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Exotic emerging viral diseases:
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The agents causing viral hemorrhagic fever (VHF) are a taxonomically diverse group of viruses that may share commonalities in
the process whereby they produce systemic and frequently fatal disease. Significant progress has been made in understanding
the biology of the Ebola virus, one of the best known examples. This knowledge has guided our thinking about other VHF
agents, including Marburg, Lassa, the South American arenaviruses, yellow fever, Crimean-Congo and Rift Valley fever viruses.
Comparisons among VHFs show that a common pathogenic feature is their ability to disable the host immune response by
attacking and manipulating the cells that initiate the antiviral response. Of equal importance, these comparisons highlight

critical gaps in our knowledge of these pathogens.

Our understanding of Ebola hemorrhagic fever pathogenesis has seen
substantial developments over the past few years, dwarfing our com-
prehension of other viral hemorrhagic fever (VHF) infections. These
infections occur in underdeveloped areas of the world, and much of
our knowledge of naturally occurring disease is derived from sporadic
outbreaks that occurred decades ago. Recently conducted experimen-
tal animal studies have provided insight into VHF pathogenesis and
currently guide clinical investigations of disease. A better understand-
ing of the relevant host and viral factors that influence clinical out-
come will be critical to our ability to combat these aggressive
pathogens. Here, we review data on the pathogenesis of these diseases,
with special emphasis on their associated hematological and immuno-
logical abnormalities, and highlight some of the remaining questions
that need to be addressed by future research.

Historical clinical studies of VHFs have provided important descrip-
tive information on the pathogenesis of these agents, but the data are
usually incomplete and occasionally contradictory or paradoxical. Here,
we summarize data obtained from these clinical studies and draw paral-
lels from experimental infections of nonhuman primates. Rodent mod-
els are also available for many of the VHFs. Although rodents are useful
as a first screen for evaluating antiviral drugs and vaccine strategies, and
genetically engineered mice can help in understanding specific host-
pathogen interactions, the disease course in rodents is far less faithful to
the human condition than in primate models"2.

The agents

Exotic emerging viruses include Hendra and Nipah viruses and the
West Nile virus, all of which lead to acute encephalitic syndromes. Here,
we will focus on the most diverse and deadly group of exotic emerging
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viruses, the VHF agents. As a group, these viruses cause an illness char-
acterized by fever, a bleeding diathesis and circulatory shock. The
viruses are classified into four different families of RNA viruses—
Arenaviridae, Bunyaviridae, Filoviridae, and Flaviviridae (Table 1). All
of the viruses causing VHF have a single-stranded RNA genome and a
lipid envelope, but vary considerably in morphology from typical small
isometric or moderately sized spherical virions to highly unusual pleo-
morphic or filamentous particles (Fig. 1).

Transmission

Under natural conditions, members of the Arenaviridae, Bunyaviridae,
Filoviridae and Flaviviridae that cause VHF have specific geographic
distribution and diverse modes of transmission. Despite exhaustive
efforts by several groups, the natural reservoir for Filoviridae remains
unknown. As a group, the other VHF agents are linked to the ecology
of their vectors or reservoirs, whether rodents or arthropods. Human-
to-human transmission is possible for all VHF viruses. The majority of
the person-to-person transmission for the arenaviruses and filoviruses
has been attributed to direct contact with infected blood and body flu-
ids. The potential for airborne transmission of the VHF agents appears
to be an infrequent event, but cannot be categorically excluded as a
mode of transmission.

Clinical picture of VHF infections

The overall incubation period for VHF ranges from 2 to 21 days.
There is a wide constellation of clinical manifestations with varying
degrees of severity in patients infected with these viruses, and not all
patients develop classic VHF syndrome. The exact nature of the dis-
ease depends on viral virulence, routes of exposure, dose and host
factors. Patients with VHF generally have nonspecific symptoms
such as fever, myalgia and prostration; clinical examination may
show only conjunctival injection, mild hypotension, flushing and
petechial hemorrhages. Illness caused by filoviruses, flaviviruses and
Rift Valley fever (RVF) viruses tends to have an abrupt onset, whereas
the pathology triggered by arenaviruses has a more insidious onset.
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Table 1 Hemorrhagic fever viruses

REVIEW

Element or feature

Viral hemorrhagic fever?

EHF MHF AHF BHF Lassa fever CCHF RVF Yellow fever
Virus family Filoviridae Filoviridae Arenaviridae Arenaviridae Arenaviridae  Bunyaviridae  Bunyaviridae Flaviviridae
Etiological virus Ebola Marburg Junin Machupo Lassa CCHF RVF Yellow fever
Natural distribution Africa Africa South America South America West Africa Africa, Central Africa, Yemen, Africa, tropical
Asia, Europe,  Saudi Arabia Americas
Middle East
Source Unknown Unknown Rodent Rodent Rodent Tick Mosquito Mosquito
Incubation (days)® 2-21 2-14 7-14 9-15 5-16 3-12 2-6 3-6
Fever Yes Yes Yes Yes Yes Yes Yes Yes
Hypotension Yes Yes Yes Yes Yes Yes NE Yes
Hepatocellular necrosis Yes Yes Yes Yes Yes Yes Yes Yes
(biochemical evidence)
Bleeding® Occasional Occasional Occasional Occasional Occasional Occasional Occasional Occasional
Macular rashd Yes Yes Yes Yes Yes Yes Yes Yes
Vascular lesions No No No No No NE NE NE
Thromocytopenia Yes Yes Yes Yes Rare Yes Yes Yes
DIC (biochemical evidence) Yes Yes Some Equivocal No Yes Some Yes
DIC (fibrin deposits) Yes Yes Equivocal Equivocal Rare NE Some NE
Lymphoid depletion Yes Yes Yes Yes Yes Yes Yes Yes
Lymphopenia Yes Yes Yes Yes Yes Yes Yes Yes
Lymphocyte apoptosis Yes Yes NE NE NE NE NE NE
Infection of lymphocytes No No No No No No No No
Infection of macrophages Yes Yes Yes Yes Yes Yes Yes Yes
Infection of dendritic cells Yes Yes Yes NE Yes NE NE NE
Cytokines/chemokines IFN-o,, IL-6, NE IFN-o., IL-6, NE IFN-y, IL-8, NE NE IL-6, IP-10,
(increased circulating levels)  IL-10, IL-18, IL-8, IL-10, IL-10, IP-10, MCP-1, TNF-a,
MIP-1a, MIP-1B, TNF-o TNF-o IL-1RA
MCP-1, TNF-a.
Other mediators TF, NO NE NE NE NE NE NE NE

(increased circulating levels)

