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ABSTRACT

Cells that undergo apoptosis in response to chemical or physical stimuli repress inflammatory reactions, but cells that undergo
nonapoptotic death in response to such stimuli lack this activity. Whether cells dying from viral infection exhibit a cell death-
type modulatory effect on inflammatory reactions is unknown. We compared the effects on macrophage inflammatory responses
of cells dying an apoptotic or a nonapoptotic death as a result of adenoviral infection. The results were exactly opposite to the
predictions from the conventional paradigm. Cells dying by apoptosis induced by infection with an adenovirus type 5 (Ad5) E1B
19-kilodalton (E1B 19K) gene deletion mutant did not repress macrophage NF-kB activation or cytokine responses to proin-
flammatory stimuli, whereas cells dying a nonapoptotic death from infection with E1B 19K-competent, wild-type Ad5 repressed
these macrophage inflammatory responses as well as cells undergoing classical apoptosis in response to chemical injury. The
immunorepressive, E1B 19K-related cell death activity depended upon direct contact of the virally infected corpses with re-
sponder macrophages. Replacement of the viral E1B 19K gene with the mammalian Bcl-2 gene in cis restored the nonapoptotic,
immunorepressive cell death activity of virally infected cells. These results define a novel function of the antiapoptotic, adenovi-
ral E1B 19K protein that may limit local host innate immune inflammation during accumulation of virally infected cells at sites
of infection and suggest that E1B 19K-deleted, replicating adenoviral vectors might induce greater inflammatory responses to
virally infected cells than E1B 19K-positive vectors, because of the net effect of their loss-of-function mutation.

IMPORTANCE

We observed that cells dying a nonapoptotic cell death induced by adenovirus infection repressed macrophage proinflammatory
responses while cells dying by apoptosis induced by infection with an E1B 19K deletion mutant virus did not repress macro-
phage proinflammatory responses and enhanced some cytokine responses. Our results define a new function of the antiapop-
totic, adenoviral protein E1B 19K, which we have termed “apoptotic mimicry.” Our studies suggest the possibility that the pres-
ence or absence of this E1B 19K function could alter the immunological outcome of both natural and therapeutic adenoviral
infections. For example, emerging, highly immunopathogenic adenovirus serotypes might induce increased host inflammatory
responses as a result of altered E1B 19K function or expression. It is also possible that engineered variations in E1B 19K expres-
sion/function could be created during adenovirus vector design that would increase the therapeutic efficacy of replicating adeno-
virus vectors for vaccines or oncolytic viral targeting of neoplastic cells.

ukaryotic cells undergo different types of cell death responses.

Apoptosis, or physiological cell death, is an active process in
which cells proceed through an ordered pathway of destruction of
many intracellular components, in most instances requiring the
activity of cellular caspases, a family of cysteine proteases. Apop-
tosis is characterized by nuclear condensation prior to the loss of
cell membrane integrity. Discrimination by macrophages of cells
dying by apoptosis or nonapoptotic mechanisms affects the level
of macrophage-mediated amplification of the host inflammatory
response that occurs during phagocytic cell interactions with dy-
ing cells (1, 2). To date, all stimuli that induce apoptosis have been
reported to generate dying cells that repress macrophage-induced
inflammatory responses (3, 4). This has been proposed as a ho-
meostatic mechanism that prevents autoimmunity during clear-
ance of the large numbers of cells that die during normal, “phys-
iological” cell turnover (5, 6). Conversely, the failure of cells dying
by pathogen-induced nonapoptotic death to repress macrophage-
mediated inflammatory responses may be essential for enhance-
ment of local, anti-infective inflammation.

The morphological appearance of mammalian cells dying from
viral infection in vitro has been termed cytopathic effect (CPE).
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CPE induced by viral infection can be categorized further by the
cell death phenotype of the infected cells. For example, CPE in-
duced by wild-type (wt) adenovirus (Ad) infection is distinctly
nonapoptotic in nature, because of the blockade of apoptosis by
the viral E1B 19-kilodalton protein (E1B 19K) (7-10). E1B 19K
shares functional activity with the product of the antiapoptotic
mammalian gene, Bcl-2, and is considered to be a Bcl-2 family
member (8). E1B 19K gene deletion from adenovirus converts the
death of cells undergoing Ad-induced CPE to a clearly apoptotic
phenotype (9). These differences in the cell death phenotypes of
cells dying as a result of infection with either wt Ad5 or E1B 19K-
deleted Ad5 provided a congenic comparative system with which
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we could test the hypothesis that virally infected cells undergoing
apoptosis are predictably immunorepressive for responder mac-
rophages whereas virally infected cells undergoing nonapoptotic
cell death are not.

The surprising result of these studies was that the immuno-
modulatory effects of Ad-induced CPE cells were exactly opposite
to what was predicted from data with apoptotic and nonapoptotic
cells dying after exposure to noninfectious injuries, where apop-
totic cells are highly immunorepressive and nonapoptotic cells are
not. Specifically, CPE corpses dying from infection with E1B 19K-
negative mutant adenovirus underwent classical apoptosis but
failed to repress macrophage responses and could even enhance
those responses. Conversely, expression of the Bcl-2-like activity
of E1B 19K protein during wt Ad5-induced CPE simultaneously
blocked apoptosis and conveyed to the virally infected CPE
corpses a trait that caused high-level, cell contact-dependent re-
pression of macrophage inflammatory responses. Therefore, the
data indicate that E1B 19K expression causes nonapoptotic, Ad-
infected cells to mimic the macrophage repressive effect of cells
undergoing apoptosis in response to chemical stimuli. The possi-
ble implications of these data are discussed, as related to the local
innate immune responses to Ad-infected human cells.

MATERIALS AND METHODS

Cell lines. Human (A549, HeLa, and MRC-5) and mouse (MH-S and
RAW 264.7) cells were obtained from ATCC. Human AD293 cells were
obtained from Clontech (Mountain View, CA). Stable kB-luciferase re-
porter 293 cells have been described (4). MRC-5 cells stably transfected
with the Ad5 E1B 19K gene were provided by Keith Peden. A549, Hela,
and AD293 cells were grown in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 5% bovine calf serum (BCS). MRC-5,
MH-S, and RAW cells were grown in RPMI medium supplemented with
10% fetal bovine serum (FBS). All cells were cultured at 37°C in 5% CO,.

Viruses. Wild-type adenovirus type 5 (Ad5; VR-5) was obtained from
ATCC. Adenovirus mutants containing deletions of E1B 19K- or 55K-
encoding regions (H5dI337 and H54I338, respectively) and the parental
E1B gene-expressing virus from which these viral mutants were derived,
H5dI309, were provided by Tom Shenk. The E1B-19K-deleted virus con-
taining inserted Bcl-2 expressed under the control of the cytomegalovirus
(CMV) promoter was provided by George Chinnadurai. Virus stocks
were grown in either A549 cells or AD293 cells (for H5dI337 and
H5dI338). Adenovirus titers were determined by plaque-forming assays in
A549 or AD293 cells and expressed as PFU/ml. Where indicated, Ad5
virus inocula were neutralized by using Ad5-specific, rabbit neutralizing
antibody as reported earlier (11). Influenza HIN1 virus was obtained
from the Clinical Microbiology Laboratory at the University of Illinois at
Chicago as a seed stock grown on MDCK/A549 cells and was amplified,
and plaque titers in A549 cells were determined. Influenza A/WSN/33
(HIN1) and A/Wyoming/3/2003 (H3N2) viruses were provided by Zhip-
ing Ye as titered stocks grown in eggs to use as controls for group and
subtype determination. The group and subtype of the influenza A
H1NTlvirus isolate were confirmed using PCR (12).

