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We determined that the highly pathogenic avian reovirus strain 176 (ARV-176) possesses an enhanced ability
to establish productive infections in HD-11 avian macrophages compared to avian fibroblasts. Conversely, the
weakly pathogenic strain ARV-138 shows no such macrophagotropic tendency. The macrophage infection
capability of the two viruses did not reflect differences in the ability to either induce or inhibit nitric oxide
production. Moderate increases in the ARV-138 multiplicity of infection resulted in a concomitant increase in
macrophage infection, and under such conditions the kinetics and extent of the ARV-138 replication cycle were
equivalent to those of the highly infectious ARV-176 strain. These results indicated that both viruses are
apparently equally capable of replicating in an infected macrophage, but they differ in the ability to establish
productive infections in these cells. Using a genetic reassortant approach, we determined that the macro-
phagotropic property of ARV-176 reflects a post-receptor-binding step in the virus replication cycle and that
the ARV-176 M2 genome segment is required for efficient infection of HD-11 cells. The M2 genome segment
encodes the major m-class outer capsid protein (mB) of the virus, which is involved in virus entry and
transcriptase activation, suggesting that a host-specific influence on ARV entry and/or uncoating may affect the
likelihood of the virus establishing a productive infection in a macrophage cell.

The avian reoviruses (ARV) differ from the prototypical
mammalian reoviruses (MRV) based on several biological
properties other than just their distinct host ranges. Unlike
MRV, ARV is naturally pathogenic in its avian host, lacks
hemagglutinating ability, and is one of the few nonenveloped
viruses capable of inducing syncytium formation in infected
cell cultures and in vivo (14, 18, 24, 28). Although ARV patho-
genesis has been extensively described (5, 6, 15, 34), the viral
factors that influence ARV-host cell interactions and patho-
genesis remain poorly understood.

We have been investigating two ARV strains that possess
distinct pathogenic and syncytium-inducing potentials. Previ-
ous results demonstrated that ARV-176 is highly pathogenic
relative to ARV-138 in an embryonated egg model of virus
pathogenesis, an attribute that correlates with the relative fu-
sogenic capability of the virus (8). Both viruses infect and
replicate with equal efficiency in cultured fibroblast cells, they
display 94 to 98% amino acid sequence identity in the three
sequenced S-class genome segment-encoded proteins (7a), and
all 10 of their individual genome segments can be resolved by
electrophoretic analysis (8); these properties make these two
ARV strains ideal parental virus candidates for genetic and
molecular approaches to identify viral determinants of host
interaction and pathogenicity. We previously used a genetic
reassortant approach to reveal that the S1 genome segment of
ARV-176 is solely responsible for the syncytium-inducing

property of the virus (8). Subsequent molecular and biochem-
ical studies confirmed the role of the S1 genome segment and
its encoded 10-kDa protein in cell fusion (30). Genetic studies
also revealed that while the S1 genome segment, and by infer-
ence syncytium formation, makes a significant contribution to
the pathogenic potential of ARV, other genetically encoded
viral properties also contribute to ARV-176 pathogenicity (8).
Aside from the distinct pathogenic and syncytium-inducing
characteristics of these two ARV strains, no other distinguish-
ing viral attributes have been identified that could influence
virus-host interactions.

Macrophages may be a preferred target cell population for
ARV replication (38), which could conceivably contribute to
the transient immunosuppression observed following ARV in-
fection (25). Furthermore, there is evidence suggesting virus
strain-specific differences in the ability of ARV to infect cul-
tured macrophages (23). However, the relationship between
macrophage infection and pathogenesis remains unclear (12,
38). These studies prompted us to evaluate ARV-176 and
ARV-138 macrophage interactions using an avian macrophage
cell line, HD-11. ARV-176 was approximately 25-fold more
efficient at establishing productive infections in macrophage
versus fibroblast cell cultures, while ARV-138 showed no such
macrophagotropic property. Genetic studies indicated that the
ARV-176 M2 genome segment, which encodes the major
m-class outer capsid protein of the virus, is necessary for en-
hanced macrophage infection. In view of the role of this outer
capsid protein in virus entry and transcriptase activation, dif-
ferences in the endosomal entry pathway between fibroblasts
and macrophages could contribute to the observed differences
in ARV macrophage infection.
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MATERIALS AND METHODS

