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Genes that inhibit apoptosis have been described for many DNA viruses. Herpesviruses often contain even
more than one gene to control cell death. Apoptosis inhibition by viral genes is postulated to contribute to viral
fitness, although a formal proof is pending. To address this question, we studied the mouse cytomegalovirus
(MCMYV) protein M36, which binds to caspase-8 and blocks death receptor-induced apoptosis. The growth of
MCMY recombinants lacking M36 (AM36) was attenuated in vitro and in vivo. In vitro, caspase inhibition by
zVAD-fmk blocked apoptosis in AM36-infected macrophages and rescued the growth of the mutant. In vivo,
AM36 infection foci in liver tissue contained significantly more apoptotic hepatocytes and Kupffer cells than
did revertant virus foci, and apoptosis occurred during the early phase of virus replication prior to virion
assembly. To further delineate the mode of M36 function, we replaced the M36 gene with a dominant-negative
FADD (FADDPY) in an MCMYV recombinant. FADD™ was expressed in cells infected with the recombinant
and blocked the death-receptor pathway, replacing the antiapoptotic function of M36. Most importantly,
FADDP™ rescued AM36 virus replication, both in vitro and in vivo. These findings have identified the biological

role of M36 and define apoptosis inhibition as a key determinant of viral fitness.

Cell dying is a complex process that can occur through a
number of different mechanisms, which are partially overlap-
ping and redundant (18). Apoptosis was originally defined as
programmed cell death, characterized by nuclear and cytoplas-
mic condensation, DNA fragmentation, and membrane bleb-
bing (22). More recently, it has been proposed that caspase
activation is the defining molecular feature of apoptotic cell
death (24). Two apoptotic pathways have been identified, both
leading to caspase activation and cell death. The cell-intrinsic
mitochondrial pathway is regulated by the Bcl2 family of pro-
teins and is activated by cell stress (42). The death receptor
pathway responds to extracellular signals (41). In this pathway,
effector cells of the immune system release, or express on their
surface, defined ligands that bind to receptors on target cells
and induce apoptosis in them (31). These receptors, jointly
termed death receptors, include FAS, the tumor necrosis fac-
tor receptor p55 (TNFRp55), and the TNF-related apoptosis
inducing ligand (TRAIL) receptor (TRAIL-R). The death do-
main in the cytoplasmic tail of death receptors recruits the
adaptor protein FAS-associated via death domain (FADD),
which in turn recruits caspase-8 to the death-inducing signaling
complex (DISC), allowing caspase-8 to oligomerize and to
induce death signal initiation.

Cell death upon viral infection limits the ability of viruses to
replicate in cells. Accordingly, prevention of apoptosis should
confer a survival advantage to viruses (19). Antiapoptotic viral
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genes have been identified in several unrelated dsDNA viruses,
including adenoviruses (47), baculoviruses (12, 14), poxviruses
(4), and herpesviruses (20), indicating that the inhibition of
apoptosis is an important evolutionary principle adopted by
viruses. The inhibition of apoptosis by the adenoviral gene
E1B-19k or by the human cytomegalovirus (HCMV) gene
UL37x1 has been shown to promote viral replication in cell
culture (10, 36). It has also been proposed that apoptosis
inhibition may be required for the immortalization of cells by
Epstein-Barr virus (1). On the other hand, apoptosis inhibition
lowers the virulence of Sindbis virus (39). Furthermore, re-
duced mouse cytomegalovirus (MCMYV) growth was shown in
mice lacking TRAIL receptors (15), indicating that death re-
ceptor signaling may promote virus replication indirectly
through inhibition of innate immunity. Therefore, it is not
predictable a priori if apoptosis inhibition promotes or inhibits
virus replication in a host in vivo.

A number of antiapoptotic genes have been described in
CMVs (2, 5, 6, 16, 17, 28, 29, 40), members of the betaherpes-
virus family. HCMV is an important opportunistic pathogen
(34) and codes for approximately 200 genes. Many among
these genes are dedicated to the subversion of antiviral host
immunity (30). Three genes have been described as antiapop-
totic, namely, UL37x1 (17) (viral mitochondrion-localized in-
hibitor of apoptosis [VMIA]), the UL36 (40) gene (viral inhib-
itor of caspase 8 activation [VICA]), and the newly described
UL38 gene (43). Functional analogues of UL36 and UL37x1
genes have been identified in primate and rodent betaherpes-
viruses (28), suggesting that the inhibition of apoptosis is an
evolutionary conserved function in CMVs.