Viral infection of cells and collection of CPE corpses. Cells were in-
fected for 1 h at 37°C in suspension with virus at a multiplicity of infection
(MOI) of 10:1 PFU/cell, unless otherwise indicated, and then were plated
in 100-mm dishes and allowed to proceed to complete CPE (approxi-
mately 96 h for Ad5 and 24 h for influenza virus). Floating cells were
collected, and any remaining adherent cells were collected by incubation
with EDTA at 37°C for 3 min. Cell corpses were washed repeatedly in
phosphate-buffered saline (PBS) and resuspended in complete medium
for immediate analysis or were fixed in 125 mM formaldehyde followed by
repeated washes with complete medium and stored at 4°C for later anal-
ysis (4).
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Noninfectious generation of apoptotic and necrotic corpses. To in-
duce apoptosis by chemical injury, cells were treated overnight with 1 uM
staurosporine at 37°C and then washed repeatedly. Heat-killed necrotic
cells were used to test an alternative type of cell death control to compare
with apoptotic and virally infected cells, since such necrotic cells are not
immunorepressive (13). Necrosis was induced by incubating cells at 56°C
for 20 min.

Flow cytometry. Unfixed corpses were collected and prepared for flow
cytometry by washing in PBS + 3% FBS and staining with Hoechst dye
and propidium iodide (PI) (14). Externalization of phosphatidylserine
residues on the outer plasma membranes of apoptotic cells was assayed by
staining CPE corpses with anti-annexin V antibody and 7-amino actino-
mycin D (7-AAD) according to the manufacturer’s recommendations
(BD Pharmingen). Apoptosis was inhibited by incubating cells with the
pancaspase inhibitor zZVAD (Calbiochem) at 50 uM during the infection
and then adding zVAD to the cultures every 24 h at 50 uM until CPE
corpses were harvested. Three cycles of centrifugation washing were suf-
ficient to remove most debris from the CPE corpse preparations, as evi-
denced by flow analysis.

Assays of kB-luciferase-dependent transcription. Studies of the ef-
fects of cellular corpses on NF-kB-dependent transcription were done
with the nonmacrophage cell line 293, stably transfected with the kB lu-
ciferase reporter, as described previously (4). Plated 293-kB-luciferase
cells were stimulated for 18 h with 2 nM phorbol myristate acetate (PMA;
Sigma) in the absence or presence of cell corpses and were then washed
and lysed for analysis of luciferase response. A stable RAW 264.7 kB-
luciferase reporter macrophage cell line was created using the same
method as for the 293 reporter cells. Luciferase expression was determined
by using the Luciferase Assay kit (Promega, Madison, WI) and expressed
as fold induction of stimulated cells versus unstimulated control cells.

Proinflammatory mediator measurement. Cytokine and chemokine
(here referred to as proinflammatory mediators) production by MH-S
mouse alveolar macrophages was determined using the Bio-Plex Suspen-
sion Array system (Bio-Rad, Hercules, CA). Adherent MH-S cells (5 X 10°
cells/well; 24-well plates) were stimulated for 18 h with lipopolysaccharide
(LPS) (1 pg/ml) and gamma interferon (IFN-y) (50 ng/ml) in the absence
or presence of cell corpses at the indicated ratios. Media were collected,
cleared of cells and debris by centrifugation, and frozen for later proin-
flammatory mediator analysis.

Statistical analysis. The significance of differences in comparative
data was estimated using Student’s f test with SigmaPlot software.

RESULTS

Cell death phenotypes induced by human lung cell infection
with wt Ad5 or Ad5 E1B deletion mutants. The cell death phe-
notypes of cells exhibiting CPE in response to infection with wt
Ad5 (nonapoptotic) and E1B 19K-deleted Ad (apoptotic) have
been reported for different cell types (7-9, 15). To confirm
these reported cell death phenotypes for the human lung cells
(A549) used in these experiments, A549 cells were analyzed 48
h after infection by flow cytometry for DNA condensation and
cell membrane integrity, using Hoechst and PI staining, respec-
tively (Fig. 1A). Staining patterns were compared with those of
control (untreated), necrotic (heat-treated), and apoptotic
(staurosporine-treated) A549 cells. Heat-treated, necrotic cells
stained positively for both Hoechst and PI (Hoechst™/PI™), as
evidenced by a shift to the right upper quadrant of the flow
cytogram (Fig. 1A, upper center). Staurosporine-treated cells
showed the characteristic apoptotic phenotype of increased
Hoechst staining intensity prior to increased PI staining
(Hoechst™/P17), as evidenced by a shift to the right lower
quadrant of the flow cytogram (Fig. 1A, upper right). The cell
death phenotype was assessed for A549 cells infected with wt
Ad5 and four different Ad5 mutant viruses. A549 CPE cells
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FIG 1 Nonapoptotic cell death induced by Ad5 infection is dependent on the expression of the adenoviral E1B 19K protein. (A) Changes in Hoechst/PI staining
of A549 cells following either 48-h infection with different Ads or 24-h infection with influenza A virus. Viable (Control), necrotic (heat), and apoptotic (stauro)
A549 cells were used as controls. Infection of A549 cells with wt Ad5, H5d1309, H5d1338, or Ad-Bcl-2 resulted in nonapoptotic cell death as evidenced by
Hoechst/PI staining that was primarily Hoechst*/PI", a pattern similar to that seen with necrotic (heat) A549 cells. In contrast, H5dI337 and influenza A virus
infection resulted in apoptotic cell death, as evidenced by accumulation of Hoechst*/PI™ cells (lower right quadrant of the cytograms), prior to loss of cell
membrane integrity when cells were permeable to PI (Hoechst */PI " staining), a pattern similar to that observed with apoptotic (stauro) cells. (B) Externalization
of phosphatidylserine residues as an indicator of apoptotic cell death. Forty-eight hours postinfection, cells were harvested and stained with annexin V and
7-AAD to assess cell surface phosphatidylserine exposure and cell membrane integrity, respectively. Infection of A549 cells with H5dI337 resulted in apoptotic cell
death, as evidenced by the high percentage of cells showing phosphatidylserine residue externalization, prior to loss of cell membrane integrity (annexin
V*/7-AAD cells). In contrast, infection of A549 cells with E1B 19K-competent wt Ad5 resulted in repression of phosphatidylserine residue externalization prior
to loss of membrane integrity, compared with cells infected with E1B 19K-negative H5dI337 (i.e., 24% versus 69% annexin V*/7-AAD ™ cells in right lower
quadrants, respectively). (C) Caspase dependence of H5dI337-induced apoptotic cell death. A549 cells were infected with H5dI337 in the presence of zVAD (50
wM). Forty-eight hours postinfection, cells were harvested and stained with either annexin V/7-AAD or Hoechst/PI, to examine the caspase dependence of
phosphatidylserine residue externalization or DNA condensation prior to loss of cell membrane integrity, respectively. Infection with H5d[337 in the presence
of zVAD blocked the apoptotic phenotype and resulted in a reduction in the annexin V*/7-AAD ™ and Hoechst/PI phenotypes of infected cells, resulting in a

staining pattern that was identical to that seen with wt Ad5 infection (compare panel C results with those for wt Ad5 in panels A and B).

infected with wt Ad5 (middle left cytogram) exhibited a rela-
tively pure pattern of double-positive Hoechst*/PI* staining,
with minimal evidence of Hoechst™/PI~ staining (i.e., little or
no “apoptosis signal”). An identical nonapoptotic pattern of
staining was observed with cells infected with the parental con-
trol virus H5d1309 (lower left cytogram), from which the two
E1B-deleted mutant viruses tested were derived. In contrast,
A549 infection with H5dI337 (middle center cytogram), an
Ad5 mutant that does not express the antiapoptotic viral E1B
19K protein, induced an apoptotic cell death phenotype, sim-
ilar to that observed with staurosporine-treated cells (16, 17).
Staurosporine is a potent, prototypic apoptosis-inducing
chemical agent (18, 19), which might explain the greater pro-
portion of treated cells exhibiting the Hoechst™/PI~ apoptotic
pattern of staining than was observed with CPE cells infected
with the E1B 19K-deleted virus, H5dI337. As another control
for comparison, using viral infection instead of chemical treat-
ment, A549 cells were infected with influenza virus, a well-
known inducer of apoptotic death (20). The general pattern of
Hoechst/PI staining and the proportion of virally infected cells
exhibiting the Hoecsht™/PI~ phenotype were similar for cells
infected with E1B 19K-deleted H5d1337 and influenza virus
(Fig. 1A, middle center versus middle right cytograms, respec-

2660 jviasm.org

tively). In contrast, A549 infection with H5dI338, an Ad mu-
tant that expresses E1B 19K normally but does not express E1B
55K (a unique E1B protein encoded from an alternative read-
ing frame), resulted in a nonapoptotic phenotype identical to
that of cells infected with wt Ad5 and the parental, E1B-com-
petent virus, H5d1309 (Fig. 1A, lower center versus lower left
cytograms, respectively). Since E1B 19K is a Bcl-2 family mem-
ber, it was postulated that the apoptotic death phenotype of
H5dI337-infected CPE cells resulted from the absence of E1B
19K antiapoptotic activity during viral infection. This was
tested by analyzing CPE cells infected with an Ad5 virus, Ad-
Bcl-2, in which E1B 19K was deleted and replaced by insertion
of the mammalian Bcl-2 gene (7). Ad-Bcl-2 CPE cells exhibited
a nonapoptotic pattern of staining identical to that of wt Ad5
(Fig. 1A, lower right compared with middle left cytograms,
respectively).