Virus strains and cells. ARV-176 and ARV-138 have been previously de-
scribed (8). Both strains were plaque purified and amplified to passage 4 using a
multiplicity of infection of 0.01 in the continuous quail fibroblast cell line QM5.
The QM5 cell line has been previously described (8). HD-11 is a continuous
chicken macrophage cell line developed by transforming bone marrow-adherent
cells with the replication defective avian retrovirus MC29 (1). The HD-11 cells
were obtained from John Adams (University of California, Los Angeles) and
were grown in RPMI 1640 medium supplemented with 10% fetal bovine serum
and 1% penicillin-streptomycin at 37°C.

Focus-forming assay. The relative infectivities of ARV-176 and ARV-138 in
QM5 fibroblasts and HD-11 macrophages were compared and quantified using
a focus-forming assay. Concentrated virus stocks were obtained by differential
centrifugation of infected QM5 cell lysates as previously described (9). Serial
virus dilutions were used to infect QM5 and HD-11 cell monolayers, and the
monolayers were fixed with methanol at 9 to 16 h postinfection (hpi). Fixed
monolayers were stained using polyclonal rabbit antiserum raised against virus
structural proteins and a secondary goat anti-rabbit immunoglobulin G conju-
gated with alkaline phosphatase (Life Technologies) as reported previously (9).

Quantification of infectious foci was achieved using the computer software
Image-Pro Plus (version 4.0). Duplicate stained cell monolayers were observed
by bright-field microscopy at a magnification of 3100 using a Nikon Diaphot-
TMD inverted microscope and were photographed with a Sony DXC-950 color
video camera. Five separate fields per duplicate dilution were quantified. The
experiment was repeated at least three times for each virus. Captured images
were subjected to background spatial filtering set to bright at 100 pixels to obtain
an equal distribution of light intensity throughout each image capture. To avoid
counting objects smaller than individual cells the minimum area filter range was
set to 5 pixels. An 8-bit gray scale was selected for quantification. The intensity
range selection (0 to 255) was set on manual and to the level which identified the
areas in the cell monolayers stained with antireovirus antibodies. Twofold dilu-
tions were used to ensure a linear dose response between foci counted and viral
concentration. The relative infectivity was reported as the HD-11/QM5 focus-
forming ratio.

The reassortant viruses were similarly analyzed to determine their relative
infectivities. A one-way analysis of variance using Tukey’s pairwise comparisons
was used to analyze the relative infectivities of the parental and reassortant
viruses and to assign the viruses to one of three phenotypic groups. The family
error rate (the probability that there are not three distinct groups) had a P value
of ,0.05, and the individual error rate (the probability that any given virus is not
in a specific group) had a P value of ,0.0001. The M2 genome segment was
identified as a predictor of macrophage infection efficiency using a generalized
linear model to fit a regression model predicting the log of the relative infectivity
(P , 0.001).

Progeny virus yield and viral protein synthesis. To compare the replication
abilities per infected cell of ARV-176 and ARV-138 in QM5 and HD-11 cells,
monolayer cultures were infected with the minimum dose of virus required for a
.90% infection as determined by immunostaining. After attachment for 1 h at
37°C, the inoculum was removed and the monolayers were washed three times
with warm phosphate-buffered saline followed by the overlay of 1% fresh me-
dium. Duplicate wells containing infected monolayers were harvested at 24 or 48
hpi by scraping the cells into the culture medium, cells were disrupted by three
freeze-thaw cycles, and the total infectious progeny virus titer was determined by
plaque assay on QM5 cell monolayers as previously described (9).

The kinetics and extent of viral protein synthesis in monolayers of HD-11 and
QM5 cells, infected as described above, were analyzed by [35S]methionine pulse-
labeling and sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) as previously described (9).

