
Introduction
Activation-induced cell death (AICD) down-modulates
the immune response (1–5) and, therefore, plays a key
role in the prevention of inflammatory and autoim-
mune responses. AICD of T cells, B cells, and
macrophages is mediated by Fas (APO-1/CD95), which
is a member of the TNF-receptor superfamily (6–8).
Elucidation of the physiological effects of Fas/FasL sig-
naling has been facilitated greatly by the identification
of the spontaneous mutation of the fas gene in lpr/lpr
mice (9–12) and of the fas ligand gene in gld/gld mice (13,
14). Homozygous expression of either of these mutant
genes leads to lymphoproliferation and systemic
autoimmune disease with autoantibody production,
nephritis, vasculitis, and arthritis (15, 16).

To determine the role of Fas-mediated apoptosis in
the inflammatory sequelae of viral infections, we previ-
ously characterized the development of chronic inflam-
matory disease in 4-week-old Fas-deficient B6-lpr/lpr
mice infected with murine cytomegalovirus (MCMV)
(17, 18). The initial inflammatory response and viral
clearance in the mutant mice were nearly equivalent to
that in the wild-type mice, and, by 3–4 weeks after infec-

tion, the MCMV virus was not detectable in the lung,
kidney, or liver of either the mutant or wild-type mice.
The MCMV-infected wild-type mice did not exhibit any
persistent sequelae of the infection. In contrast, the
MCMV-infected B6-lpr/lpr mice developed a chronic
inflammation of the lung, kidney, and liver that was
associated with production of anti–ds-DNA autoanti-
bodies and rheumatoid factor (RF), symptoms that are
not apparent in uninfected B6-lpr/lpr mice of the same
age. These studies indicated that interaction between
Fas and FasL is not required for effective clearance of
virus but is required for subsequent down-modulation
of the immune response to the virus. The failure of this
down-modulation in Fas-mediated apoptosis defective
mice provides a model of virally induced chronic
inflammation and autoimmune disease.

The fundamental role of Fas-mediated apoptosis in reg-
ulation of apoptosis suggests that enhancement of this
response may be effective in the prevention and treat-
ment of chronic inflammatory and autoimmune condi-
tions. Administration of APCs that have been modified
to express high levels of FasL may be particularly effective
in down-modulating T-cell responses (19). Therefore, we
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ic inflammatory response. This organwide effect of APC-AdFasL appears to be mediated by elimina-
tion of activated T lymphocytes in the spleen before their emigration to the target organs.
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have characterized the effect of administration of appro-
priately modified APCs in normal mice. APCs that have
been modified to express FasL and adenovirus (APC-
AdFasL) migrate predominately to the spleen, resulting
in the elimination of T cells that specifically recognize
antigens expressed by the APCs (20). Thus, administra-
tion of APC-AdFasL results in specific AICD of those T
cells capable of responding to the adenovirus (21). Elim-
ination of the virally reactive T cells resulted in a
decreased immune response to administration of the
virus during the lifetime of the modified APCs.

In this study, we further characterized the role of Fas-
mediated apoptosis in the chronic inflammatory seque-
lae of viral infection by extending the model to FasL-defi-
cient gld-gld mice and used this model to determine
whether FasL-modified APCs can be used to modulate
this response. Young B6+/+ mice and B6-gld/gld mice were
inoculated intraperitoneally with MCMV, and APC-
AdFasLs were administered intravenously 4 weeks later.
To determine the requirement for MCMV antigen pres-
entation by APC-AdFasL, separate groups of mice were
treated with APC-AdFasL that were transfected with
ultraviolet-irradiated (UV-irradiated) MCMV. The results
indicate that both MCMV-infected and uninfected APC-
AdFasL are highly effective in down-modulating the
inflammatory response after MCMV infection, by induc-
ing apoptosis of lymphocytes in the marginal zone of the
spleen. These results support the concept that the post-
MCMV inflammatory disease of the lung, kidney, and
liver in B6-gld/gld mice is due to continued migration of
splenic lymphocytes to these organs, with subsequent
entry and activation at these sites.

Methods
Animals. Six- to 10-week-old female B6+/+, B6-gld/gld, and
B6-lpr/lpr mice were obtained from The Jackson Labo-

ratories (Bar Harbor, Maine, USA) and were maintained
in our own certified animal facility at the University of
Alabama at Birmingham under pathogen-free condi-
tions.