To confirm the apoptotic nature of the cell death observed with
H5d1337-infected cells, we examined the externalization of phos-
phatidylserine residues to the cell surface and dependence of the
cell death phenotype on caspase activity, two well-established
characteristics of apoptotic cell death (Fig. 1B and C). Cells were
costained with annexin V and 7-amino actinomycin D (7-AAD), a
membrane-impermeable dye that, like PI, is excluded from cells
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with intact cell membranes. Cells infected with H5dI337 exhibited
a predominant annexin V-positive, 7-AAD-negative phenotype,
indicating externalization of phosphatidylserine residues prior to
the loss of cell membrane integrity (Fig. 1B, middle cytogram), a
phenotype that is typical for cells undergoing apoptotic death. In
contrast, cells infected with E1B-expressing, wt Ad5 were less
likely to exhibit single-positive annexin V staining than H5dI337-
infected cells and were more likely to exhibit double-positive
staining (Fig. 1B, right cytogram), indicating that annexin V stain-
ing occurred after loss of cell membrane integrity. This pattern of
E1B 19K expression-related apoptotic cell death repression was
identical to comparative cytogram patterns observed using
Hoechst/PI staining of infected cells, in which single-positive
Hoechst staining (nuclear condensation, before membrane per-
meabilization) was observed with H5dI337-infected cells but re-
pressed in cells infected with wt Ad5 (Fig. 1A, middle center versus
middle left cytograms, respectively). As reported for apoptotic cell
death induced by noninfectious cellular stimuli (15), the apop-
totic phenotype of H5dI337-infected cells was blocked by treat-
ment of infected cells with the pancaspase inhibitor, zZVAD, as
evidenced by testing with both the annexin V/7-AAD and the
Hoechst/PI staining assays (Fig. 1C). Specifically, single-positive
annexin V and single-positive Hoechst staining were both re-
pressed by zZVAD treatment. Taken together, these flow cytometry
data show that Ad infection of A549 cells in the absence of E1B
19K expression (H5dI337) induces classical, caspase-mediated
apoptotic cell death that is repressed by E1B 19K expression dur-
ing A549 infection with wt Ad5.

Ad5-infected cells repress NF-kB-dependent proinflamma-
tory macrophage responses, as a result of expression of the an-
tiapoptotic adenoviral protein, E1B 19K. Chemically induced
apoptotic corpses repress macrophage production of proinflam-
matory mediators, in contrast to heat-killed nonapoptotic cells,
which lack this activity (13, 21). Cvetanovic et al. reported that
chemically induced apoptotic corpses cause contact-dependent
repression of LPS-induced, NF-kB-dependent macrophage cyto-
kine and chemokine responses (4, 13). We used this cell system
and our data on the cell death phenotypes of Ad-infected A549
cells (Fig. 1) to determine whether virally infected cells followed
the model of apoptosis-related immunorepression that was devel-
oped from studies of noninfectious cellular injuries. Macrophage
stimulation in the absence of cell corpses resulted in increased
production of interleukin-6 (IL-6), granulocyte colony-stimulat-
ing factor (G-CSF), monocyte chemoattractant protein 1 (MCP-
1), and IL-18, compared with control, unstimulated cells (Fig. 2,
Stim versus C, respectively). Macrophages cocultured with heat-
killed, nonapoptotic corpses (Fig. 2, N) either enhanced (G-CSF
and MCP-1) or failed to repress (IL-6 and IL-13) mediator pro-
duction. Addition of staurosporine-killed apoptotic corpses (A)
repressed induction of all 4 proinflammatory mediators to levels
similar to those observed with unstimulated control responder
cells. Surprisingly, however, apoptotic CPE corpses infected with
the E1B 19K-deleted adenovirus, H5dI337, lacked any significant
immunorepressive activity, similar to necrotic control cells. In
contrast, nonapoptotic CPE corpses infected with E1B 19K-com-
petent wt Ad5 were as immunorepressive as staurosporine-treated
apoptotic cells (Fig. 2, wt Ad5 versus A, respectively). Therefore,
these data on the effects of Ad-infected CPE cells on macrophage
cytokine and chemokine responses were completely opposite to
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FIG 2 Adenovirus E1B 19K expression determines Ad CPE corpse immuno-
modulatory activity on proinflammatory cytokine/chemokine production by
macrophages. A549 cells were infected with the indicated viruses, and the
resulting corpses were fixed in formaldehyde. Macrophages were cultured un-
der three conditions, (i) in the absence of LPS and IFN-vy stimulation or Ad
CPE corpses (control [C]), (ii) with LPS and IFN-vy stimulation (Stim), or (iii)
with LPS and IFN-vy stimulation, while being cocultured (10:1 corpse/macro-
phage ratio, 18 h) with heat-killed necrotic A549 corpses (N), staurosporine-
killed apoptotic A549 corpses (A), or A549 corpses infected with either wild-
type Ad5 (wtAd5) or the E1B 19K-deleted Ad5 mutant virus, H5dI337. E1B
19K deletion from the infecting virus resulted in a significant loss of Ad5 CPE
corpse repression of mediator production by macrophages (wtAd5 versus
H5dI337; values are means =+ standard errors of the means [SEM], n = 3, P <
0.03).

what would be predicted by the conventional apoptosis-related
immunorepression paradigm.

All of these cytokines and chemokines, as well as most others
involved in macrophage amplification of the host inflammatory
response, are dependent upon NF-«kB-dependent transcription
for activation in response to proinflammatory stimuli. To test this
cellular control mechanism in our system, two independent kB-
luciferase reporter cell systems that were used by Cvetanovic et al.
in their studies of apoptotic cell repression of NF-«kB activation
were used to measure the effects of Ad-infected CPE corpses on
stimulus-induced, NF-kB-dependent transcription (Fig. 3) (4,
13). Viable (V) and heat-killed, necrotic (N) corpses had little
effect on LPS-induced stimulation of kB-luciferase activity in
mouse RAW 264.7 mouse macrophages that were transiently
transfected with an NF-kB-luciferase reporter vector (Fig. 3A). In
contrast, staurosporine-induced apoptotic corpses (A) repressed
LPS stimulation of kB-luciferase activity to ~10% of the levels of
stimulated cells cultured without corpses (Fig. 3A, A versus None,
respectively). CPE corpses infected with wt Ad5, in which apop-
tosis was repressed by E1B 19K expression (Fig. 1), repressed LPS
stimulation of kB-luciferase activity in RAW 264.7 reporter cells
to levels identical to those observed with chemically induced
apoptotic corpses (Fig. 3A, Ad5 versus A, respectively).