2The table lists general taxonomic and epidemiologic information for each of the VHFs covered in this article, and also lists symptoms and characteristics of disease pathogenesis observed during
hemorrhagic virus infection of nonhuman primates and humans (or speculated as probable on the basis of in vitro studies). ®For animal models of VHF, the time to death after infection varies
among studies and largely depends on the dose of challenge virus used. For human cases, information regarding time to death is difficult to assess because dose, route of exposure and time of
exposure are often unknown. In cases where route and time of exposure were documented, disease course seems to be more rapid in cases associated with injection than in cases of known con-
tact exposure. °Bleeding manifestations in nonhuman primates and humans are infrequent to occasional and include bleeding of the gums, hematemesis, bleeding from the rectum and/or bloody
stools, hematuria, epistaxis and bleeding at puncture sites. 9Prevalence and characteristics of rashes may vary with each disease. AHF, Argentine hemorrhagic fever; BHF, Bolivian hemorrhagic
fever; CCHF, Crimean-Congo hemorrhagic fever; DIC, disseminated intravascular coagulation; EHF, Ebola hemorrhagic fever; IFN, interferon; IL, interleukin; IP, interferon-inducible protein; MCP,

monocyte chemoattractant protein; MHF, Marburg hemorrhagic fever; MIP, macrophage inflammatory protein; NE, not enough information to make an evaluation; NO, nitric oxide; RFV, Rift

Valley fever; TF, tissue factor; TNF, tumor necrosis factor.

For Lassa fever patients, hemorrhagic manifestations are not pro-
nounced; and neurological complications are infrequent, develop
late and manifest only in the most severely ill group. Deafness is a fre-
quent long-term consequence of severe Lassa fever. For the South
American arenaviruses, neurological and hemorrhagic manifesta-
tions are much more prominent. Hepatic involvement is common
for all VHFs, but only a small percentage of patients with RVFE,
Crimean-Congo HF (CCHF), Marburg hemorrhagic fever, Ebola
hemorrhagic fever and yellow fever manifest a clinical picture domi-
nated by jaundice and other evidence of hepatic failure. VHF mortal-
ity may be substantial, ranging from 5% to 20% or higher in
recognized cases. Ebola outbreaks in Africa have had particularly
high case fatality rates, from 50% up to 90%°3~>.

Laboratory findings for VHFs may include thrombocytopenia
(or abnormal platelet function) and leukopenia (except for Lassa
fever, in which there is leukocytosis). Neutrophilia is prominent in
Lassa-infected rhesus monkeys®, RVF-infected rhesus monkeys’
and Ebola-infected nonhuman primatess‘”; however, neutropenia

is more prominent in Argentine hemorrhagic fever (AHF)!>!3 and
yellow fever!'*. Some VHF patients have anemia, others have hemo-
concentration, but most have elevated liver enzymes. Bilirubin is
elevated in RVF and yellow fever. Prothrombin time, activated par-
tial thromboplastin time (APTT) and bleeding time are often pro-
longed. Patients in disseminated intravascular coagulation (DIC)
have elevated fibrin degradation products (FDPs) and decreased
fibrinogen. Urine tests may show proteinuria and hematuria;
patients with renal failure may have oliguria or azotemia. Blood
may be present in stools.

Pathogenesis

The specific mechanisms underlying the pathogenesis of the VHF
viruses have not been clearly explained, although recent progress has
been made on Ebola virus. A central theme common to all VHFs,
with the possible exception of yellow fever, is that lesions are not
severe enough to account for terminal shock and death of the host.
Yet a fulminant shock-like syndrome characterizes VHFs in fatal
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Figure 1 Transmission electron micrographs of negatively stained hemorrhagic fever virus particles.
Junin virus (top left). Arenavirus particles range in morphology from highly pleomorphic, as shown in this
field, to mainly spherical. Virion sizes range from 50 to 300 nm with a mean of 100-130 nm. Rift valley
fever virus (top center). Bunyavirus particles are roughly spherical and range in diameter from 90 to
120 nm. Yellow fever virus (top right). Flavivirus particles are essentially isometric and consistent in
size ranging from 40 to 50 nm in diameter. Ebola virus (bottom). Filovirus particles are mostly
filamentous and vary in length up to 14,000 nm with a uniform diameter of 80 nm. Mean unit length is
about 1,000 nm. Other forms of filovirus particles include U-shaped, ‘6’-shaped or circular

configurations; branching of filamentous particles can also occur.

cases, suggesting that inflammatory mediators may have an impor-
tant role in disease pathogenesis. Fatal VHF infections are generally
characterized by high viremia and immunosuppression.

A model representing our current understanding of VHF pathogen-
esis in primates is shown in Figure 2. VHF in humans and nonhuman
primates is characterized by deleterious changes in lymphoid tissues
and defects in the coagulation system (Table 1). Another common
thread among these viruses is the observation that all of the hemor-
rhagic fever viruses seem to target and impair the cells that initiate the
antiviral immune response, probably leading to the overwhelming
viral burdens that are commonly seen. We next review the interactions
between VHF viruses and the cells they target, as well as factors con-
tributing to the immunological and hematological imbalances that are
associated with VHF infection.

Target cells and tissues
In general, VHF agents infect a wide range of cell types. Immunohisto-
chemistry and in situ hybridization analyses of tissues from fatal

human cases or experimentally infected non-
human primates show that monocytes,
macrophages, dendritic cells, endothelial
cells, hepatocytes and adrenal cortical cells
generally support replication of these
viruses!®1114-24 The sequence of infection,
however, is largely unknown. Recent temporal
studies in nonhuman primates experimen-
tally infected with Ebola virus suggest that
monocytes, macrophages and dendritic cells
are early and preferred targets of these
viruses, whereas endothelial cells are infected
much later during the course of disease, prox-
imal to death!1-24,

The entry mechanisms of the hemorrhagic
fever viruses into host cells have not been well
characterized, but entry is not thought to
occur by direct fusion with the plasma mem-
brane. Instead, it is thought that these viruses
exploit the host cell’s endocytic machinery to
access the cytoplasm. Different types of cell-
surface receptors have been proposed to par-
ticipate in the entry of the viruses that cause
VHE For example, the asialoglycoprotein
receptor of hepatocytes was postulated to
serve as a receptor for Marburg virus?®,
whereas the folate receptor o and the den-
dritic cell-specific intercellular adhesion mol-
ecule-3-grabbing nonintegrin (DC-SIGN)
and DC-SIGN-related factors have also been
associated with the entry of Marburg and
Ebola viruses?®~2°. Moreover, the 1 integrin
receptors and a human macrophage galac-
tose- and N-acetylgalactosamine-specific C-
type lectin are associated with the entry of
Ebola virus’®®!. Alpha-dystroglycan — was
identified as an important receptor for Lassa
virus®2, but does not appear to be a receptor
for the South American arenaviruses®. As
these viruses have such a broad cell tropism, it
is likely that they exploit several molecules for
entry into host cells. In support of this view, it
was recently proposed that Ebola virus uses a
variety of different C-type lectins for efficient entry into host cells®!.