Virus and virus titration. As described previously (18),
female Balb/c mice were inoculated intraperitoneally
with MCMV strain Smith obtained from the American
Type Culture Collection (Rockville, Maryland, USA),
and salivary glands were collected 12 days later. The
salivary glands were homogenized in DMEM (GIBCO
BRL, Grand Island, New York, USA) containing 10%
FBS and centrifuged. The supernatant was dispensed
into aliquots, which were stored at –80°C and used as
the MCMV stock virus pool (3 × 107 plaque-forming
units [pfu] per milliliter). For the determination of the
virus titer in tissues, organs were removed and homog-
enized as 10% (wt/vol) suspensions in DMEM (GIBCO
BRL) supplemented with L-glutamine, 10% FCS peni-
cillin/streptomycin, and amphotericin B. The
homogenates were titrated as duplicates in log10 dilu-
tions on subconfluent primary murine embryo fibrob-
lasts in 12-well plates. Seven days later, the monolayers
were stained with neutral red and the number of
plaques counted.

Histological assessment and immunophenotyping. As
described previously (18), organs were removed and
fixed in 10% phosphate-buffered formalin. After paraf-
fin embedding, tissue sections were cut (5 µm) and
stained with hematoxylin and eosin (H&E) for mor-
phological evaluation. Histopathological scoring was
performed by rating the severity of lesions and infiltra-
tion on a scale from 0 to 4. The following criteria were
applied for the grading scale: 0, normal histology; 1,
minimal mononuclear cell infiltration with or without
minimal cell destruction; 2, modest mononuclear cell
infiltration with 1–2 clear foci per field of view with

focal cellular destruction; 3, numerous aggre-
gates (3–5) of mononuclear cells per field of
view with destruction of lung, kidney, or liver
tissue at several locations; and 4, severe infil-
tration with mononuclear cells in multiple foci
per lobe with destruction of lung, kidney or
liver tissue. The histopathology was scored by
3 observers blinded to the treatment protocol,
and the score represents the mean, with error
bars representing the SEM.

For immunochemistry, the organs were
removed and fixed in neutral 10% formalin/PBS
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Figure 1
MCMV-induced chronic disease in the lungs of B6-gld/gld
mice. B6+/+ and B6-gld/gld mice were inoculated intraperi-
toneally with MCMV (105 pfu). Histological examination
of the lungs was performed (×40) at day 7 (a, c) and day
28 (b, d) after infection. The severe acute chronic inflam-
matory response in both B6+/+ and B6-gld/gld mice was
characterized by interstitial pneumonitis (a, c), which per-
sisted in B6-gld/gld (d) but not B6+/+ mice (b).



for 24 hours, followed by fixation in 70% ethanol for 24
hours. After paraffin embedding, tissue sections were cut
(10 µm) and stained with H&E before deparaffinization
and treatment with 3% H2O2 at room temperature for 15
minutes. After washing 3 times with neutral PBS, tissues
were first incubated with a mAb specific for CD3 (DAKO
Corp., Carpinteria, California, USA) following standard
avidin-biotin conjugate (ABC) immunohistochemical
techniques according to the manufacturer’s manual. A
peroxidase-conjugated secondary antibody was then
applied to the sections at room temperature for 2 hours.
Positive staining was viewed using diaminobenzidine
(DAB) substrate (Dako Corporation). Apoptosis analysis
of the liver by Hoechst staining was carried out using a
1:2,000 dilution of stock Hoechst (600 µg/mL dissolved
in PBS) as described previously (20).

Terminal deoxyribonucleotidyl transferase-mediated dUTP
nick end labeling. The method was modified slightly from
that described previously (18). In brief, formalin-fixed
and paraffin-embedded tissue sections were deparaf-
finized and rehydrated. After thorough washing with
deionized water, the tissue sections were subjected to per-
meabilization with proteinase K (10 µg/mL at room tem-
perature for 15 minutes) and then incubated with fresh-
ly prepared terminal deoxyribonucleotidyl transferase
(TDT) reaction mix (0.4 u/L TDT, 10 nM digitonigen
modified-dUTP, and TDT buffer, which were purchased
from Boehringer Mannheim, Indianapolis, Indiana,
USA) at 37°C for 60 minutes. The incorporated digi-
tonigen-dUTP was detected by incubation with AP-con-
jugated anti-digitonigen antibody at room temperature
for 60 minutes, and positive reactions were revealed using
NBT/BCIP (nitroblue tetrazolium chloride/5-bromo-4-
chloro-3-indolyl phosphate) substrate. Methyl green was
used for counterstaining.

