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Abstract
Murine gammaherpesvirus-68 (MHV68) is genetically related to human Epstein-Barr virus and
Kaposi’s sarcoma-associated herpesvirus and provides a tractable model to study gammaherpesvirus-
host interactions in vivo and in vitro. The MHV68-encoded v-RCA product inhibits murine
complement activation and shares sequence homology with other virus and host regulators of
complement activation. Here we show that v-RCA is required for efficient MHV68 replication in
primary murine macrophages, but not in murine embryonic fibroblasts. v-RCA deficient MHV68
mutant viruses display defects in viral DNA synthesis in infected macrophages. Importantly,
attenuated growth of v-RCA mutant viruses is not rescued in macrophages lacking critical
components of the complement system including C3, indicating that the macrophage-specific role
of v-RCA in MHV68 replication is complement-independent. This contrasts with the situation in
vivo in which attenuated neurovirulence of v-RCA mutant viruses is rescued in C3-deficient mice.
This study shows a novel, complement independent cell-type-specific function of a
gammaherpesvirus RCA protein.
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INTRODUCTION
Murine gammaherpesvirus-68 (MHV68, γHV68) is a rodent gammaherpesvirus genetically
and biologically related to human gammaherpesviruses Epstein-Barr virus (EBV), Kaposi’s
sarcoma-associated herpesvirus (KSHV), and simian herpesvirus saimirii (HVS) (Efstathiou,
Ho et al., 1990a;Virgin, Latreille et al., 1997). In vivo, MHV68 establishes latency in a variety
of cell types, including macrophages, B cells, and dendritic cells (Flano, Husain et al.,
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2000;Sunil-Chandra, Efstathiou et al., 1992;Weck, Kim et al., 1999a;Weck, Kim et al.,
1999b;Willer & Speck, 2003). There are several lines of evidence indicating that MHV68-host
interactions are determined by cell-type specific functions of viral genes. During the
establishment of latency, expression of viral genes is dependent on cell type and stage of cell
differentiation (Marques, Efstathiou et al., 2003). Further, MHV68-encoded proteins, such as
M2 and v-cyclin, display cell-type specific effects in vitro and during latency in vivo
(Herskowitz, Jacoby et al., 2005;Van Dyk, Virgin et al., 2003;Siegel, Herskowitz et al.,
2008;Herskowitz, Siegel et al., 2008). The MHV68-encoded protein kinase orf36 is required
for efficient MHV68 replication in primary bone marrow derived macrophages, but not mouse
embryonic fibroblasts (MEFs) in vitro (Tarakanova, Leung-Pineda et al., 2007). From the host
perspective, several cellular signaling pathways, such as NF-kB and interferon gamma
signaling, function in a cell-type specific manner during MHV68 latency (Krug, Moser et al.,
2007;Steed, Buch et al., 2007). Therefore, determining the cell type-specific activities of
MHV68 genes in relevant primary cells such as macrophages is an important goal for linking
studies of viral gene function to studies of the pathogenesis of infection (Virgin, 2007).

The MHV68 v-RCA protein is homologous to host and virus RCA proteins encoded by other
herpes as well as poxviruses (Cummings, Waggoner et al., 2007;Kapadia, Molina et al.,
1999;Kapadia, Levine et al., 2002). Both host and viral homologues of the MHV68 v-RCA
protein inhibit the classical and alternative pathways of complement activation by multiple
mechanisms, including accelerated decay of C3 convertase, degradation of activated
complement factors, and prevention of complement deposition (Cummings, Waggoner, Tacke,
& Hahn, 2007). Importantly, not all activities of this class of viral molecules are complement
dependent. Vaccinia-encoded RCA protein (B5R), in addition to its complement regulatory
functions, plays a role in virion morphogenesis, cell-to-cell spread, and induction of thick actin
bundles in vitro (Herrera, del Mar et al., 1998;Mathew, Sanderson et al., 2001;Rodger & Smith,
2002). Vaccinia B5R, KSHV KCP, as well as cellular C4b binding protein and factor H also
bind heparan sulfate proteoglycans, suggesting a potential role for viral RCA proteins in viral
binding and entry (Mark, Lee et al., 2006;Mullick, Singh et al., 2005;Murthy, Smith et al.,
2001;Blackmore, Hellwage et al., 1998;Prodinger, Hellwage et al., 1998;Blom, Kask et al.,
2001). Together these data indicate that viral RCA proteins can have complement independent
roles in infection.