Due to strict species specificity, in vivo models of CMV
pathogenesis rely on the infection of animals with their respec-
tive natural CMVs. The best characterized among these mod-
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els is the infection of mice with MCMV. Four genes in MCMV
have been associated with apoptosis control, namely, M36 (29),
M41 (6), M45 (5), and, more recently, M38.5 (27), the pro-
posed homologue of HCMV UL37x1 or vMIA. Cells infected
with MCMV mutants that lack any of these genes undergo
apoptosis. Moreover, these mutants have been shown to be
attenuated in vitro (5, 6, 29) and in vivo (11, 25).

M36 of MCMYV is the structural and functional homologue
of HCMV UL36 or vICA. Similar to UL36 (40), it interacts
with pro-caspase-8 and protects cells from death-receptor-in-
duced apoptosis (29). We have reported that MCMV mutants
lacking a functional M36 gene exhibit a selective and cell-type-
specific growth attenuation (29). Infection with AM36-MCMV
(briefly AM36), a mutant in which M36 was inactivated, stim-
ulates caspase-8 and induces apoptosis upon infection of mac-
rophages but not fibroblasts (29). In addition, AM36 is unable
to spread from an initial site of infection to distant organs (11).
On the other hand, a rhesus CMV variant with a frameshift
mutation in the UL36 gene homologue was still able to repli-
cate in vivo (28).

Viral genes associated with immune evasion can have more
than one function. This holds true for immune evasive MCMV
genes as well, e.g., m152 (23) and m138 (26). Therefore, it
remained open to question whether the previously observed
reduced fitness of AM36 (11) was due to the lack of the anti-
apoptotic function of M36. We approached this question by
replacing the M36 gene with a dominant-negative mutant of
FADD. This rescued both the apoptosis inhibition and the
viral growth in vitro and in vivo. Therefore, we have here
clearly identified the antiapoptotic function of M36 as an im-
portant and nonredundant function of the gene in vitro and
in vivo.

MATERIALS AND METHODS

Cells. The IC-21 (TIB-186; ATCC) and M2-10B4 (CRL-1972; ATCC) cell
lines were grown as described previously (29). ANA-I murine macrophages (13)
were maintained in Dulbecco modified minimal essential medium supplemented
with 10% fetal calf serum. BALB/c murine embryonic fibroblasts (MEFs) were
prepared and maintained as described previously (35).

Viruses and viral mutagenesis: M36Rev-MCMYV. To generate revertant virus
M36Rev-MCMV (briefly M36Rev), the M36 gene was PCR amplified with
the primers M36UP (GGTGCGGCCGCTTATCCGTTTTCCCTCTA) and
M36DOWN (GGTACTAGTGAGGGACGCCTGCTCCGG) from the wild-
type (WT)-MCMV BACmid (45) and inserted into pOriR6K-zeo (7) by using
NotI and Spel. The resulting plasmid was used as PCR template, along with
the primers HM36Rfor (GCTCATTCTTTCGGGAAAGGGGTGGAGGAG
GGTCGTTTGACAGTGAAAGGA) and HM36Rrev (TTTTTTCTCCCCTC
ACCCTCTCCGTCCCTTTCTTATCCGTTTTCCCTTGCGGTATTTTCTC
CTTACG) to generate a linear fragment for homologous recombination. The
fragment was inserted into the AM36 BACmid (29) by single-step ET recom-
bination (46) to generate the M36 revertant BACmid M36Rev. This mutagen-
esis reintroduced the M36 coding sequence into the AM36 BACmid at its
native position together with a zeocin resistance marker between the stop
codon of M36 exon 2 and the putative poly(A) signal of the M36 transcript,
which was confirmed by Nsil fragment restriction analysis (data not shown).

AM36-FADDPN-MCMYV and WT-FADD”N-MCMYV. A Xhol/KpnNI digest of
FADDPN-pCDNA3 (9) (kindly provided by K. Rueckdeschl) was cloned into
pOri6K-i.e., The resulting construct was used as a template in a PCR with
primers 5-FADD (TTAATCATGACAATTATAAGTGTCTTATACGCAATA
CTTTTATCATAATTAAATATTAACGCTTACAATTTACGC) and 3-FADD
(GAGGAATAGGAATAACTCACCACCGATTTCAGCGTCTGCCCCAAG
TCTGACTGCTGATCTTCAGATCCTCTAC) to generate a linear product
that was inserted into either AM36 or WT-MCMV BACmids in the region
between open reading frames m16 and m17 (8). The correct insertion of FADDPN
in the BACmids was confirmed by Nsil and Dral restriction fragment analysis
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(data not shown). All of the newly generated BACmids were transfected into
MEFs to generate infectious viral progeny as previously described. AM36-
MCMV (29) and BAC-derived WT-MCMYV (45) have been described previously.