However, as observed in the studies of Ad5 CPE corpse effects
on cytokine production by macrophages (Fig. 2), the NF-«kB-re-
pressive effect of Ad5 CPE corpses was strictly dependent upon
E1B 19K expression by the infecting virus (Fig. 3B). Using a stable
293 kB-luciferase reporter system, Ad5 CPE repression of PMA-
induced NF-kB activation was just as efficient as with wt Ad5-
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FIG 3 Ad5 CPE corpses repress NF-«kB dependent transcription in mouse and
human responder cells. (A) Luciferase activity from mouse RAW 264.7 mac-
rophages transiently transfected with an NF-«B luciferase reporter. A549 cells
were infected with Ad5. The resulting Ad CPE corpses and control cells were
fixed and cocultured at a 10:1 ratio with transfected macrophages in the pres-
ence of 100 ng/ml LPS for 18 h. Apoptotic (staurosporine-treated [A]) and Ad5
CPE corpses significantly repressed LPS induction of NF-kB-dependent tran-
scription in macrophages (means = SEM, n = 3, P = 0.006), whereas viable
(V) and heat-killed necrotic (N) cells failed to repress LPS induction of NF-
kB-dependent transcription (means = SEM, n = 3, no significant difference).
(B) Luciferase activity from human 293 kB-luciferase epithelial reporter cells
stimulated with 2 nM PMA for 18 h and cocultured at a 1:10 ratio with heat-
killed necrotic corpses (N), staurosporine-treated apoptotic corpses (A), or
cell corpses infected with the indicated viruses. A549 cells were infected with
wild-type (wt) Ad5, H5dI1309 (mutant control virus that expresses both E1B
19K and 55K proteins), or either of two Ad5 mutant viruses derived from
H5dI309: E1B 19K-deleted H5dI337 or E1B 55K-deleted H5dI1338 (both of
which still express the alternative E1B protein). Only necrotic corpses (N) and
corpses infected with E1B 19K-deleted virus (H5dI337) failed to significantly
repress PMA-induced, NF-kB-dependent transcription (means = SEM, n = 3,
P < 0.001). (C) Luciferase activity from a stable human 293 NF-kB epithelial
reporter cell line. HeLa cells were infected with either Ad5 or H5dI337. The
resulting Ad CPE and control corpses were fixed and cocultured at a 10:1 ratio
with reporter cells in the presence of 2 nM PMA for 18 h. Apoptotic (A) and
Ad5 CPE corpses significantly repressed PMA induction of NF-kB-dependent
transcription, compared with necrotic control cells (N) (means = SEM, n = 3,
P = 0.001). In contrast, there was no significant difference in the effects of
apoptotic, H5dI337 CPE corpses and necrotic control cells. (D) Luciferase
activity from a stable human 293 NF-«B epithelial reporter cell line cocultured
with A549 cells infected with Ad5, Ad2, or Ad14 (a group B2 serotype Ad). The
resulting Ad CPE and control corpses were fixed and cocultured at a 10:1 ratio
with reporter cells in the presence of 2 nM PMA for 18 h. Ad CPE corpses
infected with each of the three Ad serotypes significantly repressed PMA in-
duction of NF-kB-dependent transcription in reporter cells (means = SEM,
n=3,P<0.001).

infected cells, when CPE cells were infected with the parental (and
E1B competent) virus, H5dI309, from which the E1B mutant vi-
ruses were derived or with the E1B 55K-deleted Ad5 mutant,
H5dI338. But there was no significant repression of stimulus-in-
duced NF-kB activation in responder 293 cells when they were
cocultured in contact with Ad CPE cells infected with the E1B
19K-deleted Ad5 mutant, H5dI337 (Fig. 3B). To determine if the
observed immunomodulatory effects of Ad5 infection of A549
were restricted to just A549 cells, HeLa cells (another Ad-permis-
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sive cell line) were infected with either wt Ad5 or H5dI337. As
shown in Fig. 3C, wt Ad5 CPE corpses repressed PMA-stimulated
NE-kB activity of the 293 reporter cells as efficiently as apoptotic
HeLa corpses (Ad5 versus A), whereas H5dI337 corpses behaved
like necrotic HeLa corpses (H5dI337 versus N). Therefore, the
NE-kB repressive effect of nonapoptotic Ad5 CPE corpses was not
species specific or cell type restricted (i.e., the effect was observed
with both mouse and human responder cells and with different
types of Ad-infected stimulator cells).

The NF-kB repressive activity of Ad-infected CPE corpses was
not unique to the wt Ad5 serotype, since the same effect was ob-
served with A549 CPE cells infected with either wt Ad2 (a group C
Ad serotype that is highly homologous with Ad5) or wt Ad14 (an
Ad serotype from group B2 that has a lower level of sequence
homology with Ad5) (Fig. 3D).

These results, combined with those in Fig. 2, indicated that
repression of NF-kB-dependent transcription in responder cell
and macrophage proinflammatory mediator production may be a
general property of Ad-infected, nonapoptotic cells that is depen-
dent on E1B 19K expression but independent of adenoviral sero-
type, infected cell type, or responder cell type. Furthermore, since
both human and mouse responder cells exhibited the same re-
sponses to wt Ad5-infected, human Ad CPE corpses, the data in-
dicated that there may be no species or genetic restriction of the
signal(s) between the Ad-infected cells and the responder cells.

Adenovirus infection-induced nonapoptotic cell death mim-
ics the immunorepressive effects of cells undergoing apoptosis
in response to other noninfectious and infectious stimuli. The
results to this point in the study showed that human cells dying a
nonapoptotic death as a result of E1B 19K expression during wt
Ad5 infection were comparable to staurosporine cells undergoing
classical apoptosis when compared for repression of NF-kB-de-
pendent cytokine and chemokine production by responder mac-
rophages. But there were major differences in the infectious versus
chemical nature of the cellular injuries of the dying cells used for
these comparisons. We therefore took advantage of the character-
ization of the cell death phenotype of influenza virus-infected
A549 cells that was done during the cytofluorometric analysis of
the adenovirus-induced cell death response represented in Fig. 1.
In those studies, influenza virus infection of A549 cells induced an
apoptotic phenotype that was comparable to infection with the
E1B 19K-deleted Ad5 mutant, H5dI337. But the influenza virus-
induced apoptotic cell death response was distinctly different
from the nonapoptotic cell death response induced by E1B 19K-
competent wt Ad5 (Fig. 1). These observations were used for a
direct comparison of the immunomodulatory effects of cells dying
an apoptotic death from infection with influenza virus versus cells
dying a nonapoptotic death from infection with wt Ad5. These
experiments showed that wt Ad5 and influenza virus induced
identical immunomodulatory phenotypes in infected A549 cells,
despite their opposite cell death phenotypes. Both types of CPE
corpses induced high-level repression of stimulus-induced mac-
rophage production of proinflammatory mediators that was com-
parable to the immunorepressive effects of staurosporine-induced
apoptotic cells (Fig. 4A). Furthermore, both types of virally in-
fected, CPE corpses repressed stimulus-induced NF-kB activation
in 293 reporter cells (Fig. 4B). These results supported the conclu-
sion that cells dying as a result of wt Ad5 infection mimicked the
immunorepressive effect of apoptotic cells induced by both non-
infectious (e.g., staurosporine) and infectious (e.g., influenza vi-
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FIG 4 Nonapoptotic Ad5 CPE corpses mimic the immunosuppressive activ-
ities of apoptotic influenza A virus CPE corpses. (A) Cytokine and chemokine
production by LPS+IFN-y-stimulated mouse MH-S macrophages. Heat-
killed necrotic (N) and staurosporine-killed apoptotic (A) A549 corpses served
as controls. A549 infection with either influenza virus (Flu) or wild-type Ad5
produced corpses that significantly repressed macrophage production of all
four proinflammatory mediators to an extent similar to that observed with
staurosporine-induced apoptotic corpses (means = SEM, n = 3, P<0.01). (B)
Luciferase activity from human 293 kB-luciferase epithelial reporter cells.
A549 corpses were incubated with reporter cells at a 10:1 corpse/reporter cell
ratio in the presence of 2 nM PMA for 18 h. Data are expressed as fold induc-
tion versus uninduced reporter cell activity. Viable cells (V) and heat-killed
necrotic corpses (N) had no effect on NF-kB-dependent transcription,
whereas staurosporine-induced apoptotic corpses (A), influenza A virus-in-
fected corpses (Flu), and Ad5-infected corpses (Ad5) significantly repressed
PMA-induced, NF-kB-dependent transcription to a similar extent (means *
SEM, n = 3, P < 0.001).

rus) stimuli. We termed this immunorepressive effect of nonapo-
ptotic, wt Ad5-infected cells “apoptotic mimicry.”