MHV68 v-RCA is expressed with late kinetics and is not required for MHV68 growth in a
mouse fibroblast cell line (Kapadia, Molina, van, V, Speck, & Virgin, 1999). Recombinant v-
RCA and supernatants from MHV68 infected cells are sufficient to block complement
deposition on zymosan beads (Kapadia, Molina, van, V, Speck, & Virgin, 1999). In vivo,
absence of MHV68 v-RCA leads to a modest attenuation of acute viral replication in adult BL6
mice, However, v-RCA has an important role in neurovirulence of MHV68 in weanling CD-1
mice (Kapadia, Levine, Speck, & Virgin, 2002). CD-1 mice infected with a MHV68 mutant
lacking v-RCA show decreased viral titers in numerous organs and increased survival as
compared to wild type MHV68 infected mice (Kapadia, Levine, Speck, & Virgin, 2002). The
virulence of v-RCA mutant virus in weanling mice is rescued in mice deficient in C3, a critical
component of all pathways of complement activation (Kapadia, Levine, Speck, & Virgin,
2002). These data show that a major aspect of v-RCA function relates to inhibition of C3-
dependent actions of complement in vivo. However, there are other in vivo phenotypes of v-
RCA mutant virus where the role of complement has not been determined. For example, the
lethality of v-RCA mutant virus is attenuated in interferon γ receptor deficient mice (Kapadia,
Levine, Speck, & Virgin, 2002). It is not clear whether complement plays a role in this
attenuation. While complement controls reactivation of wild type MHV68 from latency, v-
RCA also seems to be dispensable for MHV68 reactivation from latency in BL6 and C3 -/-
mice (Kapadia, Levine, Speck, & Virgin, 2002). These considerations led us to test the
hypothesis that MHV68 v-RCA has complement independent effects relevant to viral
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replication. We focused on the possible role of v-RCA in primary macrophages as these cells
harbor latent MHV68.

RESULTS AND DISCUSSION
MHV68 v-RCA is required for efficient viral replication in macrophages

We previously found a MHV68 gene (orf36) required for viral replication in cultured primary
macrophages but not embryonic fibroblasts (Tarakanova, Leung-Pineda, Hwang, Yang,
Matatall, Basson, Sun, Piwnica-Worms, Sleckman, & Virgin, 2007). This suggested that assays
performed in fibroblasts may not provide information on the relevant functions of MHV68
genes, a finding confirmed by recent studies demonstrating a role for the MHV68 v-cyclin in
primary endothelial cells (Suarez & Van Dyk, 2008). To identify other MHV68 genes with
cell-type specific requirements during viral replication, a panel of MHV68 mutants was
examined for growth defects in primary bone marrow derived macrophages. Attenuated
replication was observed, at both high and low multiplicities of infection, for a mutant virus
containing a translational stop in v-RCA [RCAstop (Kapadia, Levine, Speck, & Virgin,
2002)] (Fig. 1A and data not shown). We confirmed that mutation of v-RCA had no effect on
replication in mouse embryonic fibroblasts (Fig. 1B). The RCAstop MHV68 mutant was
derived from wild type virus by insertion of two stop codons and a frame shift in the v-RCA
open reading frame, and eliminates expression of v-RCA in a mouse fibroblast cell line
(Kapadia, Levine, Speck, & Virgin, 2002).

To confirm that the defect in growth in macrophages observed in RCAstop is due to the altered
open reading frame and not a secondary effect of the particular mutation in v-RCA, we tested
a second independently constructed v-RCA mutant generated by transposon insertion at a site
distinct from the translational stop present in the RCAstop MHV68 mutant (Song, Hwang et
al., 2005). Compared to the control virus (STM BAC), growth of orf4 null was attenuated in
macrophages (Fig. 1C). The consistency of phenotype between two v-RCA mutant viruses
constructed independently strongly suggests that the phenotype of decreased growth in primary
macrophages is due to mutation of orf4 encoding v-RCA.