Mice. BALB/c mice were purchased from Harlan-Winkelmann or were bred at
the central laboratory animal facility of the Johannes Gutenberg University,
Mainz. C57BL/6/J, tumor necrosis factor (TNF) receptor-deficient (TNFRp55~/~),
FAS™/~, and perforin-deficient mice were bred at the central breeding facility of
the School of Medicine, Rijeka.

Flow cytometry. Infected macrophages were collected at day 1 postinfection by
trypsin treatment, washed, and fixed for 20 min in phosphate-buffered saline
(PBS) with 10% (vol/vol) of Cellfix (BD catalog no. 340181). This was followed
by a wash in PBS and a 30-min quench in 50 mM NH,CI-PBS. Subsequently, the
cells were permeabilized in 0.1% saponin-PBS, and nonspecific binding sites
were blocked with purified rabbit anti-human immunoglobulin G (IgG) poly-
clonal sera (Dianova), which was followed by staining with fluorescein iso-
thiocyanate-labeled anti-caspase-32<tve o™ (BD-clone C92-605) as marker of
apoptosis, or fluorescein isothiocyanate-labeled anti-human-IgG polyclonal an-
tibodies (Dianova) as isotype control. Cells were analyzed in a Coulter EPICS
XL flow cytometer.

Two-color immunohistology. For simultaneous black staining of intranuclear
viral IE1 (pp76/89) protein and red staining of cytoplasmic active caspase-3 in
tissue sections, a combination of the avidin-biotin complex (ABC)-peroxidase-
technique and a modified alkaline phosphatase anti-alkaline phosphatase
method was applied in two-color immunohistochemical (IHC) analysis. In brief,
tissue was embedded in paraffin, and 2-pm sections were processed for specific
staining according to standard histological procedures, including pretreatment
with trypsin (1.25 g/liter at 37°C for 15 min), blocking of endogenous peroxidases
with hydrogen peroxide (0.5% [vol/vol] diluted in 1:1 methanol-PBS), blocking of
unspecific binding to endogenous biotin (Dako biotin blocking system; Dako-
Cytomation), and blocking of unspecific antibody-binding sites with goat serum
(diluted 1:10 in Tris-buffered saline [TBS]). Sections were then incubated for 1 h
with the mouse monoclonal antibody (MAb) CROMA 101 (diluted 1:250 in
TBS) specific for IE1, followed by biotinylated goat anti-mouse IgG (Sigma;
diluted 1:200 in TBS). Black staining was achieved with ABC-peroxidase (Vec-
tastain Elite ABC kit; Vector Laboratories) using diaminobenzidine (Sigma) as
a substrate and ammonium-nickel-sulfate hexahydrate for color enhancement.
For labeling of active caspase-3, heat-induced epitope retrieval was performed
for 5 min in a microwave oven in 10 mM trisodium citrate-dihydrate buffer (pH
6). After blocking of unspecific binding sites with goat serum, sections were
incubated with affinity-purified polyclonal rabbit IgG directed against active
caspase-3 (R&D Systems; 0.5-pg/pl stock diluted 1:50 in TBS) for 18 h at 20°C,
followed by alkaline phosphatase-conjugated murine IgG1 MAb (clone RG-16
[Sigmal; diluted 1:25 in TBS) specific for rabbit-IgG. After incubation for 30 min
at 20°C with the alkaline phosphatase anti-alkaline phosphatase soluble complex
(Sigma; diluted 1:10 in TBS), red staining was achieved with a fuchsin substrate
chromogen kit (Dako-Cytomation). Light counterstaining was performed with
hematoxylin.

Infectious virus quantification. Organ homogenates or tissue culture super-
natants (SN) were titrated on MEFs by plaque assay (37) with modifications
described previously (11).

In vitro infection protocols. All macrophage cell lines were infected at a
multiplicity of infection (MOI) of 1 with the MCMYV recombinants indicated.
The inoculum was removed at 1 h postinfection, and cells were supplied with
fresh medium or with medium that was supplemented with 0.15% (vol/vol) of
zVAD-fmk (20 nM) in dimethyl sulfoxide (30 wM final concentration) or an
equivalent volume of dimethyl sulfoxide. Infectious virus was quantified in cell
SN by MEF plaque assay. All experiments were repeated at least twice, yielding
similar results.