Greiss assay. A standard assay was used to quantify the levels of nitrite present
in the culture medium as an indicator of the relative inducible nitric oxide
synthase (iNOS) activity (11). To measure iNOS activity in infected or uninfected
HD-11 cells, monolayers were incubated in the absence or presence of 500 ng of
lipolysaccharide (LPS) per ml for 6 h. Cells were then either mock infected or
infected with equivalent QM5 focus-forming units of ARV-176 or ARV-138
under conditions that gave a .90% infection by ARV-176. The monolayers were
incubated with 500 ml of phenol red-free RPMI 1640 at 37°C for 12 to 16 h.
Following incubation, 100 ml of Greiss reagent, composed of a 1:1 mixture of 1%
sulfanilamide in 2.5% phosphoric acid and 0.1% naphthylenediamine dihydro-
chloride in 2.5% phosphoric acid, was added to 100 ml of sample supernatants
and the absorbance at 550 nm was measured. To determine the concentration of
nitrite production from HD-11 cells, a sodium nitrite standard curve with a range

of 500 to 0.5 mM was created using a 5 mM sodium nitrite stock solution diluted
in phenol red-free RPMI 1640.

Isolation of ARV reassortants. ARV reassortants were generated by slight
modifications of standard techniques used to make MRV reassortants (13).
Briefly, subconfluent monolayers of QM5 cells in 24-well tissue culture plates
were infected with a mixture of ARV-138 and ARV-176, at multiplicities of
infection of 5:5, 12:3, and 3:12 PFU per cell per clone. Infected cells were
incubated at 37°C for 24 h (approximately one round of replication), freeze-
thawed twice, and disrupted with an ultrasonic sonicator to dissociate clumps.
Serial dilutions of viral lysates were prepared and plated under medium 199–1%
agar as described previously (9). Individual plaques representing putative reas-
sortants separated by at least 1 cm were picked and amplified through two
passages.

RNA analysis. Each of the twice-passaged putative reassortant stock clones
was used to infect subconfluent QM5 monolayers in P100 dishes. Cytoplasmic
extracts were prepared from each infection as described previously (13). Briefly,
cells were harvested when they showed a .50% cytopathic effect, nuclei were
removed, and double-stranded RNA was phenol-chloroform extracted from the
cytoplasmic fractions. RNA was precipitated with ethanol, dried, and resus-
pended in electrophoresis sample buffer (0.24 M Tris [pH 6.8], 1.5% dithiothre-
itol, 1% SDS). Samples were heated to 65°C and resolved by SDS-PAGE (16.0
by 16.0 by 0.1 cm gel) under standard Laemmli conditions (typical conditions
were 12.5% acrylamide gels electrophoresed at 12 mA for 68 h). All reassortants
were analyzed on multiple gels and under different electrophoretic conditions (7,
10, and 12.5% acrylamide gels, altered times of electrophoresis) to obtain max-
imal resolution of the individual L-, M-, and S-class genome segments. Gels were
then stained with ethidium bromide, and RNA was visualized on a UV light box
and photographed with Polaroid film. Alternatively, images were captured with
a Bio-Rad Gel Doc 2000 system and manipulated with Adobe Photoshop.

RESULTS

Strain-specific differences in ARV infection of HD-11 mac-
rophage cultures. The HD-11 myelomonocytic cell line is a
chicken bone marrow-derived cell line obtained by transfor-
mation with the replication-defective avian retrovirus MC29
(1). This cell line displays many macrophage-like properties,
including high phagocytic capability and expression of Fc re-
ceptors, secretion of interleukin-1B, macrophage inflammatory
protein 1a, interleukin-8, and tumor necrosis factor alpha
(TNF-a), and iNOS activity following stimulation with TNF-a
and/or LPS (1, 31, 33, 39, 40). We used the HD-11 cell line as
a model system to assess ARV-176 and ARV-138 macrophage
interactions using a focus-forming assay.

Both viruses were first standardized using the focus-forming
assay in the permissive QM5 quail fibroblast cell line. QM5
monolayers were infected with serial dilutions of ARV-176 or
ARV-138 virus stocks, and monolayers were fixed and immu-
nostained at 16 hpi using ARV-specific antiserum (Fig. 1).
Previous results indicated that this time point is prior to the
release of progeny virus particles (9); therefore, the antigen-
positive foci represent the primary foci of infection. As previ-
ously reported (8) and as shown in Fig. 1a and b, ARV-176 is
more fusogenic than ARV-138, resulting in larger, though in
equivalent numbers, syncytial foci of infection in the infected
QM5 monolayers.