Quantitation of autoantibodies. Serum levels of
anti–double-strand (ds) DNA antibodies and rheuma-
toid factor (RF) were determined by sandwich ELISA as
described previously (18). Sera samples were obtained
from 5 mice per group of uninfected and infected mice.
In brief, for quantitation of anti-dsDNA antibodies, 96-
well microtiter plates were precoated with 10 µg/mL of
poly-L-lysine followed by 10 µg/mL of dsDNA or 10
µg/mL of poly-L-glutamic acid as background control.
For detection of RF, 96-well microtiter plates were coat-
ed with 4 µg/mL of affinity-purified rabbit IgG (all
reagents were obtained from Sigma Chemical Co., St.
Louis, Missouri, USA). The sera were diluted at 1:100
and incubated at room temperature for 4 hours. Bound
anti-dsDNA antibodies or RF was detected by an IgG
isotype-specific alkaline phosphatase-conjugated goat
anti-mouse Ig (PharMingen, San Diego, California,
USA). P-nitrophenylphosphate (Sigma Chemical Co.)
was used as substrate, and the color development was
measured at 405 nm using an Emax microplate reader
(Molecular Devices, Menlo Park, California, USA).

Construction of Fas ligand expression adenovirus vector. As
described previously (19), the 1.6-kb chicken β-actin pro-
moter plus the CMV enhancer was cloned into a 10.4-kb

shuttle vector containing the fragment of adenovirus
from 0 map units to 1 map units. Two Loxp sites sepa-
rated by a Neo-resistant gene plus a 0.3-kb bovine
growth hormone poly A tail was cloned downstream of
this promoter/enhancer. The full-length 0.9-kb FasL was
cloned downstream from the bovine growth hormone
poly A tail that was followed by an SV40 poly A tail and
by the 9.8–16.1 map unit region of adenovirus.

Adenovirus growth and titration. Stock virus was inocu-
lated into 293 cells. After 36 hours, the infected cells
were lysed by 3 freeze/thaw cycles. The virus released
into the supernate was loaded onto a triple-layer
cesium chloride gradient of 1.5 g/mL, 1.4 g/mL, and 1.2
g/mL. The virus was banded using a SW41 rotor at
89,000 g at 4°C for 18 hours. The virus band was
removed and dialyzed against PBS + 10% glycerol (pH
7.4) for 12 hours at 4°C. Then the virus was aliquoted
and frozen at –90°C until use. The virus titer was quan-
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Figure 2
Quantitative analysis of inflammation in the lung, kidney, and liver.
B6+/+ and B6-gld/gld mice were infected intraperitoneally with MCMV
(1 × 105 pfu) and lung (top panel), kidney (middle panel), and liver
(bottom panel) tissues were assessed for severity of inflammation
and tissue damage on a relative scale ranging from 0 (not present)
to 4 (most severe). The bar graph represents the score ± SEM of at
least 5 mice analyzed at each time point.



titated using a standard plaque-forming assay in 293
cells. Quality control of the virus was carried out by bio-
logic functional analysis (19). This includes the ability
of the AdLoxP FasL plus AdCre to induce high levels of
Fas ligand capable of inducing apoptosis of A20 target
cells. As a control, AdLoxPFasL was added with AdLacZ
to ensure that no Fas ligand was produced by the
AdLoxPFasL vector in the absence of AdCre.

Infection of APCs for FasL expression. An APC cell line
was derived from lpr/lpr mice, as described previously
(20). This APC cell line exhibited high expression of
Mac-1, CD28, and class II MHC. The APCs were trans-
fected with the AdLoxPFasL plus AxCANCre, and Fas
ligand cell-surface expression was characterized by flow
cytometry using an anti-FasL antibody (clone Kay-10;
PharMingen) as described previously. Greater than 50%
of APCs expressed high levels of FasL. For experiments
described in this article, these Fas-deficient murine B6-
lpr/lpr APCs were infected with either AdLoxpFasL plus
AxCANCre (APC-AdFasL) or AdCMVLacZ (APC-
AdLacZ) at 5 pfu/cell of each virus for 1 hour at 37°C
as described previously (19). For some experiments, the
APCs were also infected with UV-irradiated MCMV
(APC+MCMV or APC-AdFasL+MCMV) (5 pfu/cell).
The APCs were then washed, and the infected cells were
incubated at 37°C for an additional 24 hours. Expres-
sion of murine FasL and adenoviral antigens on the
surface of B6-lpr/lpr APCs was identified using an indi-
rect immunofluorescent assay, and the ability of FasL
to mediate killing was evaluated using a [51Cr]release
assay as described previously (21).