In vivo infection protocols. Female mice were infected with purified, tissue
culture-derived virus at 6 to 10 weeks of age and housed under specific-patho-
gen-free conditions. Organs were sterilely dissected and stored at —80°C until
use for the plaque assay. All experiments were repeated at least twice, yielding
similar results. Animal experiments were approved by the Ethics Committees of
the University of Rijeka, the Department of Veterinary Medicine of the State of
Bavaria (approval no. 211-2531-38/99) and the State of Rhineland-Palatinate
(permission no. Az. 177-07/021-29).

Statistical analysis. The significance of the difference in virus titers or num-
bers of apoptotic cells between two experimental groups of mice infected with
different viruses (independent sets of data with sample sizesn = 1 and n = 2) was
evaluated by using distribution-free Wilcoxon-Mann-Whitney (rank sum) statis-
tics. An online calculator was used (http://elegans.swmed.edu/~leon/stats/utest
.html; Ivo Dinov, Statistics Online Computational Resources, UCLA Statistics,
Los Angeles, CA). Samples are not significantly different if the P value is >0.05
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FIG. 1. AM36 is attenuated in vivo. BALB/c mice were infected i.p. with 5 X 10* PFU of AM36 (O) or WT-MCMYV (®). Infectious virus in
homogenates of spleen (A), liver (B), lungs (C), and salivary glands (D) was quantitated by plaque assay on days 2, 4, 7, 14, and 21 postinfection.
Symbols represent individual mice, and horizontal bars marking the median values are connected. D.L., detection limit of the virus plaque assay.

(two-tailed test). For the analysis of correlation between two variables, data were
arranged in 2-by-2 contingency tables, and the Fisher exact test was applied to
calculate the P values for the null hypothesis of an independent distribution. An
online calculator is available (http://home.clara.net/sisa/fisher.htm; Simple Inter-
active Statistical Analysis; Daan Uitenbroek, Hilversum, The Netherlands). Vari-
ables are considered to be not independent if P < 0.01 (two-tailed test).

RESULTS

Expression of M36 is a determinant of virus fitness in vivo.
We have previously shown that AM36 is unable to spread to
distant organs upon subcutaneous infection of immunosup-
pressed mice (11). To define the relevance of M36 for the virus
replication in immunocompetent mice, we assessed AM36
growth kinetics in the spleens, livers, lungs, and salivary glands
of intraperitoneally (i.p.) infected mice. AM36 was somewhat
attenuated in the spleen (Fig. 1A), as well as in the liver (Fig.
1B), and more severely attenuated in the distantly located
lungs (Fig. 1C) and salivary glands (Fig. 1D). These findings
strongly suggested that M36 plays an important biological role
in virus replication and/or dissemination.

M36 facilitates virus growth in macrophages by inhibiting
apoptosis. MCMYV mutants lacking a functional M36 gene are
also attenuated in macrophages (29). To demonstrate that this
attenuation was due to the lack of the viral gene M36, we gener-
ated the virus revertant M36Rev-MCMV (briefly M36Rev) by
reinsertion of the M36 gene into the genome of AM36. Upon
infection of IC-21 macrophages, M36Rev grew to WI-MCMV
titers (Fig. 2A). This is strong evidence to conclude that the
growth defect of AM36 in macrophages was indeed due to the
lack of the M36 gene function. Likewise, rescue of M36Rev
growth was observed also in vivo, as demonstrated for the lungs
(Fig. 2B). It is worth noting that the growth deficiency pheno-
type of the mutant was completely reverted in virus M36Rev,
as indicated by equivalent replication of WT-MCMV and
M36Rev (P = 1; Wilcoxon-Mann-Whitney rank sum test, two-
sided). In conclusion, the M36 gene product increases virus
fitness not only in macrophages in vitro but also in vivo.

The growth deficit of AM36 in macrophages correlates with
caspase-8 activation and apoptosis (29). It was not definitely
clear, however, whether apoptosis inhibition is in fact the
mechanism by which M36 promotes MCMV replication in
macrophages. To test whether apoptosis inhibition rescues
AM36 growth, we treated AM36-infected macrophages with
zVAD-fmk, a pan-caspase inhibitor. The inhibition of apop-
tosis by zZVAD-fmk was confirmed by flow cytometry specific
for the active form of caspase-3 (not shown). Treatment with
zVAD-fmk clearly rescued AM36 virus growth, resulting in
virus titers comparable to WT-MCMYV and M36Rev (Fig. 2C).
This strongly suggested that M36 supports MCMYV replication
in macrophages by inhibiting caspase signaling.