In MHV68-infected 3T12 fibroblast cells, v-RCA protein is associated with the surface of
infected cells and the virion envelope (Kapadia, Molina, van, V, Speck, & Virgin, 1999). As
v-RCA is not essential for efficient growth of the virus in those cells, we considered the
possibility that the sub-cellular distribution of v-RCA might differ between infected fibroblasts
and macrophages. V-RCA staining in MHV68-infected macrophages was consistent with the
endoplasmic reticulum and plasma membrane localization, suggesting that the subcellular
distribution of v-RCA was similar in primary macrophages and fibroblasts [Fig. 1D, (Kapadia,
Molina, van, V, Speck, & Virgin, 1999)]. As expected, no v-RCA specific staining was detected
in mock-infected or RCAstop-infected primary macrophages (Fig. 1D).

V-RCA is expressed with late kinetics in primary MHV68-infected macrophages
V-RCA is classified as a late viral protein based on its expression in 3T12 fibroblasts (Kapadia,
Molina, van, V, Speck, & Virgin, 1999). To determine if this is correct in primary macrophages
we performed western analysis to define the kinetics and transcriptional class of v-RCA
expression in macrophages. v-RCA was undetectable in MHV-68 infected primary
macrophages at 24 hours post infection, but accumulated by 48 hours post infection (Fig. 2A).
As expected, mutation of orf4 eliminated v-RCA expression (Fig. 2A). When primary MHV-68
infected macrophages were treated with cidofovir, v-RCA expression was no longer detected
at 48 hours post infection as compared to untreated controls (Fig. 2B, compare first two lanes).
In addition to its effect on v-RCA expression, cidofovir treatment led to a reduction in
expression levels of several MHV68 proteins detected by the polyclonal anti-MHV68 antibody
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[Fig. 2B, (Dal Canto, Virgin et al., 2000)]. Thus, similar to fibroblasts, v-RCA was expressed
with late kinetics in MHV68-infected primary macrophages.

MHV68 v-RCA is required for viral DNA synthesis in infected macrophages
Host and viral RCA proteins interact with heparan sulfate proteoglycans with a proposed effect
on virus binding (Mark, Lee, Spiller, Villoutreix, & Blom, 2006;Mullick, Singh, Panse, Yadav,
Bernet, & Sahu, 2005;Murthy, Smith, Ganesh, Judge, Mullin, Barlow, Ogata, & Kotwal,
2001;Blackmore, Hellwage, Sadlon, Higgs, Zipfel, Ward, & Gordon, 1998;Prodinger,
Hellwage, Spruth, Dierich, & Zipfel, 1998;Blom, Kask, & Dahlback, 2001). Furthermore,
human herpesvirus-6 and EBV utilize host RCA proteins or complement receptors for cell
entry (Santoro, Kennedy et al., 1999;Fingeroth, Clabby et al., 1988). MHV68 v-RCA protein
is an envelope component of MHV68 virions (Kapadia, Molina, van, V, Speck, & Virgin,
1999), raising the possibility that attenuation of v-RCA MHV68 mutants in primary
macrophages (Fig. 1 A, C) could be due to defects early in infection. To address whether v-
RCA is required early in MHV68 infection, levels of several viral transcripts were measured
in primary macrophages infected with v-RCA deficient or wild type MHV68. Measured viral
transcripts encode proteins critical for MHV68 DNA synthesis, lytic replication, or cell type-
specific replication in macrophages (table, Fig. 2C). The kinetic class of examined MHV-68
transcripts had been defined (Martinez-Guzman, Rickabaugh et al., 2003).

Total RNA isolated from primary macrophages infected with wild type MHV68 or RCAstop
mutant for 17 hours was subjected to qRT-PCR analysis. All transcripts examined, including
transcripts from the immediate early and early transcriptional classes, were expressed
comparably between RCAstop- and wild type-infected cells (Fig. 2C). Similar results were
observed with the orf4 null mutant (data not shown). Comparable levels of immediate early
and early viral transcripts in cells infected with control and v-RCA mutant viruses indicates
that v-RCA does not play a significant role in cell entry, transport of the viral genome to the
nucleus, or the initial stages of MHV68 gene expression.