Infection of HD-11 macrophages using virus stocks diluted
to give equivalent QM5 focus-forming units/ml gave very dif-
ferent results. While equivalent aliquots of ARV-138 gave ap-
proximately equal numbers of infectious foci in both QM5 and
HD-11 cells (Fig. 1a and c), ARV-176 displayed a dramatic
increase in the number of foci established in the HD-11 cells
(Fig. 1d). For presentation purposes, the HD-11 cells were
fixed and stained at 9 hpi to minimize the overlap of individual
foci due to syncytium formation. Extended incubation to 16 hpi
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before fixation did not contribute to an increase in the num-
bers of foci observed with ARV-138 (data not shown). The
relative infectivities of the two viruses in QM5 and HD-11 cells
were quantified using the focus-forming assay and serial virus
dilutions, as described in Materials and Methods (Fig. 2). In
repeated experiments, the relative infectivity of ARV-138 in
HD-11 versus QM5 cells ranged from 0.8 to 1.2. Conversely,
ARV-176 displayed a consistent and reproducible HD-11/
QM5 relative infectivity ratio of 25 to 30:1. These results
clearly indicated that ARV-176 preferentially establishes pro-
ductive infections in macrophage cell cultures.

ARV-176 and ARV-138 do not differentially stimulate or
inhibit NO production. Nitric oxide (NO) is a reactive nitrogen
species produced by iNOS in macrophages activated by TNF-a
and/or LPS. NO is a potential potent inhibitor of the replica-
tion of numerous viruses, including ARV replication in HD-11
cells (25, 26). Studies have also shown strain-specific differ-
ences in the ability of avian influenza viruses to inhibit NO
production in HD-11 cells, a property that correlated with virus
virulence and viral replication (21). It therefore seemed plau-
sible that the observed difference in the ability of ARV-176

and ARV-138 to establish productive infections in HD-11 mac-
rophages might reflect a strain-specific difference in the acti-
vation or inhibition of iNOS activity.

To test this hypothesis, we examined iNOS activity in ARV-
infected HD-11 cells by measuring the accumulation of sodium
nitrite, the stable end product of NO reduction, in the culture
medium. Uninfected or ARV-infected HD-11 cell monolayers
all showed equivalent low basal levels of sodium nitrite in the
culture medium, indicating that neither virus stimulates NO
production (Fig. 3). We also examined whether either virus
could inhibit NO production in activated HD-11 cells. Incuba-
tion of HD-11 cells in the presence of LPS stimulated iNOS
activity, as indicated by the high levels of sodium nitrite de-
tected in culture supernatants at 12 h posttreatment (Fig. 3)
and as previously reported (33). Neither virus was capable of
inhibiting NO production by activated macrophages (Fig. 3),
and the replication of both viruses was equally impaired by
LPS treatment (data not shown), as previously reported for
ARV-176 (26). Therefore, the differential ability of these two
ARV strains to establish productive infections in HD-11 mac-
rophages is not related to NO production and/or inhibition.

FIG. 1. ARV-176 shows a predilection for macrophages. Diluted stocks of ARV-138 and ARV-176 were used to infect QM5 fibroblasts (a and
b, respectively). Infected cell monolayers were incubated at 37°C and fixed at 16 hpi before being immunostained using a reovirus-specific rabbit
polyclonal antiserum and goat anti-rabbit immunoglobulin G conjugated with alkaline phosphatase to detect viral foci of infection. Virus dilutions
that gave equivalent numbers of foci in QM5 fibroblasts were then used to infect HD-11 macrophages (c and d) that were similarly fixed and
immunostained at 9 hpi.
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Characterization of ARV infection and replication in HD-11
macrophages. One mechanism that might account for the dif-
ferences in virus infectivity observed in the two cell types is that
the HD-11 macrophage line consists of a mixed population of
cells, some of which are exclusively susceptible to infection by
ARV-176. Such a situation has been reported in other virus
systems where, for example, the stage of macrophage differ-
entiation or the expression of cell surface receptors on a sub-
population of macrophages dictates the outcome of virus in-