Expression of E1B 19K in trans restores apoptotic mimicry
during infection with E1B 19K-deleted adenovirus. The require-
ment for E1B 19K expression in Ad-infected cell corpses to repress
NE-kB activation in stimulated responder cells was tested further
by studying the effect of E1B 19K complementation in trans dur-
ing viral infection. MRC-5 cells (nonimmortal, fetal human lung
fibroblasts) stably transfected with the Ad5 E1B 19K gene were
used to determine whether provision of E1B 19K in trans could
complement the loss of apoptotic mimicry in cells infected with
H5dI337. As observed with virally infected A549 cells, MRC-5 cells
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FIG 5 Restoration of Ad5 CPE corpse mediated immunosuppression through
expression of E1B 19K in trans. (A) Expression of E1B 19K in trans inhibited
the apoptosis induced by the H5dI337 infection. MRC5 cells or MRC5 cells
stably expressing E1B 19K (MRC5-19kD) were infected with either wild-type
Ad5 or H5d1337. Forty-eight hours postinfection, the cells were collected and
stained with Hoechst/PI to assess the cell death response. MRCS5 cells infected
with wild-type Ad5 died a nonapoptotic death, as evidenced by the lack of
accumulation of single-positive, Hoechst /P1 ™ cells (only 10% Hoechst */PI1 ™
cells, upper center cytogram). In contrast, MRCS5 cells infected with H541337
showed a marked accumulation of Hoechst™ cells prior to loss of membrane
integrity (63% Hoechst™/PI ™ cells) indicative of apoptotic cell death (upper
right cytogram). Ad5 infection of MRC5-19K cells exhibited the same pattern
of nonapoptotic cell death as that seen with wild-type Ad5 infection of parental
MRCS5 cells (lower center cytogram). But H5dI337 infection of MRC5-19K
cells did not induce the apoptotic cell death response (i.e., the majority
Hoechst"/PI™ phenotype) observed after infection of parental E1B 19K-neg-
ative cells with this mutant virus, indicating that expression of E1B 19K in trans
restored the nonapoptotic cell death response to cells infected with H5dI337.
(B) Luciferase activity of 293 kB-luciferase reporter cells stimulated with 2 nM
PMA for 18 h and cocultured with either heat-killed necrotic corpses (N) or
virally infected cell corpses, as indicated (10:1 corpse/reporter cell ratio).
MRC5 or MRC5-19K (stably expressing E1B 19K) cells were infected with
either wild-type (wt) Ad5 or the E1B 19K-deleted virus, H5dI337. Expression
of E1B 19K in trans in MRC-19K cells significantly increased the repressive
effect of H5dI337-infected cell corpses for NF-kB-dependent transcription in
responder cells, compared with MRC5 parental cells (H5dI337 gray bar versus
H5dI337 black bar, respectively; means = SEM, n = 3, P < 0.008).

exhibited a nonapoptotic cell death phenotype (Hoechst™/PI*)
when infected with wt Ad5 and an apoptotic (Hoechst™/PI™) cell
death phenotype when infected with H5dI337 (Fig. 5A, upper
middle cytogram versus upper right cytogram, respectively). Non-
apoptotic MRC-5 cell corpses infected with wt Ad5 were highly
repressive of PMA-induced NK-kB activation in 293 reporter
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cells, whereas MRC-5 cell corpses infected with H5dI337 were not
(Fig. 5B, wtAd5 versus H5dI337, black bars). MRC-5 cells stably
expressing E1B 19K (MRC-19K) were resistant to apoptotic cell
death following infection with H5dI337 as evidenced by E1B 19K
expression-related elimination of the Hoechst*/P1™ cell popula-
tion in flow cytometry studies of virally infected cells (Fig. 5A,
lower right [19% single positive] versus upper right [63% single
positive], respectively). These nonapoptotic H5dI337-infected,
MRC-19K CPE corpses were as effective as wt Ad5-infected MRC
corpses in repressing PMA-induced NF-«kB activation in re-
sponder cells (Fig. 5B, H5dI337 versus wtAd5, gray bars). These
transfected cell complementation studies showed that expression
of E1B 19K was both necessary (Fig. 2 and 3) and sufficient (Fig.
5B) for Ad5-infected cells undergoing a nonapoptotic cell death to
mimic the immunorepressive activity of cells undergoing classical,
chemically induced apoptosis.

Bcl-2-like antiapoptotic activity of E1B 19K is required for
Ad5-infected cell corpse repression of NF-kB activation in re-
sponder cells. The EIB 19K gene shares a sequence motif and
related antiapoptotic function with the human proto-oncogene
Bcl-2 (8, 22). Bcl-2 can replace the E1B 19K function of deleted,
mutant virus during infection, blocking apoptosis of virally in-
fected cells and restoring viral titers to wild-type virus levels (8,
22). These observations suggested the possibility that the Bcl-2-
like activity of E1B 19K is involved in the apoptotic mimicry of
Ad5-infected cells. To test this hypothesis, similar studies were
done using the Ad5-Bcl2 virus characterized in the flow cytometry
studies of the cell death phenotypes of virally infected cells (Fig. 1).
Ad5-Bcl-2 virus induced a nonapoptotic cell death phenotype
similar to that of cells infected with wt Ad5, as predicted for Bcl-2
complementation of the loss of the antiapoptotic activity caused
by the E1B 19K deletion. When Ad5-Bcl-2-infected CPE corpses
were cocultured with 293 kB-luciferase reporter cells, PMA-in-
duced NF-kB-dependent transcription was repressed as efficiently
as with staurosporine-induced apoptotic corpses (A) or with wt
Ad5-infected, nonapoptotic corpses (Ad5), and the Ad5-Bcl-2-
infected corpses (A19kD+Bcl-2) were significantly more repres-
sive than those infected with the E1B 19K-negative Ad5 mutant,
H5dI337 (Fig. 6; P < 0.05). These results indicated that expression
of the Bcl-2-like activity of E1B 19K is sufficient for the apoptotic
mimicry observed with wild-type Ad5-infected cells.

Ad5-infected CPE corpses exhibit E1B 19K-related, cell con-
tact-dependent repression of virus-induced, NF-kB-dependent
transcription activation responses of macrophages. Adenovirus
induces a proinflammatory response early after infection of the
immunocompetent host (23, 24). At later times after infection,
this response wanes, purportedly because the host immune re-
sponse clears the viral infection and thus eliminates the proin-
flammatory stimulus. Based on the data to this point in the study,
we postulated that modulation of the early, innate immune re-
sponse by accumulation of virus-induced CPE corpses at the site
of infection could be a previously unrecognized regulatory com-
ponent of this adenovirus-host interaction. To test this hypothe-
sis, we developed a culture system to analyze the relative roles of
viral particles, CPE corpses dying from Ad infection, and E1B 19K
expression in these corpses in determining the net effects on the
macrophage-induced proinflammatory amplification response.
We first tested the direct effect of Ad particles on NF-kB-depen-
dent transcription responses of macrophages (Fig. 7A). We used
RAW 264.7 macrophages stably expressing a kB-luciferase re-
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FIG 6 The role of the Bcl-2-like activity of E1B 19K in apoptotic mimicry.
Luciferase activity of 293 kB-luciferase reporter cells stimulated with 2 nM
PMA for 18 h and cocultured with heat-killed necrotic corpses (N), staurospo-
rine-treated apoptotic corpses (A), or cell corpses infected with the indicated
viruses (10:1 corpse/reporter cell ratio). A549 cells were infected with wtAd5,
H5dI337, or an Ad5 mutant virus with E1B 19K deleted and replaced by CMV-
Bcl-2 (A19kD+Bcl2). Expression of Bcl-2 in the recombinant virus comple-
mented the loss of E1B 19K, resulting in a significant increase in infection-
induced corpse repression of NF-kB-dependent transcription in responder
cells, compared with corpses dying from infection with the E1B-deleted virus,
H5dI337 (values are means = SEM, n = 3, P < 0.001).