We next considered the hypothesis that v-RCA is important for viral DNA synthesis. Total
DNA was harvested from primary macrophages infected with STM BAC or orf4 null MHV68
mutant at several times post infection and subjected to Southern analysis using viral genome
as a probe. Signal from the EcoRI H fragment (Efstathiou, Ho et al., 1990b) was measured
over multiple experiments and the results pooled for analysis (Fig. 2D). Levels of MHV68
DNA were similar at 16 and 25 hours post infection in macrophages infected with STM BAC
or orf4 null viruses (Fig. 2D, p>0.05). These results are consistent with v-RCA-independent
expression of early viral genes (17 hours post infection, Fig. 2C), suggesting that v-RCA is
dispensable for early events in MHV68 infection of primary macrophages. However, MHV68
DNA accumulation was significantly reduced at 48 hours post infection in macrophages
infected with orf4 null MHV68 mutant as compared to the control STM BAC virus (Fig. 2D,
p<0.01), indicating that vRCA is required for efficient MHV68 DNA synthesis in primary
macrophages.

Complement component expression is not required for v-RCA-dependent MHV68 replication
in primary macrophages

MHV68 v-RCA protein inhibits complement activation at the level or upstream of C3 in the
complement cascade (Kapadia, Molina, van, V, Speck, & Virgin, 1999). Further, macrophages
can express most if not all of the proteins in the complement system, including C3, in addition
to multiple complement regulatory proteins (Morgan & Gasque, 1997). Therefore, we tested
the hypothesis that v-RCA is required to counter an antiviral effect of C3 expression, or
complement activation, in primary macrophage cultures. Macrophages were derived from mice
deficient in C3 or in Factor B, a critical component of an alternative complement pathway, and
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infected with wild type MHV68 or the RCAstop virus mutant (Matsumoto, Fukuda et al.,
1997;Circolo, Garnier et al., 1999). We examined factor B as a likely candidate for C3
activation in primary macrophage cultures since these cultures were not expected to contain
antibodies capable of activation of the classical pathway of complement activation. Deletion
of either Factor B or C3 failed to rescue the attenuated phenotype of MHV68 v-RCA mutant
viruses (Fig. 3A). Identical results were obtained with the orf4 null mutant (data not shown).
These results indicate that v-RCA has a C3 and Factor B independent function in MHV68
replication in primary macrophages.

Viral RCA, including MHV68 orf4, share homology with host RCA proteins, such as decay
accelerating factor (DAF), complement receptors 1 and 2 (CR1, CR2), and membrane cofactor
protein (MCP) (Kapadia, Molina, van, V, Speck, & Virgin, 1999). Each of the host RCA has
a distinct function in the control of complement activity [reviewed in (Kim & Song, 2006)].
DAF prevents formation and accelerates decay of preexisting C3 and C5 convertases. MCP
controls C3 activation by facilitating C3b cleavage. CR1 controls complement activity by
combining functions of DAF and MCP. There are notable differences in the expression and
genetic organization of RCA in human and mouse. The DAF gene is duplicated in mice (daf-1,
daf-2) with ubiquitous expression of daf-1 and testis-specific expression of daf-2 (Kim & Song,
2006). CR1 and 2 are expressed from a single mouse gene through alternative splicing. MCP
is not expressed by somatic cells of the mouse, and complement activation is instead controlled
by a functional homologue Complement-receptor 1-related gene/protein Y (Crry) (Foley, Li
et al., 1993). Unlike DAF and CR1/2, Crry is critical for embryonic survival (Xu, Mao et al.,
2000).

We considered the hypothesis that the host RCA proteins might be involved in control of the
replication of v-RCA mutant viruses. To examine whether host RCA proteins play a role in
the attenuation of v-RCA deficient MHV68 mutants, macrophages were isolated from mice
deficient in CR1/2 or DAF (Molina, Holers et al., 1996;Sun, Funk et al., 1999). The absence
of host CR1/2 or DAF failed to rescue the defect in replication of RCAstop MHV68 mutant
(Fig. 3B, C), suggesting that host RCA are dispensable for v-RCA function in MHV68
replication. Therefore, v-RCA requirement for efficient MHV68 replication in primary
macrophages is independent of CR1/CR2 and or host RCA proteins.