Deletion of M36 enhances apoptosis in infected hepatocytes
in situ at an early stage of the viral productive cycle. Hepatitis
is a relevant organ manifestation of CMV disease in the im-
munocompromised host. Notably, AM36 is attenuated but can
grow in vivo in hepatocytes, provided that it disseminates to
the liver upon a systemic infection (Fig. 1B) or receives help
from WT virus to disseminate to the liver after local coinfec-
tion (11). We therefore examined whether hepatocytes are
exempt from apoptosis triggered by MCMV and do therefore
not depend on M36 to complete the productive cycle. Accord-
ing to this hypothesis, virus replication in hepatocytes in situ
should be resistant to a deletion of the M36 gene.

This question was experimentally addressed by a two-color
IHC analysis for simultaneous detection of hepatocyte infec-
tion indicated by black staining of intranuclear viral IE1 pro-
tein pp76/89 and apoptosis of hepatocytes indicated by red
staining of the active form of cytoplasmic effector caspase-3.
Caspase-3 is an effector caspase, and in the apoptosis pathway
it is located downstream of caspase-8. BALB/c mice were in-
travenously infected with WT-MCMV or AM36 (Fig. 3). To
achieve a comparable degree of liver infection and viral histo-
pathology, the mutant was administered in a 100-fold-higher
dose to compensate for the dissemination deficiency. As shown
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FIG. 2. M36 is required for MCMV replication in macrophages
and in vivo. (A) Comparable growth of M36Rev and WT-MCMYV in
macrophages. Triplicate cultures of IC-21 macrophages were infected
at an MOI of 1 with the viruses indicated. (B) Comparable growth of
M36Rev and WT-MCMYV in vivo. BALB/c mice were infected i.p. with
5 X 10° PFU of the indicated viruses. Infectious virus in lung homog-
enates was quantitated by plaque assay on day 5. Circles represent
individual mice and horizontal bars mark the median values. DL,
detection limit of the virus plaque assay. For group comparisons of
interest, P values (Wilcoxon-Mann-Whitney rank sum test, two-tailed)
are indicated. Differences are considered as significant and not signif-
icant for P < 0.01 and P > 0.05, respectively. (C) Caspase inhibition
rescues AM36 growth. IC-21 macrophages were infected as described
above. Cells were exposed to 30 uM zVAD-fmk (&) or left untreated
(). Infectious virus in SN harvested on day 6 was titrated by plaque
assay on MEFs. Histograms indicate mean values; error bars indicate
standard deviations.

in Fig. 3Aal and a2, for the infection with WT-MCMV most
infected hepatocytes expressing IE1, the first protein expressed
by the virus after infection, were not apoptotic, but a few
infected hepatocytes in the process of apoptosis were detected
despite the expression of the antiapoptotic M36 gene. Note
that apoptosis was not observed in uninfected hepatocytes,
which shows that bystander apoptosis potentially triggered by
death ligands induced during organ infection did not play a
detectable role. In contrast and contrary to the original as-
sumption, dual-stained apoptotic hepatocytes were more fre-
quently detected within foci of infection in liver tissue infected
with mutant AM36 (Fig. 3Ab1 and b2). The statistical signifi-
cance of this finding was substantiated by quantitating
IE1"caspase-3™ apoptotic cells in absolute terms per defined
area of liver tissue sections and in relative terms in comparison
to the overall number of infected IE1" hepatocytes (Fig. 3B).
Specifically, 6 to 13% of hepatocytes infected with the mutant
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were found to be in apoptosis compared to only ca. 2 to 4% of
hepatocytes infected with WT-MCMYV. In accordance with the
known phenotype of AM36 in macrophages in cell culture (Fig.
2C) (29), the rate of apoptosis was also found to be increased
in AM36-infected IE1" Kupffer cells, the liver-resident mac-
rophages (Fig. 3B). It is important to take into consideration
that the true incidence of apoptosis was certainly higher, since
cells already disintegrated after completion of the apoptotic
process are no longer visible.

The proposed biological impact of antiapoptotic viral genes
is to prolong the life span of an infected cell until the produc-
tive cycle is completed and progeny virions are released. Ex-
pression of M36 follows the early kinetics in tissue culture
(data not shown), arguing that cells infected with the deletion
mutant should enter apoptosis at an early stage of the produc-
tive cycle. On the other hand, one might also propose or
suspect that cell death caused by a cytopathic virus is regularly
associated with the activation of caspase-3. A two-color IHC
analysis combined with statistical correlation analysis can solve
this open question. In CMV infection of cells, the late stage of
the productive cycle, is characterized by the presence of the
typical intranuclear inclusion bodies representing the site of
viral DNA packaging into nucleocapsids. Cells were classified
into four groups according to the criteria of caspase-3 expres-
sion and expression of IE1 in the presence or absence of an
inclusion body, and counted cell numbers were arranged in
2-by-2 contingency tables for correlation analysis using the
Fisher exact probability test (Fig. 3C).