fection (4, 20, 35). To test this hypothesis, HD-11 cells were
infected with various amounts of ARV-138. Stepwise twofold
increases in the QM5-standardized ARV-138 inoculum re-
sulted in concomitant stepwise increases in the number of foci
of infection in both the QM5 and HD-11 cells. Essentially
complete infection by ARV-138 of the HD-11 cell monolayer
was achieved by a 16- to 32-fold increase in the concentration
of the standardized inoculum (Fig. 4). Clearly, both ARV-138
and ARV-176 are capable of establishing productive infections
in all of the cells present in an HD-11 cell monolayer, suggest-
ing that there is no distinct subpopulation of HD-11 cells that
is specifically permissive for ARV-176 infection. Rather, the
balance between host cell defenses and virus infection appears
to be tipped more in favor of the virus in the case of ARV-176
such that this strain of ARV is more efficient at establishing a
productive infection in any given macrophage cell.

The immunostaining protocol used in the focus-forming as-
say indicated that both viruses could establish equivalent pro-
ductive infections in macrophage cells, at least to the point
where robust virus translation occurs. It was not clear, how-
ever, whether both viruses were equally capable of completing
their replication cycle within a particular infected macrophage.

FIG. 2. Relative infectivities of ARV-176 and ARV-138 in macro-
phages versus fibroblasts. Both viruses were serially diluted and used to
infect monolayers of QM5 fibroblasts (gray bars). Virus dilutions that
gave equivalent numbers of foci of infection in QM5 cells were simi-
larly used to infect HD-11 macrophages (black bars). Infected mono-
layers were immunostained to detect viral foci of infection as described
for Fig. 1. The average number of foci of infection per field at a
magnification of 3100 was determined after correcting for the relative
virus dilution, as described in Materials and Methods. Results are
presented as means and standard errors from a representative exper-
iment.

FIG. 3. Neither ARV-176 nor ARV-138 differentially affects NO
production by infected macrophages. HD-11 cell monolayers were
incubated for 6 h in the presence (black bars) or absence (gray bars) of
LPS at 500 ng/ml followed by infection with equivalent concentrations
of QM5 focus-forming units of ARV-176 or ARV-138 per milliliter. At
12 hpi the supernatants were harvested and assayed for the presence of
nitrite using standard protocols. Nitrite concentrations were deter-
mined relative to a standard sodium nitrite curve. Uninf., uninfected
cells.

FIG. 4. ARV-138 is capable of complete infection of HD-11 mac-
rophage monolayers. HD-11 macrophages were left uninfected (b) or
were infected with increasing concentrations of standardized QM5
focus-forming units of ARV-176 (a) or ARV-138 (c) per milliliter.
Monolayers were fixed and immunostained as described for Fig. 1 to
reveal viral foci of infection. The ARV-138 inoculum in panel c cor-
responds to a 32-fold increase in the QM5 focus-forming units com-
pared to the ARV-176 inoculum in panel a.
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To more clearly assess the kinetics and extent of the virus
replication cycle within an infected cell, virus translation and
progeny virus production were evaluated in QM5 and HD-11
cell cultures infected with the minimum virus inoculum re-
quired for complete infection of the monolayer, as indicated in
Fig. 4. The results indicated that under these infection condi-
tions, there were no obvious differences in either the rate or
extent of virus translation or progeny virus production when
comparing the various virus-cell combinations (Fig. 5). The
kinetics and extent of virus translation were equivalent when
comparing either one virus to the other or one particular virus
in either cell line with predominant viral proteins evident at 12
hpi and diminishing by 16 hpi (Fig. 5A). The same situation
applied when cells were examined at 4 hpi (data not shown).
Similar to the results observed with virus translation, neither
virus showed preferential progeny virus production in a par-
ticular cell type under infection conditions sufficient to infect
the majority of cells in the monolayer (Fig. 5B). The previously
reported enhanced replicative ability of ARV-138 versus
ARV-176 in quail fibroblasts (8) was conserved in HD-11 cells;
ARV-138 progeny titers were approximately threefold higher
than those of ARV-176 (Fig. 5B). These results indicated that
ARV-176 possesses an enhanced ability to establish a produc-
tive infection in any given macrophage cell but not an en-
hanced ability to replicate within a productively infected cell.