The similarity of cell and tissue tropism among VHF agents suggests
commonalities in entry mechanisms. Notably, findings in a number of
laboratories have shown that the transmembrane proteins of a num-
ber of RNA viruses including Ebola and Lassa have common structural
and functional elements essential for virus entry®%. These include a
hydrophobic region termed ‘fusion peptide, usually at or near the
amino terminus, generated by cleavage of a precursor protein, together
with a fibrous structure defined by two antiparallel alpha helices.
These general principles may apply to other VHF viruses.

The role of the endothelium in the pathogenesis of the VHFs has
been particularly controversial. Vascular damage can be induced by
immunological mechanisms and/or by direct infection of the vascular
tissue. Impairment of endothelial cell function can cause a wide range
of vascular effects that lead to changes in vascular permeability or
hemorrhage. Recent studies suggest that the Ebola virus glycoprotein
is the main determinant of vascular cell injury and consequently that
direct structural damage of endothelial cells induced by Ebola virus
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Figure 2 Model of VHF pathogenesis in primates. (a) Virus spreads from the initial infection site to regional lymph nodes, liver and spleen. At these sites,
the virus infects tissue macrophages (including Kupffer cells) and dendritic cells. Soluble factors released from virus-infected monocytes and macrophages
act locally and systemically. Release of chemokines from these virus-infected cells recruits additional macrophages to sites of infection, making more
target cells available for viral exploitation and further amplifying the dysregulated host response. Although none of these viruses infects lymphocytes, their
rapid loss by apoptosis is a prominent feature of disease. The direct interaction of lymphocytes with viral proteins cannot be discounted as having a role in
their destruction, but the marked loss of lymphocytes is likely to result from a combination of factors including virus infection of dendritic cells and release
of soluble factors from virus-infected monocytes and macrophages. For example, virus infection of dendritic cells impairs their function by interfering with
the upregulation of costimulatory molecules, which are important in providing rescue signals to T lymphocytes. Additionally, release of soluble factors from
infected monocytes and macrophages results in deletion of lymphocytes, both directly by release of mediators such as nitric oxide and indirectly by
contributing to upregulation of proapoptotic proteins such as Fas and TRAIL. The coagulation abnormalities vary in nature and magnitude among the VHFs.
For example, Ebola virus induces the overexpression of tissue factor, which results in activation of the clotting pathway and the formation of fibrin in the
vasculature. In contrast, coagulation disorders are less marked in Lassa fever, and impairment of endothelial function contributes to edema, which seems
to be a more prominent finding in Lassa fever than in other VHFs. (b) The hemodynamic and coagulation disorders common among all of the VHFs are
exacerbated by infection of hepatocytes and adrenal cortical cells. Infection of hepatocytes impairs synthesis of important clotting factors. At the same
time, reduced synthesis of albumin by hepatocytes results in a reduced plasma osmotic pressure and contributes to edema. Impaired secretion of steroid-
synthesizing enzymes by hemorrhagic fever virus—infected adrenal cortical cells leads to hypotension and sodium loss with hypovolemia. Macular rashes
are often seen in VHFs.

replication triggers the hemorrhagic diathesis®®. But other studies sug-
gest that Ebola infection of endothelial cells does not trigger cell death
and that endothelial cell infection occurs only late?. Similarly, in vitro
studies have shown that the Lassa virus can replicate in human
endothelial cells without causing damage>°.

Researchers investigated the etiology of the hemorrhagic diatheses
in fatal cases caused by Ebola virus and Marburg virus in tissues from
the initial outbreaks in 1967 and 1976, but did not identify any vascu-
lar lesions®”38, In a recent study, and consistent with the original histo-
logical observations in fatal human cases, it was shown that Ebola
virus infection of endothelial cells does not extensively disrupt the
architecture of the vascular endothelium in Ebola-infected cynomol-
gus monkeys?*. Although Ebola virus replicated in endothelial cells of
these animals, endothelial cell infection was only seen focally at late
stages of disease, after the onset of the hemorrhagic abnormalities that
characterize Ebola hemorrhagic fever. Although ultrastructural evi-

dence of endothelial cell activation and disruption was observed, it was
postulated that the vasoactive effects on endothelial cells were indirect,
as these changes were not associated with the presence of intracyto-
plasmic Ebola viral antigens.

For other VHFs, the endothelium is only minimally involved. No
specific vascular lesions were found in 12 fatal cases of AHF!?, nor
were specific vascular lesions observed in Rhesus monkeys infected
with Machupo virus®®. The endothelium was only minimally infected
in Rhesus monkeys infected with Lassa virus and overt endothelial
necrosis was not observed histologically?.

Circulating mediators regulate endothelial cell functions, and it has
been shown that the hemorrhagic fever viruses induce mediator
release during infection of target cells. Few studies have dissected the
mediator—endothelial cell or immune cell-endothelial cell interac-
tions, particularly with regard to the VHFs. But a classic study clearly
showed that mediator release from virus-infected target cells can have
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deleterious effects on the integrity of the endothelium and may con-
tribute to vascular instability*’. In this study, fluids from human
monocyte/macrophage cultures infected with Marburg virus
increased the permeability of cultured human endothelial cell mono-
layers. The increase in endothelial permeability correlated temporally
with tumor necrosis factor (TNF)-o. release and was inhibited by a
TNEF-o specific monoclonal antibody. The effect of TNF-o. could be
primed in the presence of agents such as H,0O,. Although changes in
endothelial permeability would ostensibly contribute to the hemosta-
tic impairments noted among the VHFs, they can also lead to intersti-
tial edema, which is a noted feature in severe cases of Lassa fever4142,

In addition to the macrophage-rich lymphoid tissues, the liver and
the adrenal gland are important target organs for all of the VHF
agents, and this tropism likely has an equally important role in disease
pathogenesis (Fig. 2b). Various degrees of hepatocellular necrosis were
reported in VHF infections of humans and nonhuman pri-
mates!%11:38:39,43-47 Ag previously noted, the hepatocellular lesions are
generally not significant enough to explain the cause of death. The
exception is yellow fever where the extent of direct liver injury in some
cases is severe enough to account for the disease. In fact, markers of
hepatocellular injury and fulminant hepatic dysfunction, such as cir-
culating liver enzymes (such as aspartate aminotransferase and alanine
aminotransferase) directly correlate with severity of yellow fever infec-
tion and prognosis*®. Elevations in liver enzymes are prominent find-
ings in most VHF infections”!141649-58  Notably, hemorrhagic
tendencies could be related to decreased synthesis of coagulation and
other plasma proteins as a result of severe hepatocellular necrosis. In
addition, reduced synthesis of albumin may lead to a reduction in
plasma osmotic pressure and contribute to edema, which seems to be a
recurrent feature of severe cases of Lassa fever442,

Various degrees of adrenocortical infection and necrosis were
reported in VHF infections of humans and nonhuman pri-
mates! 16214659 The adrenal cortex has an important role in con-
trolling blood pressure homoeostasis. Impaired secretion of
steroid-synthesizing enzymes leads to hypotension and sodium loss
with hypovolemia, which are important elements that have been
reported in nearly all cases of VHF!4435356:60 Thijg suggests that
impairment of adrenocortical function by viral infection may have
an important role in the evolution of shock that typifies late stages
of VHE.