The result was astoundingly different for the WT and mu-
tant. Whereas after infection with WT-MCMYV, apoptosis and
late stage of infection were found to be independent events
(P = 0.3515), they were inversely correlated with very high
significance (P < 0.0001) after infection with mutant AM36.
Thus, in the absence of the antiapoptotic function of M36,
apoptosis occurs at an early stage prior to nucleocapsid mor-
phogenesis and the production of infectious virus. Obviously,
M36 prevents apoptosis and enables the infection to proceed.
However, the data also show that the requirement for M36 to
prevent apoptosis is not absolute, since many hepatocytes in-
fected with the deletion mutant reached the late stage without
entering the apoptotic process despite the absence of M36, a
finding that may be due to the redundance of antiapoptotic
genes in MCMYV (17-19, 25).

Altogether, although the requirement for M36 is less strin-
gent in hepatocytes in vivo than for macrophages in cell culture
(19), deletion of M36 clearly shows an apoptosis phenotype in
the liver.

AMB36 growth is not rescued in mice deficient for individual
death receptor genes. The relevance of apoptosis inhibition by
M36 for MCMYV growth in vivo can only be defined by in vivo
rescue experiments. Accordingly, rescue of AM36 replication
in a genetically modified host devoid of essential apoptotic
pathways would prove the relevance of apoptosis inhibition for
virus in vivo replication. Unfortunately, mice lacking FADD,
caspase-8, or caspase-3 cannot be used for such an analysis,
since they die during gestation (44, 48-50). As an alternative
approach, we therefore tested AM36 replication in mice devoid
of individual death receptors. MCMYV infection of liver tissue
induces macrophages to secrete TNF-«, which contributes to
cell death in foci of infection (33). Since TNF-a binding to
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FIG. 3. Deletion of M36 increases the incidence of early apoptosis of infected hepatocytes in situ. BALB/c mice were immunocompromised by
total-body gamma irradiation with a single dose of 7 Gy, and were infected intravenously (i.v.) with either 10° PFU of BAC-cloned WT-MCMV
or with 10° PFU of mutant virus AM36. The analysis was performed on day 10. (A) Two-color IHC images of liver tissue sections with the
intranuclear IE1 protein stained in black as a marker of infection and cytoplasmic active caspase-3 stained in red as a marker of apoptosis. (panels
al, overview; panel a2, detail), infection with WT-MCMYV; (panels b1, overview; b2, detail), infection with AM36. %, Arrows point to infected and
apoptotic IE1" Caspase-3"* hepatocytes. Absence of an intranuclear inclusion body indicates an early stage of infection. #*, The arrow points to
the nucleus of an infected but nonapoptotic IE1 " Caspase-3~ hepatocyte. The presence of an intranuclear inclusion body indicates a late phase of
infection. Bars, 50 wm. (B) Quantitation of apoptotic IE1" Caspase-3" hepatocytes (upper panels) and Kupffer cells (lower panels) in absolute
terms for a representative tissue section area of 10 mm? (left panels) and relative to the total number of infected, IE1" hepatocytes and Kupffer
cells, respectively (right panels). Dots represent data from four mice per group with the median value indicated. A P value of <0.05 (Wilcoxon-
Mann-Whitney rank sum test, two-tailed) indicates a significant difference. (C) Correlation analysis relating apoptosis to the stage of infection.
Infected, IE1"* hepatocytes were counted for a total area of 10 mm? of liver tissue sections and were classified into four groups according to the
expression of active caspase-3 (apoptosis +/—) and the presence of an intranuclear inclusion body (late phase +/—). The data were arranged in
2-by-2 contingency tables (“observed” tables) and compared to the tables expected for a random distribution (“expected” tables). The P values
(two-tailed) for random distribution (null hypothesis) were calculated by using the Fisher exact test. The null hypothesis is rejected, and the
variables are considered to be inversely correlated if the P value was <0.01 and if the number of double positives observed (O) is less than the
number of double positives expected (E).
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FIG. 4. AM36 growth is not rescued in TNFRp55~/~ mice.
TNFRp55~/~ mice and mice of their parental strain C57BL/6 were i.v.
infected with 10° PFU of either AM36 (O) or WT-MCMV (@®). Virus
in lung homogenates was quantified on days 3 by virus plaque assay.
Circles represent individual mice. Differences between median values
are highlighted by shading. DL, detection limit of the assay.

