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FIGURE 5. Inhibition of lymphocyte apoptosis does not confer animal
survival or control of viral replication. Wild-type, vav-bcl-2, or FADD-dn
mice were infected with 1000 PFU of EBOV. All animals succumbed to
infection by day 9. n = 8-10 per group.

first instance, it is possible that after induction of the extrinsic death
receptor pathway, caspase-8 does not efficiently activate caspase-3,
but instead cleaves Bid to tBid, thereby “crossing over” to the in-
trinsic pathway. This would then be blocked by overexpression of
bcl-2. In the second instance, it could be that supraphysiologic bcl2
expression in the vav-bcl2 mice has secondary effects on cellular
physiology that contravene death receptor signaling. Alternately, it
appears increasingly likely that there is more extensive crosstalk
between the intrinsic and extrinsic pathways than previously
thought. It has been proposed that active caspase-3 can, in a retro-
grade manner, activate both caspase-8 and caspase-9, thereby
connecting both the intrinsic and extrinsic systems (35). It can be
argued that our results do not conclusively demonstrate that the
intrinsic pathway is activated independent of the extrinsic pathway.
However, the only partial protection found in the thymi of EBOV-
infected FADD-dn mice suggests that the intrinsic pathway is in-
volved independently of the extrinsic pathway. Further experiments
should shed light on this question.

Understandably, it has been widely proposed that lymphocyte
apoptosis is an important event in EBOV pathogenesis and that
preventing lymphocyte apoptosis could potentiate the immune
response to EBOV, conferring protection from disease (3, 6, 36).
However, the data reported in this study suggest that inhibition of
lymphocyte apoptosis alone does not significantly alter EBOV

FIGURE 6. Hepatocyte apoptosis in EBOV in-
fection. A, H&E section of a liver in a day-7 EBOV-
infected mouse. Arrowheads point to pyknotic hepa-
tocyte nuclei characteristic of classical apoptosis. Scale
bar is 100 wm. B, TUNEL staining reveals apoptosis in
hepatocytes (arrowheads). Counterstain is methylene
green. Note the binuclear hepatocyte positive for TU-
NEL staining in the bottom left. Scale bar is 100 pwm.
C, Liver from uninfected mouse. Arrows point to
healthy nuclei in a binucleated hepatocyte; empty ar-
rowheads show mitochondria. Original magnification
X2500. D, Liver from Ebola-infected mouse. Shown is
a hepatocyte containing apoptotic nuclear fragments,
identified by arrows. Note the classical crescent-shaped
nuclear fragment (lower part of cell), and compacted
nuclear fragments. Lipid droplets are present (solid
arrowhead), indicative of a hepatocyte. Dashed lines
outline cell membrane. Original magnification X2500.
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lethality or diminish viral replication. A recent study from our
laboratory demonstrated that despite bystander lymphocyte apo-
ptosis, there is a functional EBOV-specific CD8" T cell response
in lethally infected mice, and transfer of these cells can protect
naive recipient mice from lethal EBOV infection (8). This immune
response correlated with a sharp increase in peripheral lymphocyte
numbers, increased CD44 expression, and the appearance of lym-
phoblasts; these characteristics are also found in EBOV infection of
nonhuman primates, suggesting that this is not a mouse-specific
phenomenon (6, 37). Therefore, EBOV-induced lymphocyte apo-
ptosis does not eliminate the development of adaptive immune re-
sponses. Because only a fraction of T or B cells are specific for any
given viral Ag, elimination of nonspecific lymphocytes would not
necessarily diminish a specific response. It is possible that lym-
phocyte apoptosis is a common sequela of severe acute infection
rather than a cause; supporting this assertion, we have recently
found that transgenic mice resistant to EBOV infection have marked
reduction in lymphocyte apoptosis (38). Lymphocyte apoptosis is
a common finding in many other hemorrhagic fever viruses, in-
cluding Lassa, Marburg, Crimean Congo hemorrhagic fever, and
some Hantavirus infections. However, no studies to our knowledge
have studied the impact of inhibiting lymphocyte apoptosis in these
systems, so the physiologic relevance of these findings is unknown.
In an LCMV murine model, lymphocyte apoptosis occurs in both
Ag-specific and nonspecific CD8* T cells (29). It has been hy-
pothesized that this apoptosis may ‘“clear” space for increased
specific T cell responses (31). However, the tools to study this
question in the EBOV system are lacking, so these studies are
outside the realm of our current investigations.