Immunosuppression
For nearly all of the VHFs, various degrees of lymphoid depletion
and necrosis are seen in spleen and lymph nodes of fatal cases and
in experimentally infected nonhuman primates®!1:141517.22,37,39,
44,45,47,52,53,61-67 Although lymphoid tissues are primary targets for
virus infection, there is usually little inflammatory cellular
response in these tissues or other infected tissues. Lymphopenia is
the most consistent finding among VHF infections of humans and
nonhuman primates®~11:13:33.66.68-74 Degpite the substantial loss of
lymphocytes during VHF infection, none of the VHF agents repli-
cate in lymphocytes. For Ebola and Marburg viruses, large numbers
of lymphocytes undergo apoptosis in human and nonhuman pri-
mates!!7>~77, explaining in part the progressive lymphopenia and
lymphoid depletion at death. The prominence of tingible body
macrophages in lymphoid tissues of rhesus monkeys experimen-
tally infected with Junin virus*” suggests that apoptosis is also a pri-
mary factor in the loss of lymphocytes noted for other VHFs.

The mechanism for the underlying apoptosis and loss of
bystander lymphocytes during the course of VHF is unclear, but is
likely to depend on multiple pathways. Analysis of peripheral blood

mononuclear cell gene expression in Ebola-infected cynomolgus
monkeys showed temporal increases in TNF-related apoptosis-
inducing ligand (TRAIL) and Fas transcripts, revealing possible
proapoptotic mechanisms!"78, In addition, bystander apoptosis
might be associated with dysfunction of dendritic cells induced by
VHE. Also, abnormal production of soluble mediators such as nitric
oxide (NO) has been associated with apoptosis of peripheral blood
lymphocytes”?; increased blood levels of NO were reported in
humans and nonhuman primates infected with Ebola virus!»7478,

We speculate that the predilection of the hemorrhagic fever viruses
for dendritic cells has an important role in disease pathogenesis and in
the immunosuppression that characterizes these infections. Indeed, it
has been shown that Ebola virus infects human monocyte-derived
dendritic cells and impairs their function®. Specifically, monocyte-
derived dendritic cells exposed to Ebola virus do not secrete proin-
flammatory cytokines, do not upregulate costimulatory molecules
including CD80 and CD86 and stimulate T cells poorly. Apoptosis of
bystander lymphocytes during Ebola infections might result from the
lack of costimulatory signals or from the engagement of death recep-
tors or ligands such as Fas or TRAIL. As an example, dendritic cells
prevent Fas-mediated T-cell apoptosis through costimulatory rescue
signals®!. Therefore, it is possible that Ebola-induced dysfunction of
dendritic cells impairs costimulatory signals that are important for
both rescue of activated T cells and/or for the proper development of
T-cell responses. In addition to Ebola, Lassa virus also impairs den-
dritic cell function. Like Ebola, Lassa virus fails to induce the expres-
sion of CD86, and other costimulatory molecules on dendritic cells,
and Lassa-infected dendritic cells stimulate T cells poorly®C. In support
of these findings, it was recently shown that dendritic cells do not
mature in response to Lassa virus infection nor do they secrete proin-
flammatory cytokines®2. So, it appears that downregulation of den-
dritic cell function contributes to the immune suppression observed in
Ebola and Lassa virus infections, and likely has a role in the immuno-
suppression seen in other VHFs.

Several viruses have evolved mechanisms to impair the function of
dendritic cells, thereby enhancing their chance to escape immune sur-
veillance. It has been proposed that, in addition to inducing immuno-
suppression by downregulating costimulatory molecules, viral
infection of dendritic cells induces immunosuppression through a
multilayered defense strategy that also includes upregulating apopto-
sis-inducing ligands CD95L and TRAIL to delete activated T lympho-
cytes, complemented by a nondeletional mechanism involving
undefined viral proteins that suppresses surviving T lymphocytes®3.
Of note, increased TRAIL expression was associated with Ebola infec-
tion of immature dendritic cells in vitro’®. Furthermore, the discovery
of an immunosuppressive motif in the C-terminal region of filoviral
glycoproteins®##> lends some additional credence to speculation that
undefined viral proteins may suppress surviving T cells.

In summary, the rapid loss of lymphocytes during VHF likely results
in a failure to control viral replication, resulting in enormous systemic
viral burdens.

Inflammatory response

Cytokines, chemokines and other inflammatory mediators functionin a
pleiotropic manner, acting on many different cell types to modulate the
host’s immune response. Whereas cytokines and chemokines typically
apply their antimicrobial actions locally (for example, in areas of infec-
tion), cytokines and chemokines might also act systemically, and they
commonly induce many of the symptoms of infection (such as fever and
myalgia). When present in high concentrations, cytokines and
chemokines can have toxic or even lethal effects. Indeed, studies of septic
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shock have associated abnormal production of proinflammatory
cytokines with disease severity and fatal outcome®6-88,

VHF infection of humans and nonhuman primates triggers the
expression of a number of inflammatory mediators including the inter-
ferons, interleukin (IL)-6, IL-8, IL-10, IL-12, interferon-inducible pro-
tein (IP)-10, monocyte chemoattractant protein-1 (MCP-1), regulated
upon activation, normal T-cell expressed and secreted (RANTES),
TNF-0. and nitric oxide!1577>7889-9 Infection of various primary
human cells in vitro also shows that VHF infection can trigger the pro-
duction of many of these same inflammatory mediators?440:78:97.98,
Overall, it seems that virus-induced expression of these mediators
results in an immunological imbalance that contributes to the progres-
sion of disease. But information regarding the inflammatory response
after infection with the VHF agents is incomplete, and the data available
are often contradictory. For example, high levels of circulating inter-
feron (IFN)-o. were noted in acute-phase sera of patients infected with
Ebola virus®?, but were not detected in a subsequent study’>. The differ-
ences in profiles of circulating cytokines and chemokines among the
VHFs may result from factors other than the differences among the
viruses, such as genetic differences among patients and differences on
the disease phase when the samples were obtained.

