical to that
found for the RRV control at 4 h p.i. It was only after 12 h p.i.
that significant increases in infectivity were observed for RRV-
ADE. This study focused on the disruption of the transcriptional
regulation of antiviral responses in macrophages, and the infec-
tion kinetics data show that the ADE-mediated suppression of
antiviral expression at 24 h p.i. was not due simply to either
increased initial virus dose, or an initial enhanced infectivity for
ADE treatment.

Central to the role of viral genes and proteins in the ablation
of antiviral responses by macrophages are questions concerning
the true degree of cellular infectivity at 24 h p.i. Whereas
previous work by us and others (12, 32) has shown that ADE
enormously enhanced RRV infectivity for macrophages in vitro,
rates of between 12 and 15% (12) of the total cell population
infected posed questions on how a minority of infected cells
could induce global suppression of cellular genes and proteins.
To address such concerns, RT-PCR studies were performed to
examine the RRV-RNA status of cells found to be IFA negative
for viral antigen. Viral RNA was detected in the unstained
macrophage population, indicating that true RRV infectivity
exceeded the 12–15% levels previously reported (12). In light of
this RT-PCR result for RRV-ADE-infected cells, further studies
were performed to precisely quantitate RRV infectivity for both
RRV-ADE-infected macrophages and RRV-NMS-infected con-
trols via transmission electron microscopy. This analysis dem-
onstrated a substantially higher percentage of infected cells for
ADE-infected macrophage cultures (42%) compared with non-
ADE control cultures (15%). Furthermore, a separate study has
also detected low level RRV infection of RAW 264.7 macro-
phages by RT-PCR and electron microscopy in IFA-negative
cells post-RRV-NMS infection (39). Such evidence clearly dem-
onstrates that overt infection, whether detected as cytopathic
changes to cells or antigen immunostaining, does not necessarily
indicate the full extent of viral infectivity. Whereas many more
macrophages were infected by RRV than initially determined by
IFA techniques alone (12), our new evidence shows that 58% of
cells remained uninfected post-RRV-ADE. This finding stimu-
lated investigations of virally induced cellular proteins in the
suppression of antiviral activity for uninfected macrophages.

Whereas direct viral intervention in molecular processes
within infected cells may account for a significant proportion of
specific antiviral suppression, cellular proteins�factors stimu-
lated by infection can suppress the expression of antiviral genes.
In this regard, IL-10 is a primary candidate because levels of this
cytokine were elevated in RRV-ADE-infected macrophage cul-
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tures. Interestingly, IL-10 transcription can be potently regulated
by transcription factor Sp-1 (14), and, indeed, Sp-1 complex
formation was not suppressed in RRV-ADE-infected macro-
phages. Furthermore, IL-10 is a potent immunosuppressive
molecule that can mediate the down-regulation of Th1 responses
by inhibiting the production of IL-12, IFN-�, and TNF-� (18).
IL-10 is capable of inhibiting NF-�B activation in human mono-
cytes as well as IFN-�- and IFN-�-induced genes by suppressing
tyrosine phosphorylation of STAT-1 (18, 33, 34). Studies with
other alphaviruses have considered the expression of IL-10 p.i.
The inflammatory response to nonfatal Sindbis virus infection in
SJL mice has shown that lymphocytes isolated from the CNS
produced high levels of IL-10 (35). Venezuelan equine enceph-
alitis virus infection of C57BL�6 mice resulted in the enhanced
gene expression of IFN-�, IL-6, IL-12, TNF, and IL-10 in the
draining lymph node (36). A recent study with the picornavirus
Coxsackie B3 (CVB3) had very strong parallels with our RRV
findings. Proinflammatory cytokine responses were suppressed
by virus in LPS-stimulated macrophages whereas IL-10, at the
mRNA and protein level, was ‘‘strongly and persistently induced
by CVB3’’ (37).

Because ADE has been observed for several virus families and
associated with disease and adverse vaccination outcomes, our
findings may have broad relevance beyond RRV pathogenesis.
Our results show that antiviral gene expression was significantly
and specifically suppressed, and in some cases ablated, via the
disruption of transcription factor complex function. Whereas
there may be other novel mechanisms associated with ADE-

mediated virus infection, it appears likely that the ADE pathway
may augment the innate capacity of some viral genes and
proteins to perturb specific antiviral responses. The RRV gene�
protein responsible for the ablation of antiviral factors post-
ADE infection is still unknown. There has been traditional
interest in the structural protein E2 as important to RRV
virulence and antibody evasion (38), but, based on the obser-
vations of NF-�B and IRF disruption for influenza, the role of
nonstructural viral genes�proteins will also need to be closely
considered in future studies on antiviral evasion by RRV.
Ultimately, it is desirable that roles for RRV genes�proteins in
both the direct inhibition of cellular antiviral responses, as
described above for influenza virus, and the indirect suppression
of inflammatory-antiviral activity via the enhanced stimulation
of cellular proteins like IL-10 be balanced for the best possible
understanding of the mechanisms that underpin antibody-
enhanced infection of macrophages. As such capacities are being
identified among a range of small genome RNA viruses, the
importance of ADE to the general understanding of immune
evasion by viruses can only increase in significance.
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