Administration of APC-AdFasL. Eight-week-old B6+/+

and B6-gld/gld mice were injected intravenously every 3
days for 5 doses with 1 × 106 of either APCs coinfected
with AdLoxpFasL plus AxCANCre (APC-AdFasL) or
APCs coinfected with AdCMVLacZ (APC-AdLacZ). For
some experiments, mice were treated with APCs that
were also infected with UV-irradiated MCMV (APC-
AdFasL+MCMV) (5 pfu/cell). As a control, mice were
treated with APCs that were only infected with UV-irra-
diated MCMV (APC+MCMV) All mice were sacrificed
4 weeks after treatment with APC-AdLacZ, APC-
MCMV, APC-AdFasL, and APC-AdFasL+MCMV.

Localization of APC-AdCMVGFP. APC-AdCMVGFP
were produced using an adenovirus shuttle vector and
recombination with Ad genome. B6+/+ mice were inject-
ed intravenously with 1 × 106 APC-AdCMVGFP or con-
trol APCs (5 mice per group). Mice were sacrificed 48
hours later, and frozen sections of the liver and spleen
were analyzed by fluorescence microscopy (×80).

In vitro IL-2 production. APCs from B6+/+ mice were infect-
ed with UV-irradiated MCMV for 1 hour in 1 mL of
media and then diluted by addition of 10 mL of RPMI
1640 supplemented with 10% FBS and culture continued
at 37°C for 24 hours. Before use as stimulator cells, the
APCs were γ-irradiated, and 1 ×105 APCs were mixed with
T cells isolated from the spleen of APC-AdFasL–treated,
APC-AdFasL+MCMV–treated, and APC-AdLacZ–treated
mice. The mixed cells were incubated in 96-well plates for
2 days at 37°C. The supernatants were collected and
induction of IL-2 was determined using an ELISA assay
kit (R&D Systems Inc., Minneapolis, Minnesota, USA).

Statistical analysis. The 2-tailed Student’s t test was used
for statistical analysis when 2 different groups of sam-
ples were compared. The 1-factor ANOVA test was used
when more than 2 groups of samples were compared. A
P value of less than 0.05 was considered significant.

Results
Chronic inflammatory response in the lung, kidney, and liver
of MCMV-infected B6-gld/gld mice. We have shown previ-
ously that infection of B6-lpr/lpr mice with MCMV
induces the development of a chronic inflammatory
response, characterized by pneumonitis, nephritis, and
hepatitis that persists for 100 days despite clearance of
infectious MCMV by day 28 (17, 18). A similar chronic
inflammatory disease was observed in the lung, kidney,
and liver of B6-gld/gld mice after infection with MCMV.
Histological examination performed 7 days after infec-
tion by intraperitoneal injection with MCMV (1 × 105

pfu) revealed an acute inflammatory response in the
lungs of both the B6+/+ and B6-gld/gld mice (Figure 1, a
and c). In both strains of mice, the interstitial pneu-
monitis was evidenced by the high number of lympho-
cytes in the parabronchial and interstitial regions. After
4 weeks, the inflammation had resolved in the lungs of
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Figure 3
Efficient clearance of MCMV virus in B6-gld/gld mice.
Quantitation of infectious MCMV in the lung, kidney,
and liver of B6+/+ and B6-gld/gld mice was performed at
different time points using a plaque assay. The values
represent the mean ± SEM from different tissue of at
least 3 mice analyzed at each time point.



the B6+/+ mice, but was still evident in those of the B6-
gld/gld mice (Figure 1, b and d).

A severe inflammatory response was observed in the
kidney and liver, as well as the lungs of the MCMV-
infected B6-gld/gld mice, and this persisted for more
than 56 days after infection (Figure 2). The manifesta-
tions of the interstitial pneumonitis in these mice on
day 56 resembled those seen on day 28 except that in the
chronic inflammatory response, the typical features
included thickening of the alveolar septa, hyperplasia of
alveolar macrophages, and paravascular and
parabronchial lymphocytic infiltration (Figure 2a). Pro-
liferative glomerulonephritis with multifocal tubular
degeneration and a lymphocytic infiltration in the inter-
stitium indicated a chronic nephritis (Figure 2b). The
chronic hepatitis was characterized by a moderate num-
ber of multifocal infiltrates of mononuclear cells as well
as degeneration and regeneration of hepatocytes (Fig-
ure 2c). These features indicate a chronic inflammatory
response, and their occurrence in MCMV-infected B6-
gld/gld mice, but not B6+/+ mice or uninfected B6-gld/gld
mice of the same age, indicates that Fas-mediated apop-
tosis is required for the down-modulation of the
inflammatory response induced by MCMV.