It has been postulated that, for patients with asymptomatic, nonfa-
tal Ebola virus infection, the infection is controlled by an initial
increase in cytokines including IL-1, IL-6 and TNF-o that is followed
by a return to baseline levels®. Protection against fatal outcome for
other VHFs may likewise depend on an early and robust cytokine
response, but this remains to be established. Conversely, disease sever-
ity may also be increased by an inappropriate proinflammatory
response early in the disease course. So, the balance between protective
and deleterious cytokine and chemokine responses remains to be
defined for all the VHF agents.

In general, the type I IFN response seems to have an important role
in VHF pathogenesis. The IFN response is particularly important in
RVE. A delayed IFN response was correlated with increased mortality
in a rhesus monkey model of RVF’. In AHF patients, circulating levels
of IFN-o are unusually high, and are substantially higher in fatal cases
than in survivors during the acute phase%. As noted above, there are
inconsistencies in circulating levels of IFN-o in Ebola-infected
patients; however, high plasma levels of IFN-o were observed in exper-
imentally infected monkeys'»78. The role of IFNs in Lassa fever is
uncertain. Several studies have evaluated resistance of Lassa virus to
IFNs in vitro. In one study, Lassa viruses were resistant to IFN-o/190,
whereas more recently IFN-o and IFN-y were shown to inhibit viral
replication'®!, A concern when interpreting and comparing results
from VHF studies is the observation that there are 12 different sub-
types of IFN-q, and previous studies have shown that the antiviral
activities of the subtypes vary greatly!?2. All of the work on VHF agents
has only evaluated total levels of IFN-a,, and there have been no efforts
to dissect out which subtypes are represented in the plasma of infected
patients and which subtypes may have antiviral properties.

The ability of these viruses to directly modulate the host inflamma-
tory response has yet to be fully delineated. The Ebola viral protein
VP35 reportedly functions as a type I IFN antagonist!%3-195, Recent
studies show that VP35 prevents interferon regulatory factor (IRF-3)
activation by inhibiting phosphorylation, and it is likely that VP35
prevents Ebola-induced transcription of IFN-B1%4, Other studies sug-
gest that Ebola viral protein VP24 might also interfere with type I IFN
signaling!%>. The RVF virus also has a viral protein—NSs, or nonstruc-
tural proteins—that acts as a type 1 IFN antagonist!%°, Little is known
about whether other VHF viruses have analogous proteins that inter-
fere with type I TFNs.

REVIEW

Although not extensively reported, one consistency in the pro-
inflammatory response among the VHFs noted so far is the potential
importance of NO in disease pathogenesis. Increased blood levels of
NO were reported in nonhuman primates experimentally infected
with Ebola virus''78 and more recently in Ebola-infected patients’4.
Notably, increased blood levels of NO have been associated with mor-
tality’#. Considerable blood levels of NO have also been shown in AHF
patient sera®®. Abnormal NO production has been associated with sev-
eral pathological conditions including apoptosis of bystander lympho-
cytes, tissue damage and loss of vascular integrity, which may
contribute to virus-induced shock. NO has both protective and nega-
tive effects, and this autotoxic overproduction may represent the host’s
endogenous counter-regulatory mechanism of protection against
noxious agents. In general, microbes induce monocytes and
macrophages to produce NO in attempt to control infection. But in
the case of VHFs, monocytes and macrophages are preferred target
cells for viral replication. Enhanced replication in these cells may in
turn exacerbate disease by producing large amounts of NO, resulting
in deleterious effects such as suppressive effects on lymphocyte prolif-
eration and damage to other cells. NO is an important mediator of
hypotension!%” and, as noted previously, hypotension is a prominent
finding among most of the VHFs!443:33:56.60 Together, the data suggest
that an ineffective immune response leads to high viral loads and high
levels of proinflammatory mediators in the late stages of disease.

Coagulation abnormalities
Abnormalities in blood coagulation and fibrinolysis during VHF infec-
tion are manifested as petechiae, ecchymoses, mucosal hemorrhages and
uncontrolled bleeding at venipuncture sites. But massive loss of blood is
atypical and, when present, is largely restricted to the gastrointestinal
tract. In fact, even in these cases, blood volume loss is insufficient to
account for death. DIC is a syndrome characterized by systemic
intravascular activation of coagulation leading to widespread deposition
of fibrin in the vasculature, which contributes to the development of
multiple organ failure!%1%°, DIC is associated with both bleeding and
thrombotic abnormalities, and, widespread thrombosis and bleeding
commonly occur simultaneously. The occurrence of DIC in VHF infec-
tion is the subject of much debate, and information that supports or
refutes the presence of DIC is inconclusive. In general, DIC seems to be
more prominent in Ebola and CC hemorrhagic fevers than in other
VHPFs, while it has little or no role in Lassa fever. In fact, it has even been
suggested that Lassa fever is pathologically not a hemorrhagic fever at
all*®. The presence of DIC in any of the VHFs strongly correlates with
poor outcome. Nonetheless, regardless of whether DIC is an important
and consistent feature among all VHFs, impairment of the coagulation
system ostensibly contributes to the disease pathogenesis. It appears that
both coagulation and fibrinolysis are activated by VHF infection, and
the degree of impairment of the coagulation system seems to be associ-
ated with the balance between these counteracting processes by the host.
Cutaneous flushing or macular rashes characterize most VHF infec-
tions in humans and in nonhuman primate models; however, the char-
acteristics of these rashes vary among VHFs. For example, nonpruritic
petechial skin rashes on the axillae and groins, forehead and chest are
seen in up to 50% of patients infected with Ebola or Marburg viruses
and is more evident in patients with light-colored skin®->4%110.111 This
type of rash evolves in more than 50% of nonhuman primates experi-
mentally infected with Ebola or Marburg viruses® !13408112,113
Petechial skin rashes are also associated with cases of yellow fever!'®. In
general, arenavirus infections in human and nonhuman primates are
typically characterized by flushed, erythematous rashes on the face and
thorax®»471415 " but oral and axillary petechiae are frequently
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observed in human cases of AHF!1®, For many VHFs, petechia are
sometimes observed on visceral organs®! 114, In addition, congestion of
various organs is a frequent finding at autopsy!®11:41:43,43.63,

Thrombocytopenia is a consistent finding among VHF infections of
human and nonhuman primates”$12-1437:43.49,54,58,66,68,74,113,117-122
with the notable exception of Lassa fever>®16:123.124 Moderate throm-
bocytopenia was reported in patients with severe Lassa fever, but the
most notable changes were observed in platelet function, which was
markedly depressed>®. Marked changes in platelet function have also
been observed in Lassa® and yellow fever!* infected rhesus monkeys. It
has been postulated that the thrombocytopenia seen in the South
American VHFs is in part to the result of maturation arrest of
megakaryocytes attributable to the high levels of IFN present in these
patients®, Similar inferences have been made for yellow fever!4,