This study identifies a macrophage-specific role for a gammaherpesvirus RCA protein in viral
replication. Importantly, the connection between MHV68 complement regulatory protein and
MHV68 replication was established in a primary, physiologically relevant cell type. While the
absence of v-RCA did not affect early phases of MHV68 infection and did not selectively alter
viral release, accumulation of MHV68 DNA was significantly impaired in cells infected with
v-RCA deficient MHV68 mutants. Importantly, the requirement for v-RCA was independent
of C3 and factor B and independent of the known murine RCA proteins DAF and CR1/2.
Together these data suggest that v-RCA is multifunctional, playing a role in countering the
activities of the classical and alternative C3 convertases under some circumstances, while
playing a role in viral DNA synthesis in macrophages. In this respect, it appears that MHV68
has evolved to combine complement-dependent and complement-independent roles for
proteins containing SCR domains in a single gene product. MHV68 vRCA is homologous to
RCA encoded by herpesviruses and poxviruses. In the future studies it will be important to
identify the mechanism of complement-independent function of MHV68 v-RCA, as it may be
shared with other v-RCA proteins.
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MATERIALS AND METHODS
Animals

C57BL/6J (BL6) mice were obtained from Jackson Laboratories (Bar Harbor, Maine) and bred
at Washington University, St. Louis, MO. C3, Factor B, and CR1/2 deficient mice were
provided by Dr. Diamond. DAF deficient mice were provided by Dr. Atkinson. All mice were
housed in a specific-pathogen-free barrier facility at Washington University in accordance with
federal and institutional guidelines. Bone marrow was harvested from mice between 7 and 10
weeks of age.

Virus infections and primary bone marrow macrophage derivation
Primary bone marrow macrophages were generated and infected as previously described
(Tarakanova, Leung-Pineda, Hwang, Yang, Matatall, Basson, Sun, Piwnica-Worms,
Sleckman, & Virgin, 2007). All samples were titered on NIH 3T12 fibroblasts.

Western blot analysis
Macrophages or fibroblasts were collected into laemmli buffer and analyzed as previously
described (Lenschow, Giannakopoulos et al., 2005). Antibodies used were anti-gene 4
(Kapadia, Molina, van, V, Speck, & Virgin, 1999) (1:1000 dilution), anti-β actin (1:3000
dilution, clone AC-74 Sigma, Saint Louis, MO), and a secondary goat anti-mouse or anti-rabbit
HRP-conjugated secondary antibody (Jackson Immunoresearch).

Immunofluorescence assay
Immunoflourescence assay was performed as previously described (Tarakanova, Leung-
Pineda, Hwang, Yang, Matatall, Basson, Sun, Piwnica-Worms, Sleckman, & Virgin, 2007).
Anti-gene 4 antibody was used at a 1:200 dilution.

Southern analysis
Total DNA was harvested from infected macrophages and 20 micrograms digested overnight
with EcoRI. Digested DNA was electrophoresed through a 0.8% agarose gel in the presence
of the Tris-Acetate-EDTA (TAE) buffer and denatured as follows: 30 minutes rinse in 0.2N
hydrochloric acid, followed by two 30 min rinses in a Base solution (1.5M sodium chloride,
0.5M sodium hydroxide). DNA was transferred to a Nylon membrane (Hybond-N+, GE
Healthcare, Piscataway, NJ) overnight using a standard capillary transfer approach in the
presence of a Transfer buffer (3M sodium chloride, 8mM sodium hydroxide). Membrane with
DNA was crosslinked by UV irradiation and blocked in the hybridization buffer (5X SSC, 1X
Denhardt’s solution, 10% dextran sulfate, 1% SDS, 50% formamide, 0.1mg/ml sheared salmon
sperm DNA) for 1-2 hours at 42 C. Megaprime DNA labeling system (GE Healthcare,
Piscataway, NJ) was used to prepare a 32P-labeled probe with BAC MHV68 DNA as a
template. Probe in fresh hybridization buffer was added to the blocked membrane and
hybridization was conducted at 42C overnight. After a quick rinse in the wash buffer (0.1%
SDS, 2X SSC) to remove most of radioactivity, membrane was washed at 65C twice, 15 min
each wash. Signal was detected and quantified using Storm phosphorimager (GE Healthcare,
Piscataway, NJ).