Viral clearance in MCMV-infected mice. We have estab-
lished previously that MCMV is cleared rapidly from the
lung, kidney, and liver of B6-lpr/lpr as well as B6+/+ mice
(18). To determine whether MCMV also was cleared rap-
idly from the lung, kidney, and liver of B6-gld/gld mice,
infective MCMV was quantitated in these organs at dif-
ferent time points using a plaque assay. Clearance of

MCMV was rapid and effective in the lung, kidney, and
liver, and, by day 14, MCMV was no longer detectable in
any organs in either strain of mouse (Figure 3). There-
fore, the chronic inflammatory response that was
observed in the lung, kidney, and liver of B6-gld/gld mice
was not due to persistent infection by MCMV.

Administration of APC-AdFasL ameliorates inflammation
after MCMV infection in B6-gld/gld mice. To determine the
effect of APC-AdFasL treatment, B6-gld/gld mice were
first inoculated intraperitoneally with MCMV (1 × 105

pfu), which induced the chronic inflammatory
response already described here. At 4 weeks after
MCMV infection, the mice were injected intravenously
with either 1 × 106 APC-AdFasL (APC+FasL) or 1 × 106

control APC-AdCMVLacZ (APC). On sacrifice and
analysis 4 weeks later, the inflammatory response in
the lungs of mice treated with APC-AdFasL was much
less severe than that in the lungs of mice treated with
APC-AdCMVLacZ (Figure 4). The less-severe inflam-
matory response was associated with a lower number
of infiltrating CD3+ T cells as determined by immuno-
histochemical staining (Figure 4).

We have demonstrated previously that adenovirus-
pulsed APCs that express FasL (APC-AdFasL) can induce
apoptosis of adenovirus-specific T cells and result in spe-
cific suppression of the T-cell response to adenovirus
(21). Therefore, we determined whether the inflamma-
tory immune response after MCMV infection could be
more effectively down-modulated by treatment with
APC-AdFasL+MCMV. The APC-AdFasL were first trans-
fected with UV-irradiated MCMV (5 pfu/cell); then 1 ×
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Figure 4
Administration of APC-AdFasL results in less-severe chronic inflammation and lower numbers of T cells in the lungs of MCMV-infected B6-
gld/gld mice. Four weeks after MCMV infection, B6-gld/gld mice were treated with 106 of either APC-AdCMVLacZ (APC), 106 of APC-AdFasL,
or 106 of APC-AdFasL+MCMV. APC-AdFasL+MCMV was produced by infection of APC-AdFasL with UV-irradiated MCMV (5 pfu/cell). Four
weeks later, the mice were sacrificed and sections were examined after H&E stain and after staining with anti-CD3. A representative photo-
graph (×10) of a mouse from each group is shown. There were at least 5 mice in each treatment group.



106 of the APC-AdFasL+MCMV was injected intra-
venously into B6-gld/gld mice 28 days after MCMV infec-
tion. The inflammatory response in the lungs of mice
treated with APC-AdFasL+MCMV was even lower than
that of mice treated with APC-AdFasL (Figure 4).

Gradation of the severity of inflammation on a scale
of 0 (not present) to 4 (most severe) indicated that the
inflammatory response after infection in the lungs,
kidney, and liver was significantly less severe in B6-
gld/gld that were treated with APC-AdFasL compared
with untreated mice, whereas a statistically significant
difference was not achieved when mice were treated
with control APC-AdCMVLacZ (Figure 5). The inflam-
matory response in the lungs, kidney, and liver of mice
treated with APC-AdFasL+MCMV was even lower than
that of mice treated with APC-AdFasL (Figure 5). The
decreased inflammatory response required Fas expres-
sion, as there was no significant decrease in the inflam-
matory response in B6-lpr/lpr mice treated with APC-
AdFasL or APC-AdFasL+MCMV 28 days after MCMV
infection (Figure 5). Likewise, there was no apoptosis
in the spleen of B6-lpr/lpr mice after treatment with
APC-AdFasL or APC-AdFasL+MCMV (data not
shown). The decreased inflammatory response also
required Fas ligand expression by the APCs, as there
was no significant decrease in the inflammatory
response in B6-gld/gld mice treated with APC+MCMV
28 days after MCMV infection (Figure 5).