porter and added increasing amounts of virus either directly to
cells or in the upper chambers of a Transwell culture system, with
macrophages in the bottom chamber. Addition of wt Ad5 at a
multiplicity of infection of 10 PFU/cell induced approximately a
3-fold induction of macrophage kB-luciferase activity (Fig. 7A,
closed circles). Progressively increasing the Ad5 dose up to 50-fold
(500 PFU/cell) increased this transcription stimulation to approx-
imately a 5-fold response. This level of virus-induced NF-kB acti-
vation in macrophages was unaffected by the Transwell insert
(open circles), as would be expected for stimulating virus particles
passing freely across the membrane. Virus-induced NF-«B activa-
tion in macrophages was eliminated by preincubation of the viral
inoculum with Ad5-specific neutralizing antibody (Fig. 7A, closed
triangles). These data indicated that the Transwell system could be
used to explore the independent activities of Ad5 virions and Ad5
CPE corpses on macrophage inflammatory responses when both
stimuli were present at the same time.

In our previous experiments, we used fixed CPE corpses to
examine the effect that the CPE corpses had on inflammatory
responses independently of free virus. Using the Transwell system,
it was possible to test the effects of both virions and CPE corpses
together by using unfixed, virally infected CPE corpses. CPE
corpses dying from infection with wt Ad5 or H5dI337 (without
formaldehyde fixation) were then cocultured with responder
macrophages either in the same culture chamber with the macro-
phages or separated from the macrophages by a Transwell mem-
brane (Fig. 7B). When cocultured in the same chamber at a ratio of
one Ad5-infected CPE corpse to one responder macrophage (1:1
corpse/responder cell ratio), there was a 3-fold induction of mac-
rophage kB-luciferase activity (Fig. 7B, closed circles)—i.e., no
difference compared with the Ad5 infection control, in the ab-
sence of cell corpses (Fig. 7A, closed circles). This similarity was
explained by stimulation of macrophage responder cells by the
infectious virus contaminating or produced by Ad5-infected CPE
corpses, since addition of Ad5 neutralizing antibody suppressed
Ad5-infected corpse induction of NF-kB activity (not shown).
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FIG 7 Ad5 CPE corpses exhibit E1B 19K-dependent, cell-contact-dependent repression of Ad virion-induced proinflammatory responses by macrophages. (A)
Luciferase activity of mouse RAW 264.7 kB-luciferase macrophages induced by viral particles. RAW reporter cells were stimulated with Ad5 virions added at
ratios of 10, 100, 200, or 500 PFU per reporter cell. Virions added directly to reporter cell cultures (filled circles) or to a Transwell insert above reporter cell cultures
(open circles) induced a 3- to 5-fold increase in NF-kB activation in reporter macrophages, unless the viral inoculum was treated with Ad5-specific neutralizing
antibody (triangles), which significantly blocked viral particle stimulation of reporter cell transcription (means = SEM, n = 3, P < 0.001). (B) Luciferase activity
of mouse RAW 264.7 kB-luciferase macrophages cultured with virally infected cell corpses. RAW reporters were cocultured with unfixed A549 corpses infected
with either wild-type (wt) Ad5 (circles) or H5d1337 (diamonds), added either directly to reporter cell cultures (filled symbols) or to Transwell inserts above
reporter cell cultures (open symbols) at ratios of 1, 3, 5, or 10 corpses to reporter cells. Both wt Ad5 and H5d1337 CPE corpses stimulated NF-kB-dependent
transcription when separated from reporter cells by Transwell inserts (open circles and diamonds, respectively), presumably through the stimulatory effects of
Ad virions released from unfixed corpses. wt Ad5 CPE corpses significantly repressed this virion-induced NF-kB-dependent transcription through direct contact
with reporter cells, when 3 or more corpses were added per reporter cell (filled circles) (values are means = SEM, n = 3, P < 0.001 for corpse/responder cell ratios
of3:1,5:1,and 10:1). In contrast, H5dI337 CPE corpses failed to repress this virion-induced NF-kB-dependent transcription when in direct contact with reporter
cells (filled diamonds; nonsignificant). (C) Contact-dependent Ad-infected CPE corpse repression of virion-induced cytokine/chemokine expression. A549 cells
were infected with wtAd5 or H5dI337. The resulting Ad corpses were added at a ratio of 10 corpses to 1 macrophage, either directly to MH-S macrophages
(Transwell—) or in Transwell inserts above the macrophage cultures (Transwell+). wtAd5 virions (V) were added in the same manner at a ratio of 10 PFU per
1 MH-S cell, to stimulate responder macrophages. After 18 h of incubation, media were assayed for cytokine/chemokine levels from control, untreated
macrophages (C), compared with all other conditions. Ad5 virions (V) stimulated macrophage mediator production when added directly to macrophages
(Transwell—) or through the Transwell insert (Transwell+). Both wtAd5 and H5dI337 CPE corpses stimulated macrophage mediator production, when
separated from macrophages by the insert (Transwell+). wt Ad5 CPE corpses significantly repressed this virion-induced macrophage mediator response when
added directly to macrophage cultures (Transwell —; means = SEM, n = 4, P < 0.01) but not when separated from macrophages by inserts (Transwell+; NS).
In contrast, direct contact with H5dI337 CPE corpses (Transwell —) had no significant repressive effect on macrophage mediator responses (means = SEM, n =
4, nonsignificant). Moreover, the levels of some macrophage mediator responses were significantly increased when the responder macrophages were in contact
with H5dI337 CPE corpses (Transwell —) than when separated from the corpses by the membrane (H5d[337 Transwell— versus H5dI337 Transwell+; i.e., IL-6,
G-CSF, and MCP-1; means = SEM, n = 4, P < 0.001).

Addition of increasing numbers of Ad5-infected CPE corpses in
the same culture chamber as the macrophage responder cells re-
sulted in a corpse dose-related repression of the macrophage
NF-kB activation response, with significant repression detected at
a 3:1 corpse/macrophage ratio and to the point where the macro-
phage response was extinguished at a 10:1 corpse/macrophage
ratio. These data showed that wt Ad5 CPE corpses can repress Ad5
virion-induced NF-kB-dependent transcription.

If the wt Ad5-infected CPE corpses were separated from re-
sponder macrophages by the Transwell membrane (Fig. 7B, open
circles), the corpse-dose-related repressive effect on the NF-«kB
activation response of macrophages was lost, but the viral stimu-
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latory effect persisted. It is noteworthy that preparations of un-
fixed Ad5-infected CPE corpses contained infectious virus (>10
PFU/ml [Fig. 7A]), despite repeated washing; therefore, infectious
virus was present in both culture chambers and only the CPE
corpses and macrophage responder cells were separated by the
Transwell membrane. Like wt Ad5-infected CPE corpses,
H5dI337-infected corpses (and the associated, contaminating vi-
rus) stimulated responder macrophage NF-«B activation at a 1:1
corpse/macrophage ratio (Fig. 7B, closed diamonds). The differ-
ence with H5dI337-infected CPE corpses (closed diamonds),
compared with wt Ad5-infected corpses (closed circles), was the
lack of repression of macrophage responses with increasing
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corpse/macrophage responder cell ratios with H5dI337-infected
CPE corpses, whether the corpses were incubated in contact with
macrophage responders or were separated by the Transwell mem-
brane (Fig. 7B, closed versus open diamonds, respectively). In
essence, the deletion of E1B 19K from the infecting virus elimi-
nated the contact-dependent macrophage-repressive effect of the
cocultured CPE cells. These data indicated that there was an E1B
19K-related, cell-contact-dependent macrophage-repressive ef-
fect of Ad-infected cells.