Histological and biochemical evidence of impairment of the coagu-
lation system has been shown for a number of the VHFs, but the data
are incomplete and paradoxical. More is known about Ebola and
Marburg viruses than about other VHFs. Fibrin deposition has been
documented for Marburg hemorrhagic fever’®125, and clinical labora-
tory data suggest that DIC is an important feature of human Ebola and
Marburg fevers®!12. Numerous studies have shown histological and
biochemical evidence of DIC during Ebola infection in a variety of
nonhuman primate species including significant changes in markers
of blood coagulation and fibrinolysis including various clotting fac-
tors, FDPs, D-dimers, protein C, tissue plasminogen activator and
urokinase plasminogen activator®~11>>113122 Eibrin and fibrinocellu-
lar thrombi in vessels in numerous tissues and fibrin deposits in red
pulp and marginal zone of spleen are frequent findings in Ebola
virus—infected cynomolgus and rhesus macaques!!%-1%113,122,

AHF infections are characterized by substantial changes in coagula-
tion and fibrinolysis markers, including thrombin-antithrombin com-
plexes, prothrombin fragments, protein C, D-dimers, tissue
plasminogen activator, and plasminogen activator inhibitor-1 (ref. 121).
Increased fibrinogen levels were detected in a study of 32 AHF patients,
but FDPs were not detected, and DIC was not a relevant factor in these
cases!!6. Three of twelve AHF cases showed intravascular fibrin thrombi
and clinical features consistent with DIC'2. Neotropical primates exper-
imentally infected with Junin virus showed an increase in prothrombin
time and increases in circulating levels of fibrinogen and FDPs'!°.
Prolongation of the APTT was noted in rhesus monkeys experimentally
infected with Machupo virus, but evidence for DIC was inconclusive! '8,
Microscopic evidence of DIC was noted in only one of ten rhesus mon-
keys experimentally infected with Machupo virus®.

Evidence of DIC has been reported in fatal cases of CCHFE. Values for
prothrombin ratio, prothrombin time, APTT and FDPs were elevated
in 15 fatal cases, whereas fibrinogen and hemoglobin levels were
depressed>*. Many of these clinical pathologic changes were evident at
an early stage of disease and had a highly predictive value for fatal out-
come of the 35 patients monitored. Experimental infection of rhesus
monkeys with RVF virus does not produce a uniformly lethal disease.
However, as in human cases, the degree of hemorrhagic manifestations
is associated with fatal outcome. Not surprisingly, changes in circulat-
ing levels of clotting factors, APTT, prothrombin time, FDPs, and evi-
dence of DIC was more prominent in three of 17 RVF virus—infected
monkeys that succumbed to challenge than in animals that sur-
vived”»>2, Multiple fibrin thrombi were present within the glomeruli
and small intertubular vessels of these experimentally infected rhesus
monkeys. In addition, fibrillar material that stained positive for fib-
rinogen was abundant in the spleen. DIC also seems to have a role in
yellow fever; changes in clotting and prothrombin times, clotting fac-
tors, fibrinogen levels and FDPs have been reported14>127.

DIC does not seem to be involved in Lassa fever. Microscopic hem-
orrhagic diathesis is rare, and the absence of fibrin thrombi correlates
with generally normal measurements of coagulation mechanisms>123,
although splenic necrosis that centered in the marginal zone was
accompanied in one report by the deposition of fibrin? In rhesus
monkeys infected with Lassa virus, several groups reported no changes
in circulating levels of clotting factors and no evidence of DIC®16124,

The mechanism behind the coagulation abnormalities seen in VHF
has not been fully delineated. New studies on the Ebola virus have
begun to shed light on this problem and suggest that development of
coagulation abnormalities might occur much earlier than previously
thought. Although it is likely that the coagulopathy seen in Ebola fever
is caused by multiple factors, particularly during the later stages of dis-
ease, recent data strongly implicate tissue factor expression and release
from Ebola-infected monocytes/macrophages as key for the induction
of coagulation irregularities!?. Interestingly, levels of tissue factor may
also be affected by the production of proinflammatory cytokines. For
example, IL-6 upregulates expression of tissue factor on mono-
cytes' 28129, Other factors speculated to contribute to the coagulopathy
seen Ebola hemorrhagic fever include an impairment of the fibri-
nolytic system as evidenced by rapid declines in plasma levels of pro-
tein C during the course of infection in cynomolgus monkeys!?.
Interestingly, reduced plasma levels of protein C were also seen in AHF
patients!2!,

Future directions in pathogenesis

Several recent developments will have major roles in elucidating the
molecular mechanisms of VHFs. One key breakthrough has been the
successful development of reverse genetics systems for the generation
of infectious Ebola!3®131, CCHF!3? and yellow fever!33 viruses. These
systems will help identify regulatory elements and structure-function
relationships in the viral life cycle.

Another technology that will facilitate our ability to dissect the
pathogenesis of VHF infection is cDNA microarrays. A recent applica-
tion of cDNA microarrays to experimental Ebola virus infections in
primates showed prominent induction of NF-kB- and TNF-c.-regu-
lated genes for Ebola, in contrast with negligible expression during
variola virus infection!3,

Laser capture microdissection , combined with gene profiling
methods, will facilitate the identification of genes differentially
expressed in each cell population, as well as numerous genes that
might help explain the aggressive nature of VHF infection. Indeed, the
use of reverse systems together with cDNA microarrays and laser cap-
ture microdissection can be used to understand the contribution of
individual viral genes to pathogenicity. These efforts may provide a
better understanding of the molecular mechanisms underlying VHF,
as well as help to identify suitable targets for the development of novel
treatment strategies. Comparative analysis among viral genomes may
reveal differentially expressed genes unique to each agent, and have
diagnostic utility by identifying markers of disease progression and
predictors of outcome, as well as improving our understanding of dis-
ease pathogenesis.

135,136

Countermeasures

Vaccines. With the possible exception of yellow fever, outbreaks of
VHEF have been relatively infrequent and small in size, largely confined
to remote geographic locales, and quarantine of sick individuals has
been effective in controlling epidemics. In the past, this small market
has generated little commercial interest for developing VHF vaccines.
But heightened awareness of bioterrorism'3” has profoundly changed
perspectives regarding the need for vaccines against VHFs.
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The only established virus-specific vaccine available against any of
VHEF is the yellow fever live attenuated 17D vaccine, which is manda-
tory for travelers to endemic areas of Africa and South America'®8. For
prophylaxis against AHF, a live attenuated Junin vaccine strain
(Candid #1) is available as an Investigational New Drug (IND).
Candid #1 was proven to be effective in phase 3 clinical trials in
Argentina!¥, and plans are proceeding to obtain a new drug license.
Candid #1 elicits high levels of protective antibodies, lasting nine years
in about 90% of the people vaccinated with a single dose. This vaccine
also provides protection against Bolivian hemorrhagic fever in experi-
mentally infected primates. Two IND vaccines were developed against
RVF; a formalin-inactivated vaccine that requires three boosters,
which has been in use for 20 years, and a live attenuated RVF virus
strain (MP-12). The inactivated vaccine has been administered to lab-
oratory workers and appears to be safe and efficacious, but the ability
to produce this vaccine in the US no longer exists!40.