Apoptosis in the spleen of APC-AdFasL–treated B6-gld/gld
mice. Although intravenous administration of APCs
results in migration predominately to the spleen of
the mice (21), intravenous administration of aden-
ovirus targets the liver (22). We have found that intra-
venous administration of AdCMVLoxp + AxCANCre
results in extensive FasL-mediated apoptosis in the
liver, which precipitates the death of the animal (19).
Therefore, it was important to determine the migra-
tion pattern of the APC-AdFasL after intravenous
administration. B6-gld/gld mice were treated with
either 1 × 106 APC-AdCMVGFP or 1 × 106 APC-
AdFasL, and the lung, kidney, liver, and spleen were
harvested 2 days later for analysis of GFP expression
and analysis of apoptosis using the TDT-mediated
dUTP nick end labeling (TUNEL) method.

To determine whether APC-adenovirus gene ther-
apy is expressed in the spleen, the migration of APCs
after transfection with Ad was monitored using
APC-AdCMVGFP. GFP expression by the APC-
AdCMVGFP was predominantly in the marginal
zone of the spleen (Figure 6a). There was no evidence
of migration of APC-AdCMVGFP to the liver (Figure
6d). There was also no detectable migration of APC-
AdCMVGFP to the lung or kidney (data not shown).
These results confirm that intravenous administra-
tion of the APC-AdCMVGFP targets the spleen and
not the lung, kidney, or liver.

To verify that apoptosis of mononuclear cells that
colocalized with CD3+ T was present in the spleen but
not apparent in the liver after administration of APC-

AdFasL, spleen and liver were analyzed for apoptosis 2
days after administration of APC-AdFasL by TUNEL
staining and Hoechst staining, respectively. There was
extensive apoptosis of mononuclear cells in the mar-
ginal zone of the spleen (Figure 6c). This distribution
of apoptosis staining correlated with immunohisto-
chemical staining with anti-CD3. (Figure 6b). In con-
trast, there was no apoptosis of liver cells as determined
by Hoechst staining (Figure 6e). Neither was there sig-
nificant apoptosis of mononuclear cells or parenchy-
mal cells in the lung and kidney (data not shown).
These results suggest that the APC-AdFasL migrate
predominantly to the spleen, where FasL is expressed
and T cells are induced to undergo apoptosis. They also
suggest a mechanism of action in which the reduction
in the inflammatory response in the lung, kidney, and
liver is incurred through deletion of lymphocytes in the
marginal zone of spleen by the APC-AdFasL; thus, lym-
phocytes that would normally emigrate from the
spleen to target organs are eliminated.

Reduction of MCMV-reactive T cells in vivo. To determine
whether the apoptosis of splenic T cells results in a
reduced number of MCMV-reactive T cells in vivo,
spleen cells were isolated from mice 4 weeks after treat-
ment with APC-AdFasL, APC-AdFasL+MCMV, or con-
trol APC-AdCMVLacZ. The T cells were stimulated in
vitro with MCMV-pulsed APCs from B6 mice, and the
supernatant was harvested 48 hours later. The T cells
obtained from mice treated with the APC-AdCMVLacZ
control responded with production of high levels of IL-
2 (Figure 7); this response was lower in the T cells of

818 The Journal of Clinical Investigation | March 2000 | Volume 105 | Number 6

Figure 5
Less-severe inflammation in the lung, kidney, and liver of APC-
AdFasL–treated MCMV-infected B6-gld/gld mice. B6-gld/gld and B6-
lpr/lpr mice were treated with either APC-AdCMVLacZ (control),
MCMV-infected APC (APC+MCMV), APC-AdFasL, or APC-
AdFasL+MCMV beginning 28 days after MCMV infection. The mice
were treated every 3 days with 4 doses and analyzed 4 weeks after ini-
tiation of APC therapy. There were at least 5 mice in each treatment
group. The lung, kidney, and liver were stained for H&E and scored
by 3 blinded investigators. The histology score was as described in
Figure 2. At least 10 fields of view were analyzed for each organ of
each mice. The bar graph represents the mean ± SEM of the inflam-
matory scores from each organ for mice underlying the indicated
treatment. *P < 0.05, compared with control treatment group.



mice treated with APC-AdFasL and lowest in T cells
obtained from mice treated with APC-AdFasL+MCMV.
These results indicate that APC-AdFasL and APC-
AdFasL+MCMV therapy depletes those T cells that are
capable of reacting with MCMV when presented by
APCs from B6 mice.