TNF receptor p55 results in caspase-8-dependent signaling and
cell death, we assumed that AM36 growth might be restored in
mice lacking the TNF receptor p55 (TNFRp55~/7). To test
this idea, we compared the growth of AM36 and WT-MCMV
in C57BL/6 TNFRp55 /" mice, as well as in the parental
C57BL/6 mouse strain. Because of the strong NK cell-medi-
ated innate resistance against MCMV in mice with C57BL/6
background, infection was performed intravenously with a high
virus dose. Notably, although both viruses replicated to higher
titers in TNFRp55 /" mice, lack of TNFRp55 signaling did not
rescue the growth of AM36 to WT levels (Fig. 4). Thus, TNF-«
is not significantly implicated in the in vivo growth deficiency
phenotype of AM36. Similar results were observed in mice
deficient for other apoptosis receptors or ligands, such as FAS-
and perforin-deficient mice. Although MCMYV grew to higher
titers in these mice compared to the respective parental mouse
strain, the lack of FAS or perforin did not rescue AM36 growth
to WT levels (data not shown). We interpreted these findings
to mean that the effects of redundant proapoptotic stimuli
received by a number of different death receptors could not be
alleviated by the deletion of just one type of death receptor.

M36 inhibits the FADD-dependent death receptor pathway
of apoptosis. Data obtained in vitro have indicated that M36
inhibits caspase-8 activation (29) and increases virus fitness by
inhibiting target cell death (Fig. 2), and yet experiments in
death-receptor-deficient mice apparently failed to identify a
particular death receptor involved in triggering apoptosis.
Apoptosis can be initiated through distinct pathways, the ex-
trinsic death receptor pathway and the intrinsic mitochondrial
pathway. M36 and its HCMV homologue UL36 bind to
caspase-8 (29, 40), an initiator caspase required for death-
receptor-mediated apoptosis but not for intrinsic apoptosis. It
was not excluded, however, that M36 additionally binds to
other caspases and might thereby prevent intrinsic apoptosis as
well. Moreover, viral proteins, such as the adenoviral E1A, are
known to trigger apoptosis in a pathway that includes caspase-8
but not FADD or the upstream death receptors (32).

To test whether death receptor signaling is critically involved
in cell death upon AM36 infection or whether any of the
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discussed alternative pathways applies, we constructed a mu-
tant virus carrying a dominant-negative variant of the FADD
gene (FADDPY). Overexpression of FADDPN in infected cells
should specifically inhibit caspase-8 recruitment to the DISC
and thus the extrinsic death receptor pathway, regardless of
which death receptor is actually involved.

Using targeted BAC mutagenesis, we inserted FADDPN
under the control of the HCMV immediate-early promoter
enhancer into the sequence between open reading frames m16
and m17 of the MCMYV genome, a locus that was previously
used for the expression of genes and shown to be dispensable
for viral replication (8, 38). FADD™™ was introduced into the
MCMYV-BAC lacking the M36 gene and, for a control, also
into the WT-MCMV BAC, resulting in the MCMYV recombi-
nants AM36-FADDP™ and WT-FADDPN. FADDP™ gene in-
sertion was controlled by BAC-DNA restriction enzyme cleav-
age patterns (data not shown) and expression of FADDPN
protein in infected fibroblasts was confirmed by Western blot
analysis (data not shown). To test for FADDP™ functional
relevance, IC-21 macrophages were infected with recombinant
viruses AM36, M36Rev, AM36-FADDPY, and WT-FADDPN
and assayed for apoptosis and viral growth. Notably, the active
form of effector caspase-3, a marker of a late stage in apoptotic
pathways, was found to be expressed only in cells infected with
AM36, whereas the presence of M36 in M36Rev or of FADDPN
in AM36-FADDPN equally prevented the activation of caspase-3
(Fig. 5A). Thus, FADDPY compensated for the antiapoptotic
function of M36 and prevented apoptosis in cells infected with
AM36-FADDP™. This finding clearly implies that alternative
apoptotic pathways that would bypass FADD are not critically
involved and that the apoptosis in AM36-infected cells occurs
primarily through the extrinsic death receptor pathway.

To assess whether FADDP™ would also rescue the growth
defect of AM36, IC-21 macrophages were infected with the
indicated set of viruses, and virus production was measured.
Expression of FADDPN largely rescued the growth defect of
AM36 (Fig. 5B), and a similar effect of FADDPN on virus
replication was observed also in ANA-I macrophages and in
primary bone marrow macrophages derived from BALB/c
and strain 129Sv mice (data not shown). Thus, the effects of
FADDP™ on apoptosis and on virus replication are correlated,
which supports the conclusion that inhibition of death receptor
signaling is the mechanism by which FADDPN rescues virus
growth in macrophages.