E1B 19K-dependent suppressive effect of Ad-infected CPE
corpses for virus-induced, proinflammatory mediator re-
sponses of macrophages. The same Transwell culture system was
used to test the Ad CPE corpse/macrophage responder cell contact
dependence of modulation of virus-induced macrophage inflam-
matory mediatory responses by Ad-infected cells dyinga nonapop-
totic (wt Ad5) or apoptotic (H5dI337) cell death. As a positive
virus control for macrophage stimulation, wt Ad5 particles were
added to macrophage cultures at a multiplicity of infection of 10
PFU/macrophage, in the absence of Ad CPE corpses (Fig. 7C,
V-no Transwell [Transwell—] and V-Transwell [Transwell+]).
This stimulation of macrophages by Ad5 virus particles induced
IL-1P3, IL-6, G-CSF, and MCP-1 production by macrophages (Fig.
7C, V, [Transwell—]). Interposition of the Transwell membrane
between added virus particles (top chamber) and macrophage re-
sponder cells (bottom chamber) (Fig. 7C, V, [Transwell+]) had
no significant effect on viral induction of these macrophage pro-
inflammatory mediator responses. Cell corpses dying a nonapop-
totic death from infection with wt Ad5 (E1B 19K positive) re-
pressed macrophage cytokine/chemokine production (Fig. 7C,
wtAd5, [Transwell—]), and the efficiency of macrophage repres-
sion was dependent on cell-to-cell contact, as evidenced by the
reduced repression when wt Ad5 CPE corpses (top chamber) were
separated from responder macrophages (bottom chamber) by
Transwell membranes (Fig. 7C, wtAd5 [Transwell—] versus
wtAd5 [Transwell+]). Unfixed CPE corpses dying an apoptotic
death from infection with H5dI337 either failed to repress (IL-13)
or further enhanced (IL-6, G-CSF, and MCP-1) viral particle
stimulation of macrophage cytokine/chemokine production.
These data extend the implications of the data on the effects of
virally infected cell corpses on macrophage NF-kB activation re-
sponses to similar and consistent effects of infected corpses on
virus-induced macrophage production of proinflammatory me-
diators. Cells undergoing apoptotic death from infection with E1B
19K-negative H5dI337 not only failed to repress these virus-in-
duced, NF-kB-dependent, proinflammatory responses but fre-
quently increased the responses through a contact-dependent,
macrophage activation mechanism. In contrast, cells dying from
wt Ad5 infection, in which apoptosis was repressed by E1B 19K
expression, were highly effective in repressing viral stimulation of
these macrophage inflammatory responses, in a manner that is
identical to that of immunorepressive cells undergoing classical
apoptosis in response to chemical stimuli (e.g., Fig. 2, A versus
Stim).

DISCUSSION

Observations from previous studies indicated that the host in-
flammatory response to dying cells is determined by the qualita-
tive nature of cell death (25). These observations have indicated
that if cells die by apoptosis, the cell corpses are cleared by phago-
cytic cells without eliciting an inflammatory response; further-
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more, the apoptotic corpses actively repress inflammation (1, 36,
26). Conversely, it has been proposed that nonapoptotic cell death
generates corpses that fail to repress inflammation and can even be
proinflammatory. These differences in the inflammatory re-
sponses to apoptotic and nonapoptotic cell death have been stud-
ied using a variety of cell death stimuli but have not previously
included studies of cells dying as a result of viral infection. The
objective of this study was to determine whether the cell death
phenotypes induced by adenoviral infections would predict the
effects of dying cells on macrophage-mediated inflammatory re-
sponses and whether the response patterns would be similar to
those observed with noninfectious cell death stimuli.

The results showed that the effects of adenoviral infection were
discordant with the conventional model of apoptosis-mediated
immunorepression. Apoptotic corpses infected with a mutant ad-
enovirus lacking expression of the antiapoptotic viral protein E1B
19K were not immunorepressive and for some macrophage me-
diators were proinflammatory. In contrast, nonapoptotic corpses
infected with E1B 19K-competent, wild-type adenovirus were
highly immunorepressive. Adenoviral infection has long been
known to induce nonapoptotic cell death, as a result of the Bcl-2-
like function of Ad E1B 19K protein (10, 15). The data presented
here show that this Ad-induced, E1B 19K-related nonapoptotic
cell death causes an effect that mimics “classical apoptosis” by
causing the same level of immunorepressive effect as that observed
with cells dying from chemically induced apoptosis or apoptosis
caused by influenza infection. We term this adenoviral activity
“apoptotic mimicry.” This is the first report of direct, contact-
dependent repression of a macrophage inflammatory response by
virus-infected cell corpses that is independent of any macrophage-
repressive effect of the infecting virus itself.

The general applicability of the results of these studies is sug-
gested by the observations that Ad infection of three different
types of human cells exhibited the same Ad-specific immunore-
pressive activities and that both mouse and human responder cells
exhibited the same patterns of immunorepressive effect of Ad-
infected cell corpses. Thus, Ad infection of two different human
epithelial cell lines (A549 and HeLa) and nonimmortalized, dip-
loid human fibroblasts (MRC-5) generated cell corpses with the
same E1B 19K-induced immunorepressive activities (Fig. 2 to 7).
The observation that Ad infection conveyed the same E1B 19K-
specific immunomodulatory trait to nonimmortal human
MRC-5 fibroblasts as that observed with the two virally infected
human tumor cell lines, A549 and HeLa, indicated that the E1B
19K-related infected cell immunorepression trait was indepen-
dent of tumor-related phenotypes. The diversity of the responder
cells used in these assays supported the conclusion that the immu-
nomodulatory effects of Ad-infected cell corpses may also be gen-
erally applicable to multiple responder cell types. Ad-CPE corpses
repressed stimulus-induced, NF-kB-dependent transcription in
both mouse macrophage (RAW 264.7) and human epithelial
(293) responder cells (Fig. 3 to 7) and repressed stimulus-induced
cytokine and chemokine responses in mouse macrophage cells
(Fig. 2, 4, and 7). Studies are in progress to determine whether
these same patterns of response are observed during interactions
between Ad-infected human cells and primary human lymphoid
responder cells, as a further step toward testing the in vivo trans-
lational relevance of these data.