Reassortant analysis implicates the ARV-176 M2 genome
segment in HD-11 infectivity. We undertook a genetic ap-
proach to identify the viral factors involved in the distinct
macrophagotropic properties of ARV-138 and ARV-176. A
panel of 29 reassortant viruses was isolated following coinfec-
tion of QM5 cells by the two virus strains. A select panel of the
reassortant genomes is shown in Fig. 6. The assignment of
genome segments to a particular parental virus was accom-
plished by repeated analysis under different electrophoretic
conditions designed to specifically resolve individual L-, M-,
and S-class genome segments (see Materials and Methods).
Viral stocks were prepared from each of the reassortants, and
their infectivities were standardized using the QM5 focus-
forming assay as described above. Serial dilutions of the stan-
dardized inocula were then used to infect HD-11 cell mono-
layers, and the relative focus-forming propensity of each clone
in both cell types was determined (Fig. 7).

With the two parental viruses included with the reassortants,
the viruses visually and statistically (P , 0.05) segregated into
three separate groups based on their macrophage infection
propensities. The group with the highest relative infectivity
contains ARV-176 alone, with an HD-11/QM5 average relative
infectivity of 25. The second group contains five reassortants
whose average relative infectivities ranged from approximately
6 to 9. This group contains all of the viruses that possess the
ARV-176 M2 genome segment. The third group contains the
remaining 24 reassortants, none of which contain the ARV-176
M2 genome segment and all of which segregate with ARV-138.
The average relative infectivities of this last group range from
approximately 0.3 to 2. Most of the variability in the relative
infectivities of the last group reflected minor inherent varia-
tions in the assay, as evidenced by the relative infectivities
obtained for two separate reassortants with identical genome
segment profiles (R459 and R103 have relative infectivities of
0.7 and 1.9, respectively). The most notable reassortant in the

ARV-138 group was R402, a monoreassortant containing the
ARV-138 M2 genome segment in an otherwise ARV-176 ge-
netic background (Fig. 6). R402 had a relative infectivity of
approximately 0.6 and was indistinguishable from ARV-138
when examined by the focus-forming assay (Fig. 8). These
genetic studies clearly indicated that the ARV-176 M2 genome

FIG. 5. ARV-176 and ARV-138 protein synthesis and replication
are similar in fibroblasts and macrophages. (A) Cell monolayers of
quail QM5 fibroblasts or HD-11 macrophages were left uninfected (U)
or infected with ARV-176 (176) or ARV-138 (138) using the minimum
concentrations of virus inocula required for complete infection of the
monolayer (see Fig. 4). Cultures were pulse-labeled for 1 h with
[35S]methionine at 12 and 16 hpi, and the radiolabeled cell lysates were
fractioned by SDS-PAGE and detected by autoradiography. The loca-
tions of the major l, m, and s classes of viral proteins are indicated on
the right. (B) Monolayers of quail QM5 fibroblasts or HD-11 macro-
phage cells were infected with ARV-176 (gray bars) or ARV-138
(black bars) as described for panel A. Infected cultures were harvested
at 48 hpi, and the yield of infectious progeny virions was determined by
a plaque assay on QM5 cell monolayers. Results are presented as
means and standard errors from a representative experiment.
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segment is necessary for efficient macrophage infection (P ,
0.001).

It was also apparent that additional virus genes or gene
constellations exert an auxiliary influence on macrophage in-
fection, since none of the ARV-176 M2-containing reassor-
tants displayed the full infectivity of the parental ARV-176
virus (Fig. 7). The asymmetry in the distribution of the ARV-
176 M2 genome segment among the panel of reassortants
precluded any meaningful statistical analysis to identify poten-
tial second gene effects. However, the R509 monoreassortant
(ARV-176 with an ARV-138 M3 genome segment) suggests
that the M3 genome segment likely makes at least a minor
(approximately twofold) contribution to the enhanced ability
of ARV-176 to infect macrophages. The remaining ARV-176
M2 reassortants all contain the ARV-138 S2 and S3 genome
segments, suggesting the possibility that either or both of these
genome segments might also impact ARV infection of macro-
phages (approximately two- to threefold). Therefore, while it is
clear from the present analysis that the ARV-176 M2 genome
segment is required for efficient macrophage infection, the M2
genome segment alone is not sufficient for conferring the com-
plete macrophagotropic property of ARV-176, indicating that
second gene effects modulate ARV macrophage infection.