Decreased autoantibody production after administration
of APC-AdFasL. The production of anti-dsDNA and RF
on day 28 after MCMV infection was higher in B6-
gld/gld mice than in wild-type mice. Analysis of sera
obtained 4 weeks after treatment with APC-AdFasL,
APC-AdFasL+MCMV, or control APC-AdCMVLacZ
indicated that the levels of IgG1, ds-DNA, and IgG1
RF were significantly lower in the sera of mice treated
with APC-AdFasL than those treated with control
APC-AdCMVLacZ (Figure 8). The levels of these
autoantibodies were even lower after treatment with
APC-AdFasL+MCMV. These results indicate that
autoantibody production is associated with the
chronic inflammatory response after MCMV infec-
tion and that treatment with APC-AdFasL or MCMV-
infected APC-AdFasL can down-modulate the pro-
duction of autoantibodies.

Discussion
A molecular model that fully accounts for the estab-
lishment of chronic inflammation after clearance of a
viral infection has not been established. One mecha-
nism that may contribute to the chronic response may
be inefficient initial clearance of the virus. Apoptosis of
virally infected cells has been recognized as a critical
mechanism by which the host limits virus spread, and
the presence of apoptotic cells has been reported dur-
ing several viral infections, including MCMV (23, 24).
However, we have previously shown that viral clearance
is not defective in B6-lpr/lpr mice, and the present
results indicate that MCMV viral clearance also is nor-
mal in B6-gld/gld mice (18). Thus, Fas-mediated apop-
tosis is not a limiting factor in viral clearance and is not
the underlying cause of the persistent inflammation
exhibited by the MCMV-infected B6-gld/gld mice. These

results are consistent with previous observations in
another model of postviral inflammation in which cox-
sackie virus B1 induces chronic inflammatory myopa-
thy in B6 mice (25). Although different strains of B6
mice show variable degrees of susceptibility to postvi-
ral inflammatory myopathy, the efficiency of viral
clearance is not a determining factor.

Our previous results indicated that down-modulation
of the immune response after clearance of MCMV is
mediated by Fas-FasL interactions (17, 18). The present
study indicates that in the absence of FasL in B6-gld/gld
mice, an inflammatory response persists after clearance
of the virus. Histological examination of the lung, kid-
ney, and liver at different time points after MCMV infec-
tion revealed a severe, chronic inflammatory disease in
B6-gld/gld mice, which was characterized by large num-
bers of infiltrating T cells. Because chronic disease did
not develop in MCMV-infected B6+/+ mice, it can be con-
cluded that Fas-FasL interactions are required for down-
modulation of an inflammatory response after the
clearance of virus. Down-modulation of the inflamma-
tory response requires expression of Fas, as the inflam-
matory response in MCMV-infected B6-lpr/lpr mice (18)
cannot be down-modulated by treatment with APC-
AdFasL or APC-AdFasL+MCMV. Down-modulation of
the inflammatory response requires expression of Fas
ligand by the APC, as the inflammatory response in
MCMV-infected B6-gld/gld mice cannot be down-mod-
ulated by treatment with APC+MCMV. Excessive
inflammation was not due to a persistent infection in
B6-gld/gld mice, as the clearance of MCMV was not
delayed and no infectious MCMV could be detected in
the lung, kidney, and liver of these mice at day 14. Taken
together, our studies strongly implicate defects in FasL
and Fas-mediated apoptosis in predisposition to chron-
ic postviral inflammatory disease processes.

The current results utilized APCs transfected with
AdLoxpFasL plus AxCANCre to achieve very high lev-
els of FasL expression in almost 100% of infected APCs
(20, 21). The high efficiency of FasL expression accom-
plished by this technique is due, in part, to the very
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Figure 6
Higher levels of apoptosis in APC-AdFasL–treated B6-gld/gld mice after MCMV infection. B6-gld/gld mice were treated with either 106 APC-
AdFasL or 106 APC-AdGFP expression, and lung, kidney, liver, and spleen were harvested 2 days later and analyzed for cell localization by
fluorescent microscopy (a, d). Apoptosis was determined by the TUNEL method (c) and Hoechst staining (e). T cells were analyzed by
immunohistochemical staining with Fitc-anti CD3 (b).



high titers of both viruses in the 293 cells resulting
from the lack of FasL expression by AdLoxpFasL,
which requires co-infection with a AxCANCre virus
(19). In addition, this two-virus system was used to
infect an APC cell line derived from B6-lpr/lpr mice;
consequently, these APCs can express high levels of
FasL without undergoing autocrine suicide. Extreme-
ly efficient inhibition of CD3+ T-cell by APC-AdFasL
after adenovirus infection was shown in our previous
studies and we proposed that the combined
stimulation of Ad-reactive T cells but the
AdFasL transfected APCs in the presence of
high levels of FasL led to efficient and specific
elimination of these Ad- reactive T cells. This
led to tolerization to antigens for up to 4 weeks
through inhibition of APC/antigen-reactive T
cells. The present experiment demonstrates
that adenovirus expression of FasL within an
APC can be used after a viral-induced inflam-
matory response to down-modulate this
inflammatory response.