The data presented here provide a list of basic observations
regarding possible mechanism(s) through which E1B 19K expres-
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sion enables nonapoptotic, Ad-infected cells to mimic the immu-
norepressive activity of classical apoptotic cells. This database of
observations can be used for hypothesis building for studies to
define the precise mechanism(s) of this E1B 19K-related immu-
nomodulatory activity. This E1B 19K effect is not explained by an
adventitious effect on macrophages of Ad particles contaminating
or produced by infected cell corpses. Those viral particles stimu-
late responder macrophages, rather than suppressing their NF-
kB-dependent activation (Fig. 7). This viral stimulation is proba-
bly mediated through interactions between viral structural
proteins and RGD-responsive integrin receptors and coxsackievi-
rus-adenovirus receptors (CAR) on macrophages (27-32). The
E1B 19K-dependent macrophage-repressive activity of Ad-in-
fected CPE cells is not explained by extracellular soluble mediators
(e.g., cytokines) produced by virally infected cell corpses, since
Transwell membrane separation of macrophages from the corpses
eliminates immunorepressive activity and should not block pas-
sage of such cell-free mediators (Fig. 7B and C). The Transwell
studies show that the Ad-infected CPE corpses must be in direct
contact with the responder macrophages to repress their activa-
tion and that there is a dose-response relationship between the
number of virally infected CPE corpses in contact with the mac-
rophages and repression of NF-kB-dependent macrophage acti-
vation (Fig. 7B and C). Ratios of Ad CPE corpses to responder
macrophages as low as 3:1 resulted in a significant repression of
stimulus-induced NF-«kB-dependent macrophage activation re-
sponses, and a further increase in the ratios of Ad CPE corpses to
macrophages completely shut off Ad particle-induced NF-kB-de-
pendent activation in responder cells (Fig. 7B). Testing of differ-
ent types of infected cells and responder cells from different spe-
cies revealed that the immunomodulatory cell membrane trait (or
putative ligands) of Ad-infected cells and the putative receptors of
responder cells are neither species specific nor genetically re-
stricted. The observation that virally infected human cells re-
pressed stimulus-induced activation of mouse macrophages ex-
cludes the possibility that the E1B 19K effect could be mediated by
cellular interactions requiring identity between major histocom-
patibility complex (MHC) antigens on dying cells and macro-
phage receptors. The results indicate that the immunorepressive
effect of E1B 19K expressing cells dying from Ad infection is not
limited to a single responder cell pathway. For example, the same
repressive effect was observed for stimulus-induced responder cell
signaling through Toll-like receptor 4 (TLR4; LPS stimulation of
macrophages), protein kinase C (PMA stimulation of 293 epithe-
lial cells), and CAR/integrin (Ad particle stimulation of macro-
phages) activation pathways. This lack of responder cell pathway
selectivity of repression by Ad-infected cells is probably explained
by the centrality of NF-kB activation to the responder cell cyto-
kine and chemokine responses measured and the Ad-infected cell-
induced repression of NF-kB activation in all responder cell types
tested. The data further suggest that the immunorepressive effect
of Ad CPE corpses blocks viral induction of interferon-stimulated
genes in responder cells. Ad particles are known to stimulate in-
terferon-responsive genes in infected cells, and MCP-1 is a
chemokine that is induced through cellular pathways triggered by
type I and type II interferons (33, 34). The results of the studies
represented in Fig. 7 showed that Ad5 viral stimulation of high-
level macrophage expression of MCP-1 was blocked down to con-
trol levels by contact with CPE corpses dying from wild-type Ad5
infection (Fig. 7C, MCP-1, Ad5, —/+ Transwell insertion). In
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contrast, CPE corpses dying from infection with E1B 19K-nega-
tive H5dI337 had no repressive effect on virally induced MCP-1
expression (Fig. 7C, MCP-1, H5dI337, —/+ Transwell insertion).
Finally, any molecular or cellular pathway mechanisms that are
identified to explain the immunomodulatory effect of Ad-infected
cells must account for the observation that this E1B 19K activity
can be replaced in cis by Bcl-2 (Fig. 5 and 6). One hypothesis
suggested by this observation is that E1B 19K expression might
preserve pathways or cell surface molecules that are induced by
viral infection and create the immunorepressive signal to re-
sponder cells but that, in the absence of E1B 19K, would be elim-
inated (or destroyed) by the cellular apoptotic environment. Col-
lectively, these observations provide a set of operational rules
against which candidate E1B 19K-related immunorepressive
mechanisms can be tested.

The same requirement for cell-cell contact observed in our
studies has been reported for immunorepression of macrophages
by classical apoptotic cellular corpses created by noninfectious
stimuli (4, 21). This suggests the possibilities that Ad infection and
E1B 19K expression induce CPE cell surface expression of immu-
norepressive molecules or ligands that are also expressed on clas-
sical apoptotic cells or that there are different types of immunore-
pressive molecules expressed on Ad-infected cell surfaces
compared with the surfaces of classical apoptotic cells, both of
which have a similar negative effect on responder cell activation.

Ad-induced cell death was described initially as being either
necrotic or necrotic-like but clearly not apoptotic, because of the
Bcl-2-like antiapoptotic effect of Ad E1B 19K protein (8, 22). Re-
cent studies indicate that cell death induced by wild-type Ad in-
fection results from autophagy (35-38) and, furthermore, that
Ad-induced autophagic cell death is caused, at least in part, by an
inducing interaction of the Ad E1B 19K protein with the au-
tophagy pathway member Beclin 1 (39). Coupled with the data in
this report, these observations suggest the possibility that the more
recently recognized, nonapoptotic cell death response, autophagy,
may be the cellular trait through which Ad E1B 19K conveys mac-
rophage-immunorepressive activity to dying cells.

Our data indicate that the Ad-infected CPE corpse signals that
repress proinflammatory macrophage responses will depend on
an E1B 19K activity that induces cells to express an “off” signal to
virally stimulated macrophages in a way that mimics “physiolog-
ical” apoptosis and that increases as the numbers of virally in-
fected, dying cells increase in the microenvironment of the local,
innate immune response to viral infection. We propose the fol-
lowing model as to how apoptotic mimicry induced by Ad infec-
tion regulates the local host inflammatory response to Ad infec-
tion (Fig. 8). Early during infection, there are large numbers of Ad
virions produced in the local environment. The Ad virions inter-
act with local macrophages and turn on proinflammatory re-
sponses through interaction with « V33,5 integrins and CARs on
the surfaces of the macrophages. As infection progresses and more
virally infected host cells are killed, Ad CPE corpses accumulate in
the local environment and begin to repress the proinflammatory
viral responses of tissue macrophages through E1B 19K-depen-
dent apoptotic mimicry. Based upon this model, we speculate that
this E1B 19K-dependent effect on Ad-infected cells could alter the
immunological outcome of both natural and therapeutic Ad in-
fections.

It is interesting to consider how the antiapoptotic effect of E1B
19K and the immunomodulatory effect of cells dying from infec-
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FIG 8 Model of apoptotic mimicry as a regulator of the local inflammatory response during viral infection. Early in infection, Ad virions increase local
inflammatory responses through their direct interactions with « V33 integrins and CARs on tissue macrophages. Later during infection, as virally infected, dying
host cells accumulate, the virally infected CPE corpses repress the local Ad virion-induced, macrophage-mediated proinflammatory responses through E1B
19K-dependent apoptotic mimicry. Adenovirus vector image from Dvorak, Integration and Application Network, University of Maryland Center for Environ-

mental Science (http://ian.umces.edu/imagelibrary/displayimage-4798.html).

tion with E1B 19K-competent adenovirus might have evolved to
affect viral replication, persistence, and transmission and how the
collaborating effects of these two E1B 19K activities might influ-
ence the therapeutic outcomes of infections with conditionally
replicating adenoviral vectors. Mammalian cells infected with ad-
enovirus detach from substrates, exhibit a rounded morphology,
and form grape-like clusters that typify the cytopathic effect of this
infection, but these cells survive for several days after infection
(40). This prolongation of Ad-infected cell survival is a trait me-
diated by E1B 19K expression (16). If E1B 19K is deleted, the viral
DNA and the host cellular DNA are extensively degraded, and
viral production is reduced 10-fold (16). It is therefore possible
that E1B 19K expression was selected through evolution to pro-
long infected cell survival, increase the time for viral replication,
protect viral and host cell DNA, and ultimately increase the yield
of viral infection. Local, innate immune inflammatory responses
at sites of initial adenoviral infection are another factor that could
reduce the establishment of adenoviral infection, thereby provid-
ing another blockade to the success of infection, viral persistence,
and infection transmission. It is therefore theoretically possible
that evolutionary selection for E1B 19K expression could have
involved the advantage of viral evasion and delay of the local,
cytokine-mediated amplification of the host immune response
until infection had proceeded beyond the level of immune-medi-
ated elimination.

Both sides of this theoretical, evolutionary collaboration be-
tween E1B 19K-induced antiapoptotic and immunomodulatory
effects might also affect the in vivo outcome of therapeutic infec-
tions with conditionally replicating adenovirus vectors. For exam-
ple, E1B 19K expression of such vectors might prolong and protect
cargo gene expression in infected cells and might cause those cells
to modulate the local inflammatory response at sites of vector
infection. Conversely, if the goal of adenoviral vector infection is
targeted host cell destruction (such as in the case of vector-tar-
geted tumor therapy), there could be an advantage to deletion of
E1B 19K, which could result in increased infected-cell apoptosis
and increased host innate immune-mediated inflammatory re-
sponses in the environment of vector-infected cells. These possi-
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bilities regarding the E1B 19K-related activities of Ad-infected
cells, at the interface with the host innate immune response, might
also have implications for the pathogenesis of emerging adenovi-
ral variants. For example, emerging, highly pathogenic Ad sero-
types could induce increased host inflammatory responses, caused
by viruses that have altered E1B 19K function (41, 42). A better
understanding of the mechanisms of E1B 19K-induced apoptotic
mimicry might provide more clarity to such studies of Ad-related
immunopathogenesis and therapeutic Ad vector strategies.
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