DISCUSSION

Our current results revealed that there are clear virus strain-
specific differences in the tropism of ARV for HD-11 macro-
phages. We also demonstrated that this differential tropism
does not reflect differences in the iNOS pathway, that the two
viruses differ in the ability to establish a productive infection in
macrophages but not in the ability to replicate within an in-
fected macrophage, and that the M2 genome segment of ARV-
176 is required for the efficient establishment of a productive
infection in HD-11 macrophages.

The distinct macrophagotropic properties of ARV-176 and
ARV-138 represent the third defined difference in the at-
tributes of these viruses, the others being the extent of syncy-
tium formation and embryo pathogenesis. We have previously
shown that the S1 genome segment, which encodes the p10
fusion protein of ARV, contributes approximately 60% of the
embryo pathogenic potential of ARV-176 (8). In view of the
ability of various strains of ARV to infect macrophages in vivo
and under culture conditions (12, 19, 23, 38), the transient
immunosuppression that accompanies ARV-176 infection
(25), and the central role of the macrophage in orchestrating
the early immune response to virus infection, it is conceivable
that the preferential infection of macrophages by ARV-176 in

FIG. 6. Genome segment profiles of parental and reassortant ARV virions. Viral double-stranded RNA was isolated from concentrated virus
stocks of the parental and reassortant viruses, and individual genome segments were resolved on SDS–12.5% PAGE gels. Gels were stained with
ethidium bromide and visualized under UV illumination. Images were captured and enhanced with Adobe Photoshop, and negative images were
printed. The parental ARV-176 and ARV-138 genome segment profiles are shown by themselves in the left-hand panel and included as markers
on the gels that contain the reassortant genomes. Only a selected number of reassortants used in this study are shown.
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vivo could partially contribute to the S1 genome segment-
independent events that influence ARV pathogenesis. How-
ever, this would need to be directly evaluated in vivo, since the
macrophage infection propensity of ARV-176 has never been
evaluated in infected animals and the relationship between
ARV macrophage infection and virus pathogenicity remains
unclear (12, 38). Similar confusion regarding the correlation
between virus pathogenicity and macrophage infection exists
with other viruses, such as herpes simplex virus (10, 17). A
panel of ARV reassortants derived from two viruses with de-
fined quantitative differences in their pathogenicity and mac-
rophage infection independent of their relative replicative abil-
ity affords an opportunity to more precisely define the role, if
any, of macrophage infection in ARV pathogenesis using an-
imal or embryo models.

Aside from the possible implications for ARV pathogenesis,
our present results have also revealed several interesting fea-

tures of ARV-macrophage interactions and identified a virus
gene that influences these interactions. Macrophage activation
and NO production in response to virus infection can pro-
foundly influence the outcome of virus-macrophage interac-
tions in other virus systems (27). However, such events do not
appear to contribute to the ability of different ARV strains to
productively infect HD-11 macrophages. Neither ARV-176
nor ARV-138 stimulated iNOS activity following HD-11 infec-
tion, and both strains were equally susceptible to the antiviral
effects of NO produced by LPS-activated HD-11 cells (Fig. 3).
We have not as yet examined other cellular factors that may
contribute to the differences in the relative infectivities of these
two ARV strains, although our reassortant analysis suggests
some potential candidates (see below).

The differential macrophage infection property of these two
ARV strains is a dose-dependent phenomenon and is easily
overcome by modest increases in the ARV-138 inoculum (Fig.