FADDPY rescues growth of AM36 in vivo. Combined, the
data shown thus far have provided reasonable evidence to
conclude that M36 increases virus fitness in vitro by inhibiting
the FADD-dependent death receptor pathway. On the other
hand, AM36 growth was not rescued in mice deficient for
individual death receptors. Death receptor signaling converges
downstream at the FADD level, but mice deficient in FADD,
caspase-8, or caspase-3 cannot be tested since they die during
gestation (44, 48-50). We surmised, however, that the infection
of mice with viruses expressing FADD®Y should inhibit the
death receptor pathway at sites of virus infection in vivo inde-
pendent of the particular death receptor involved.

Accordingly, we compared the replication of AM36-FADDPY
and WT-FADDP™ in important target organs, namely, the
lungs and the liver, of infected mice (Fig. 6A). While in the
control groups not expressing FADDP™ the attenuating effect



2062 CICIN-SAIN ET AL.

AM36 M36Rev
@
o
S [ —
=]
=
b |
o S—
o
=
s
< FADDPN
= AM36 WT
Active Casp-3 (Log,, FL-I)
>
B .
9
:
-4
=)
)
:E's
=
[
a2
—------ | _

1 T
AM36 M36Rev ﬂ% WT_I

FADDPN

FIG. 5. Dominant-negative FADD reverses the AM36 phenotype
in macrophage cell culture. (A) FADDPY inhibits apoptosis in AM36-
infected macrophages. IC-21 macrophages were infected with the in-
dicated viruses at an MOI of 1. At 24 h after infection, apoptotic
macrophages were quantitated by cytofluorometric analysis using the
expression of active caspase-3 (abscissa) as a marker of apoptosis.
FL-1, fluorescence intensity (B) FADDPN rescues the growth of AM36
in macrophages. IC-21 macrophages were infected at an MOI of 1 with
the indicated viruses devoid of FADDP™N (CJ) or encoding FADDPN
(M). Virus in SN was quantitated on day 5 after infection. Histograms
represent mean values from three independent experiments. Error
bars indicate standard deviations. DL, detection limit of the virus
plaque assay.

of M36 deletion was again apparent from a significantly re-
duced replication of mutant AM36 in both organs (P < 0.01),
FADDPY™ expression largely reversed the M36 deletion phe-
notype, as can be concluded from similar, not significantly
different (P > 0.05) replication of viruses AM36-FADDPN and
WT-FADDP" in the lungs and liver. A comparison of M36Rev
and WT-FADDP™ titers may suggest a mild attenuating effect
of FADDP" insertion on virus replication, but this effect was
only marginally significant in the lungs (P = 0.032) and absent
in the liver. Similarly, we observed that FADDPN expression
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FIG. 6. Dominant-negative FADD reverses the AM36 phenotype
in host organs. (A) BALB/c mice were infected i.v. with 3 X 10° PFU
of MCMV expressing FADDPYN (AM36-FADDPN or WT-FADDPY)
and, for a control, with the corresponding viruses not encoding FADDP™,
The absence of M36 is symbolized by open circles, and the presence of
M36 in M36Rev and WT-MCMYV (WT) is symbolized by black-filled
and gray-filled circles, respectively. The amount of infectious virus in
the lungs (upper panel) and liver (lower panel) was determined on day
5 after infection. Circles represent data from individual mice. Differ-
ences in median values are highlighted by gray shading. The dashed
line indicates the detection limit of the virus plaque assay for liver ho-
mogenate. For group comparisons of interest, the P values (Wilcoxon-
Mann-Whitney rank sum test, two-tailed) are indicated. Differences are
considered significant and not significant for P < 0.01 and P > 0.05,
respectively. (B) BALB/c mice were infected i.p. with 5 X 10° PFU of
AM36 (O) or AM36-FADDP™ (@). Virus titers are represented on the
y axis; times after infection are represented on the x axis. Infectious
virus in salivary glands (SG) was determined on days 5 and 21 after
infection. Circles represent data from individual mice. Median values
are connected with solid lines.

resulted in rescued virus replication in the salivary glands of
mice at 5 and 21 days after infection (Fig. 6B).

In conclusion, M36 inhibits apoptosis in infected cells
through interference with the FADD-dependent death recep-
tor pathway. The inhibition is operative at an early stage of the
viral replicative cycle, allows the infection to proceed to the
release of progeny virions, and thus contributes to virus fitness
in vitro and, most relevantly, also in tissues of the infected host.
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DISCUSSION

Many viruses have developed genes encoding proteins with
cell death suppressor functions to preclude premature cell
death for completion of their