For the remaining VHF agents, availability of effective vaccines is
more distant. As with the VHFs noted above, early attempts to develop
vaccines were based on classical approaches primarily directed at using
inactivated whole virion preparations as vaccines'4b142, Results from
these studies were inconsistent and largely unsuccessful. The recent
focus on VHF vaccine development has been concentrated on various
recombinant vectors for expression of virus-encoded proteins in vari-
ous combinations to induce protective immunity, and tested for pro-
tective efficacy in animal models of VHE Vaccination using
recombinant vaccinia viruses expressing Lassa viral proteins success-
fully protected cynomolgus and rhesus monkeys from lethal Lassa
fever’>143, However, a similar strategy employing the recombinant
vaccinia virus platform as a vaccine for Ebola virus failed to confer any
protection to nonhuman primates against lethal Ebola hemorrhagic
fever!. One especially promising strategy has been the use of aden-
ovirus vectors expressing Ebola glycoprotein and nucleoprotein genes
to protect monkeys against lethal Ebola virus challenge!4+14>. This
platform should be readily adapted to other VHF agents, and a multi-
valent VHF vaccine is a plausible possibility.

An alternative presentation strategy utilizes an attenuated vesicular
stomatitis virus vector expressing Ebola glycoprotein which has also
successfully protected monkeys against lethal Ebola challenge!®.
Other immunization strategies are under investigation, including
virus-like particles and alphavirus replicons. One technical obstacle to
development of a multivalent VHF vaccine is the potential for prior
immunity to the vector, either through natural exposure or prior
immunization; such a prior encounter might inhibit immunogenicity.

Therapies. Currently, there are no antiviral drugs approved by US
Food and Drug Administration (FDA) for treating the VHFs. There is
a critical need for the development of effective therapies to respond to
outbreaks of VHF in Africa and South America, and to counter poten-
tial acts of bioterrorism. In addition, the recent death of a Russian sci-
entist after an accidental exposure to Ebola virus'*” emphasizes the
need for countermeasures for postexposure prophylaxis. Considering
the aggressive nature of VHF infections, in particular the rapid and
overwhelming viral burdens, early diagnosis will have a considerable
role in determining the success of any intervention strategy.
Development of effective therapies has been slow for several rea-
sons, including little commercial interest and the need for special con-
tainment facilities for safe research. In addition, development of
antiviral drugs has been problematic because of the rapid and tremen-
dous increase in viral loads during the acute phase of illness. For exam-
ple, viremia during the acute phase of Ebola infection of humans or
nonhuman primates typically exceeds 3.2 x 10° plaque-forming units
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(p.fu.)/ml of sera*, and in nonhuman primates viremia can go from
less than 1.0 X 10% p.f.u./ml to over 1.0 X 10° p.f.u./ml in 24 h'l. So, a
50% inhibition of viral load may be insignificant in controlling infec-
tion, and it seems that compounds that substantially inhibit Ebola
replication in vitro or in rodents'*® may have little efficacy when
employed in monkeys!#°.

Ribavirin is a nonimmunosuppressive nucleoside analog with broad
antiviral properties', and is of value against some VHF agents.
Ribavirin reduces mortality from Lassa fever in high-risk sub-
jects!L152 and presumably decreases morbidity in all patients with
Lassa fever. In Argentina, ribavirin has been shown to reduce virologi-
cal parameters of Junin virus infection and is now used routinely as an
adjunct to immune plasma. Unfortunately, ribavirin does not cross the
blood-brain barrier and is expected to protect only against the visceral
and not the neurological phase of Junin infection'>*. Small studies
investigating the use of ribavirin in treating Bolivian hemorrhagic
fever and CCHF have been promising!>4-156, as have preclinical studies
for RVF!33, Conversely, ribavirin is ineffective against both filoviruses
and flaviviruses. Ribavirin is approved for use in treating VHF caused
by arenaviruses and bunyaviruses, but not filoviruses under the com-
passionate use provisions for investigational new drugs.

Different preparations of type I IFNs were used to determine their
utility in treating VHFs, with little success!'>”>138. At the moment, type I
IFNs seem to have no role in therapy, with the possible exception of
RVE, in which fatal fever has been associated with low IFN responses in
experimental animals'>®. Exogenous IFN-y was also shown to hold
promise for treating RVF infections'®?; its role in treating other VHFs
is unknown.

Passive immunization has been attempted for treating the diseases
caused by VHFs. Studies and case reports describing successes and
clinical utility®>»101-166 are frequently tempered by more systematic
studies, where efficacy is less obvious or of no benefit!51:158,167,168 pop
all VHF agents, the benefit of passive immunization seems to correlate
with the concentration of neutralizing antibodies, which are readily
induced by some, but not all, of the viruses. AHF responds to antibody
therapy with two or more units of convalescent plasma that contain
adequate amounts of neutralizing antibody (or an equivalent amount
of immune globulin), provided that treatment is initiated within eight
days of onset'®*. Antibody therapy is also beneficial for treating
Bolivian hemorrhagic fever. Efficacy of immune plasma for treating
Lassa fever'®® and CCHF!? is limited by low neutralizing antibody
titers and the consequent need for careful donor selection. In the
future, passive immunization strategies with recombinant human
monoclonal antibodies may have utility against the VHF agents given
the potential benefit of passive treatment described in a number of
studies32-161-166_

New avenues of therapy should focus on some of the recently
developing antiviral approaches. One technology that holds great
promise and may have utility for treating VHF infections is RNA
interference. Various strategies have been employed to test the effica-
cies of small interfering RNAs as potential therapeutic agents against
RNA viruses. Whereas most studies showed inhibition of viral entry
or production in vitro, recent studies documented that transgene
expression can be suppressed in vivo. Specifically, the therapeutic
potential of this technique was shown by effectively targeting con-
served regions of influenza virus genes in mice!”!. Although there
have been no published studies evaluating the efficacy of RNA inter-
ference as a strategy for suppressing replication of VHF agents in
vitro or in vivo, development and optimization of this technology
might lead to useful and effective treatments against VHE. The utility
of this approach as an effective strategy to combat VHF will depend
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on overcoming a number of obstacles, in particular the ability to
develop an efficient drug delivery system, and progress is being made
in this area against other viruses!”!.