FIG. 7. Genome segment assignments and relative infectivities of ARV reassortants. Parental (black bars) and reassortant (gray bars) clones
are identified at the extreme left. For each reassortant, the parental identity of each genome segment, as determined by its relative mobility by
SDS-PAGE, is indicated (3 for ARV-138 and 7 for ARV-176). Reassortant virus stocks were standardized to give equal and countable numbers
of focus-forming units in quail QM5 fibroblasts. The standardized inocula were then used to infect QM5 or HD-11 cell monolayers. The infected
QM5 and HD-11 cell monolayers were fixed and immunostained, and the average number of foci per field was determined as described for Fig.
2. The relative infectivity was calculated as the ratio of HD-11/QM5 foci, and values were normalized to the relative infectivity of ARV-138
arbitrarily set to a value of 1. Results are presented as means and standard errors from three or more separate experiments.
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4). This suggests that there is not a subpopulation of HD-11
cells exclusively susceptible to ARV-176 infection, as occurs,
for example, with herpesviruses or Theiler’s virus, where the
efficiency of macrophage infection reflects the state of macro-
phage activation or differentiation (4, 16, 35). Moreover, the
analysis of virus translation and replication under infection
conditions that result in the productive infection of the major-
ity of the cells in a monolayer indicated that both viruses
replicate equally well within an infected fibroblast or macro-
phage. In fact, the less infectious ARV-138 strain actually
replicates to slightly higher titers in either cell line once the
barrier to productive infection is overcome by moderate in-
creases in the inoculum concentration (Fig. 5). Apparently, the
viruses differ only in the ability to establish a productive infec-
tion in macrophage cells and not in the ability to replicate
within any given infected cell. It seems reasonable to speculate
that one or more of the steps in the ARV-176 replication cycle
are enhanced in HD-11 cells relative to QM5 fibroblasts such
that the likelihood of the virus establishing a productive infec-
tion in a macrophage cell is increased.

Our genetic studies provided evidence that a postattachment
step of the ARV-176 replication cycle contributes to enhanced
macrophage infection, since the S1 genome segment did not
correlate with the propensity for macrophage infection. In
addition to encoding the p10 fusion protein (30), the S1 ge-
nome segment also encodes the sC cell attachment protein of

ARV (22, 29). Since the parental source of the S1 genome
segment was randomly distributed amongst the reassortant
viruses (Fig. 7), it is unlikely that the differential macrophage
infection property of these two strains of ARV reflects a re-
ceptor-binding phenomenon. We have recently confirmed that
both viruses attach to HD-11 cells with equal efficiencies (D.
O’Hara and R. Duncan, unpublished data). Consequently,
there is a host-specific influence on some postattachment stage
of the ARV replication cycle.

The genetic implication of the M2 genome segment in the
enhanced infection of HD-11 cells by ARV-176 suggests a
possible enhanced entry or uncoating step in the virus replica-
tion cycle. The M2 genome segment encodes the mB major
outer capsid protein of ARV (37), the homolog of the MRV
m1 capsid protein. Cleavage and subsequent removal of the
m-class outer capsid protein is associated with the endosomal
membrane interactions and conformational changes in the
capsid required for delivery of the transcriptionally active core
particle to the cytoplasm (2, 32, 36). As with MRV, ARV entry
is also a low-pH-dependent event that is accompanied by spe-
cific cleavage of the major m-class outer capsid protein (7).
Consequently, differences between ARV-138 and ARV-176 in
the rate of cleavage of the M2-encoded mB protein, in its
membrane interaction properties, or in the subsequent capsid
rearrangements required for activation of the core-associated
transcriptase activity (3) could lead to altered delivery of the
transcriptionally active core particle to the cytoplasm of mac-
rophages.

In addition to identifying a virus strain-specific difference in
a postattachment step of the ARV replication cycle in macro-
phage cells, there is also a clear host-dependent effect on this
same postattachment step. It is conceivable that differences in
the environment of the endosome-lysosome compartment of
macrophages versus fibroblasts could contribute to altered pro-
cessing of the ARV-176 outer capsid and virus entry or un-
coating. We are currently pursuing a molecular analysis of the
ARV mB protein and a biochemical analysis of the early stages
of the virus replication cycle in HD-11 cells in order to specif-
ically identify the nature of the host-specific effect on ARV
macrophage infection. Entry studies monitoring the rate and
extent of parental and reassortant virus mB cleavage in con-
junction with sequence analysis of the M2 genome segments
should serve to clearly determine whether the mB protein in-
fluences steps in the virus entry pathway that contribute to
virus-and cell-specific differences in ARV tissue tropism.
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