We also found previously that tolerance induc-
tion by APC-AdFasL is antigen specific (20–21).
The present experiments show that APC-
FasL+MCMV possess significantly greater anti-
inflammatory activity than APC-FasL without
MCMV in the modulation of the inflammatory
response after MCMV infection. This result indi-
cates that precursors of the MCMV-stimulated
T cells represent a component of the proinflam-
matory activity of the T cells. Activation of these
T cells by MCMV antigens presented by APCs
results in either upregulation of Fas or upregu-

lation of Fas apoptosis signaling and increased effi-
ciency of apoptosis. This suggests that some of the
residual T cells present during the inflammatory
response after MCMV infection can react with MCMV
epitopes presented by APCs present at the inflammato-
ry sites. This is consistent with the previous deduction
that accumulation of T cells in target organs after a viral
infection is dependent on continued movement of T
cells from the periphery into the target organ (26, 27). T
cells present in the central nervous system during viral
and postviral encephalomyelitis represents sequestered
populations of antigen-specific cells (27). Accumulation
of T cells in target organs has been proposed to occur
after nonspecific migration of cells followed by prolif-
eration and expansion, or alternatively, T cells may be
induced to proliferate in the target tissue by nonspecif-
ic stimulatory pathways, such as CD2-mediated
processes. This is also consistent with the lower levels of
IL-2 production observed in mice treated with APC-
AdFasL+MCMV compared with APC-AdFasL, suggest-
ing that MCMV-reactive T cells contribute to the
inflammatory response and are deleted by APC-
AdFasL+MCMV treatment.

Interactions between the splenic macrophages, B cells
and T cells, are important to the normal immune
response, particularly with respect to polysaccharide
antigens (28). The spleen contains marginal zone
macrophages, marginal zone metallophils, and red
pulp macrophages, all of which play different roles in
the immune response (29–31). In addition to these
endogenous macrophages, exogenous macrophages
and dendritic cells have been used to enhance vaccine
development (32). Intravenous injection of
macrophages and dendritic cells mainly results in their
accumulation in the spleen, whereas macrophages
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Figure 7
Percentage of MCMV-reactive T cells in vivo. Spleen cells were isolated
from MCMV-infected mice 4 weeks after treatment with APC-AdLacZ
control, APC-AdFasL, or APC-AdFasL+MCMV. T cells were stimulat-
ed in vitro with MCMV pulse APCs from B6-lpr/lpr mice, and the super-
nate was harvested 48 hours later. *P < 0.05, compared with control
treatment group.

Figure 8
Decreased autoantibody production after treatment with APC-AdFasL.
Four weeks after infection with MCMV, mice were treated with APC-
AdLacZ control, APC-AdFasL, or APC-AdFasL+MCMV and sera was col-
lected 4 weeks later. Production of anti-dsDNA and RF was determined
on day 28 after MCMV infection of B6-gld/gld mice. *P < 0.05, compared
with control treatment group.



injected subcutaneously preferentially home to drain-
ing lymph nodes. This is consistent with the present
results that intravenous administration of
macrophages labeled with GFP produced by an aden-
ovirus primarily home to the spleen. The macrophage
colocalizes with regions of high apoptosis and high
numbers of CD3+ T cells. The spleen has previously
been shown to be necessary for production of T cells
that lead to lymphoproliferation and autoimmunity
(33). In addition, splenectomy prevents development of
autoantibodies in Fas-deficient lpr and FasL-deficient
gld/gld mice. Analysis of T-cell traffic in the spleen indi-
cates that fluorescent-labeled lymphocytes injected
intravenously initially accumulate in the marginal zone
and are associated with a layer of marginal zone
macrophages (29–31). We propose that APC-FasL that
are injected intravenously migrate to the marginal zone
of the spleen. These macrophages are ideally located to
interact with circulating T cells that enter the spleen at
the marginal zone and encounter these macrophages.
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