In addition to antiviral therapies, strategies to modulate the host
response or mitigate the effects of disease may have some utility and
should be actively pursued. Two subjects infected with Marburg virus
in 1975 were given vigorous supportive treatment and prophylactic
heparin®’. This apparent success inspired the use of heparin to treat
one of the individuals infected with Ebola in the original 1976 out-
break in Zaire!?%; unfortunately, this was unsuccessful. An alternative
strategy for Ebola is inhibition of the procoagulant tissue factor path-
way. The basis for this speculation is that Ebola virus infection induces
overexpression of tissue factor in primate monocytes/macrophages'?2.
On the basis of these data, it was postulated that blocking factor
Vlla-tissue factor might be beneficial after Ebola infection!!3. In a pre-
liminary study, nine Ebola-infected monkeys were treated with a pro-
tein—recombinant nematode anticoagulant protein c2 (rNAPc2)—
that prevents blood clotting. Three of the nine treated animals sur-
vived, whereas all control animals died. Importantly, Ebola infection is
nearly 100% fatal in monkeys and kills up to 90% of humans infected
with the virus, so a 33% survival rate for one of the most virulent dis-
eases known is remarkable.

It is probable that the marked apoptosis of bystander lymphocytes
shown for Ebola and Marburg hemorrhagic fevers contributes to the
immunosuppression that characterizes VHF infection of primates. If
this proves true for all of the VHFs, successful inhibition of bystander
lymphocyte apoptosis offers an attractive target for mitigating the
lethal effects of VHE. The exact mechanism for triggering apoptosis
pathways activated during Ebola infection of primates remains
unknown. Although it will be important to determine whether pro-
teins from Ebola and other VHF agents exhibit proapoptotic activities,
it is clear that increased expression of proapoptotic genes such as
TRAIL and Fas during Ebola infections contribute to the observed
lymphocyte apoptosis and are obvious targets for intervention strate-
gies. Therapies directed to inhibit Fas and/or TRAIL function might
have a beneficial effect. These therapeutic interventions are currently
being tested in other diseases'”2. But the targeted blockade of apopto-
sis to lymphocytes, and not to cell populations that harbor hemor-
rhagic fever viruses, is a formidable hurdle that must be overcome
before this therapeutic strategy can be fully realized.

Conclusions

The pathways to viral hemorrhagic fever involve some virus-specific
attributes, but there are common threads of pathogenesis that are
potential targets for generic, therapeutic interventions. All VHF
viruses preferentially target monocytes, macrophages and dendritic
cells of spleen and lymph nodes on their initial assault of the host
organism. The ability of the host to control this first assault is critical
to the eventual outcome. Some host responses might be deleterious.
For example, infected monocytes and macrophages release an assort-
ment of soluble factors that may exacerbate the course of infection by
recruiting target cells to primary sites of infection.

Dendritic cells ignite adaptive immunity by priming naive T lympho-
cytes. At the same time, viral infection of dendritic cells impairs the
host’s ability to begin to generate an effective adaptive immune
response. Upregulation of proapoptotic molecules on infected
macrophages and the release of NO may have key roles in the apoptosis
of bystander lymphocytes and the resulting lymphopenia and destruc-
tion of lymphoid tissues. So, early impairment of the innate response
contributes to the pathogenesis by impeding the ability to suppress
infection long enough for the host to mount an effective adaptive

response. Early targeting of monocytes and macrophages may be an
effective and important immune escape mechanism exploited by viruses
causing VHE Notably, there is no evidence that host cells infected with
hemorrhagic fever viruses undergo apoptosis. On the contrary, the
Ebola virus may upregulate protective transcripts in infected cells'!. So,
regulation of bystander and host cell apoptosis by hemorrhagic fever
viruses may represent a very effective strategy for these viruses to evade
host immune responses and enhance their survival.

VHEF patients typically have very high levels of circulating IFN-q,
yet these high levels of interferon in general do not seem to be effective
in containing the infection. We speculate that the type I IEN response
is triggered too late to control the infection, or is the wrong type of IFN
response. Specifically, infection may induce IFN-o subtypes that have
little or no antiviral activity while inhibiting the production of poten-
tially beneficial subtypes. Moreover, overproduction of IFNs that have
no antiviral activity may have detrimental side effects such as trigger-
ing thrombocytopenia by suppressing maturation of megakary-
ocytes'’> and enhancing apoptosis of bystander lymphocytes by
upregulating proapoptotic molecules'74,

Coagulation disorders vary among VHFs. Overall, both coagulation
and fibrinolysis are activated by hemorrhagic fever virus infection, and
the degree of impairment of the coagulation system is associated with
the ability of the host to effectively balance these counteracting effects.
Macrophages have a key role in triggering or exacerbating these coagu-
lation disorders. Tissue factor is upregulated by Ebola virus and seems
to be important in the hemorrhagic diathesis. The potential role of tis-
sue factor in other VHFs is worthy of further investigation. Future
studies should also focus on defining other mechanisms that underlie
the coagulation disorders that typify VHF infection.

If left unchecked, VHF infection extends to parenchymal cells such
as hepatocytes and adrenal cortical cells. As has been pointed out for
filoviruses, dissemination of virus to hepatocytes is facilitated by the
anatomy of the liver!”>. Once infection is established in the these tis-
sues, effects on their function contribute to the overall loss of home-
ostasis and at the terminal stages of infection. For example,
dysfunction of hepatocytes as a result of the infection contributes to
the coagulation disorders, as many important coagulation factors nor-
mally synthesized by hepatocytes are not produced. In addition,
impaired secretion of steroid-synthesizing enzymes by virus-infected
adrenal cortical cells may contribute to hypotension and sodium loss
with hypovolemia. Little is know about adrenal function in VHF infec-
tion, and this is an area that warrants further investigation. In the end,
the host cannot control the overwhelming viremia. The consequences
of the high viral burden are primarily the diffuse coagulopathy and the
marked hypotension; the multiple organ failure that ensues is similar
to that seen in septic shock.

Although much has been learned in the last decade, particularly
regarding Ebola hemorrhagic fever, major gaps still exist in our under-
standing of the way in which VHF agents induce lethal infections.
Efforts should focus on understanding how these viruses impair the
immune and coagulation systems. The fact that all of these viruses
have early and devastating effects on lymphocytes but do not infect
them is an area of research that particularly warrants further study.

With regard to vaccines, successful efforts such as the adenovirus-
based platform for Ebola should be pursued for other VHFs. Therapies
should focus on efforts to target the disease process in addition to repli-
cation of the virus itself. Combination approaches using inhibitors of
viral replication in conjunction with drugs that modulate the disease
process should be explored. Clearly, an increased understanding of the
mechanisms of VHF pathogenesis will augment our ability to develop
effective countermeasures against these aggressive pathogens.
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