qRT-PCR quantitation of viral messages
Total RNA was harvested from infected cells using Trizol according to the manufacturers
instructions (Invitrogen, Carlsbad, CA). Three micrograms of RNA were treated with RNase
free DNAse (Ambion, Austin, TX) and split into two reactions. First half was subjected to
reverse transcription using SSII Superscript (Invitrogen, Carlsbad, CA) and oligo-dT primers.
Second half of DNase treated RNA was subjected to mock reverse transcription in the absence
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of the enzyme (-RT control). cDNA was serially diluted (8-fold), including –RT controls and
measured, in triplicate for each dilution, by real time PCR using iCycler (Bio-Rad, Hercules,
CA). Gene specific cDNA was amplified using probes in Table 1. Delta-delta Ct method was
used to quantify relative abundance of each cDNA. Levels of viral messages were normalized
to the corresponding GAPDH levels. Ct values of -RT controls did not exceed background
levels
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Figure 1. MHV68 v-RCA is required for efficient viral replication in primary bone marrow derived
macrophages
Primary mouse macrophages (A, C) or mouse embryonic fibroblasts (B) were infected with
10PFU/cell of v-RCA deficient mutants or control wild type viruses in triplicate, samples were
harvested at indicated time points and titered on BALB-3T12. D. Primary macrophages were
mock-infected or infected with 5PFU/cell of indicated viruses and stained at 48 hours post
infection with anti-v-RCA and DAPI to visualize nuclei. Shown is a representative result of at
least three independent experiments.
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Figure 2. MHV68 v-RCA is expressed with late kinetics and is required for viral DNA synthesis in
infected macrophages
A, B. Primary macrophages were infected at 10 PFU/cell with indicated viruses, cellular lysates
collected at indicated times post infection and analyzed by Western. Some of infected cells in
B were treated with 1 microgram/ml of cidofovir for the duration of infection. C. Total RNA
was harvested from primary macrophages infected at 5 PFU/cell for 17h and treated with
DNase. Levels of indicated viral messages and host GAPDH were measured by qRT-PCR.
Viral messages were normalized to corresponding GAPDH levels using delta-delta Ct method.
Data was pooled from 2-4 independent experiments for each viral message. The table indicates
kinetic class of expression and known functions of proteins encoded by measured viral
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transcripts. D. Primary macrophages were infected at 5 PFU/cell and total DNA harvested from
identical number of infected cells at indicated time points. Levels of MHV68 DNA (EcoRI H
fragment) were measured by Southern using viral genome as a probe. Data was pooled from
at least three independent experiments.
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Figure 3. Complement system is dispensable for gene 4-dependent MHV68 replication in primary
macrophages
Primary macrophages were isolated from mice with genetic deficiencies in components of
complement pathway or RCA proteins. Macrophages were infected with 5PFU/cell of wild
type MHC68 or RCAstop mutant and virus yield was determined at indicated times post
infection.
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Table 1

qRT-PCR primers.

Viral
gene Forward primer Reverse primer

Gene 6 GTTGCCAGATATCCCTAGGATGA ACCTGGCTGGGTCAAGAGACT

Orf 59 TGACTGGCAGGTTTTTGTATGC GATGATCGTGAGGCCAATGG

Orf 40 CTGCATTTTATCTCCACACAAAGC TCAGTTGTAGTATGTCACACAGTTCCA

Orf 9 TGCATGCAAGTTTGTCCAGTCT CTTCCCCCAGTTACTCATTGTTTG

Orf 50 AGAAACCCACAGCTCGCACTT CAATATGCTGGACAGGCGTATC

Orf 36 AGCAGCAACATCCACATTCC AACTGCTGCCGTACCAAACA

Orf 56 TGTCTGACTCATCAACACAGAACAA GCATTGACTCATAAGTGTTGCAGTT

GAPDH TGCCCCCATGTTTGTGATG TGTGGTCATGAGCCCTTCC
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