Although it has been hypothesized that lymphocyte apoptosis
inhibits the development of a successful immune response to EBOV
challenge (3, 6, 36), viral titers were actually higher in vav-bcl-2
mice compared with wild-type mice (Supplemental Fig. 44). In
addition, we found that there was decreased EBOV-specific CD8" T
cell IFN-vy responses in vav-bcl-2 mice compared with wild-type
mice (Supplemental Fig. 4B). Combined with the lack of animal
survival, these data suggest that the immune response in mice re-
sistant to EBOV-induced lymphocyte apoptosis is impaired com-
pared with wild-type mice. It can be argued that because vav-bcl-2
mice have altered lymphocyte development due to increased cell
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FIGURE 7. Bim/Bid knockout mice have delayed liver damage after EBOV infection. A, Decreased TUNEL staining is seen in Bim/Bid knockout mice
relative to wild-type mice on day 7 postinfection. Counterstain is H&E. Original magnification X200. B, H&E staining shows apoptotic hepatocytes in
wild-type mice (arrowheads), with decreased apoptotic hepatocytes in Bim/Bid knockout mice. Original magnification X200. C, Decreased ALT and AST
levels are present in Bim/Bid knockout mice on day 5 of infection, suggesting preservation of liver function in these mice. n = 6-7 for wild-type, n = 7-8
for Bim/Bid. *p < 0.01. D, Bim/Bid knockout mice do not show increased survival after EBOV infection (n =10).
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FIGURE 8. Summary of pathways used in EBOV-induced lymphocyte
apoptosis. Both extrinsic and intrinsic pathways may be used in EBOV
infection to induce lymphocyte apoptosis. Moderate protection was found
in mice lacking FADD signaling or Bim and Bid, whereas near-complete
protection was exhibited in mice overexpressing Bcl-2 in WBCs. It is
important to note that this model is a generalization of apoptotic pathways;
pathways for apoptosis will vary according to cell type.

survival (39), they are not functional in EBOV infection. However,
we found significant EBOV-specific IFN-y responses in CD8"
T cells from day 7 vav-bcl-2 mice, albeit reduced compared with
wild-type mice (Supplemental Fig. 4B). In addition, bcl-2—over-
expressing mice are resistant to septic peritonitis-induced mortality,
suggesting that the transgene does not render mice incapable of
mounting an immune response [(40), data not shown]. Furthermore,
vav-bcl-2 and Bim/Bid mice have been shown to produce high
levels of specific Ab after vaccination (41), and FADD-DN mice are
resistant to septic shock-induced death, suggesting that the immune
response in these mice is not impaired (34). The vav-bcl-2 findings
may be supported by alternative explanations. Bcl-2 overexpression
may enhance the survival of regulatory T cells (42) that could have
an adverse effect on the immune response to EBOV, or vav-bcl-2
overexpression may prevent macrophage and dendritic cell apo-
ptosis which provides more target cells for EBOV replication. In
addition, lymphocyte apoptosis may be beneficial to the generation
of an immune response, as has been hypothesized in LCMV in-
fection (29).

We have also demonstrated that apoptosis is likely to be re-
sponsible for at least a portion of the hepatocyte death that is
commonly seen in EBOV infection (Fig. 6). Because the liver is
a target organ for EBOV and the related Marburg virus, it is sur-
prising that no published studies have focused on treatments to
augment liver function in filovirus infection. We report in this
study that Bim/Bid knockout mice have decreased hepatocyte
apoptosis after EBOV infection compared with wild-type mice
(Fig. 7, Supplementary Fig. 5). We also observed delayed liver
dysfunction in Bim/Bid mice compared with wild-type mice
as assessed by measurement of circulating AST and ALT levels
(Fig. 7C). As therapeutics are pursued for filovirus infections,
these findings suggest that including a treatment designed to sta-
bilize liver function would be a rational adjunctive treatment for
filoviral infection.

Though oft-maligned (43), the mouse model of EBOV infection
has demonstrated mechanistic aspects of EBOV-mediated patho-
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genesis that would be intractable in primate models or observational
clinical studies. In this study, we have taken advantage of a spec-
trum of transgenic and knockout mice to probe the mechanisms of
cell death that occur in both hepatocytes and lymphocytes during
EBOV infection and our results have strong correlates with em-
pirical studies in humans and nonhuman primates. Although the
mouse model for EBOV infection does not completely recapitulate
the hemorrhagic clinical presentation in humans and nonhuman
primates, particularly in a lack of fibrin deposition (7, 14), it has
served a valuable role in testing vaccines and therapeutics, as well
as providing a controlled in vivo environment for basic research
regarding the pathogenesis of EBOV infection (4, 8, 44-52).

Overall, these data show that lymphocyte apoptosis in EBOV
infection in vivo proceeds through both the intrinsic and extrinsic
pathways. Simply blocking lymphocyte apoptosis does not protect
mice from EBOV; however, combination therapies targeting
multiple aspects of EBOV disease may be helpful in combating
filovirus infection.
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