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African  swine  fever  (ASF)  is  among  the  most  important  viral  diseases  that  can  affect  domestic  and  feral
pigs.  Both  clinical  signs  and  pathomorphological  changes  vary  considerably  depending  on strain  viru-
lence  and  host  factors.  Acute  infections  with  highly  virulent  virus  strains  lead  to  a  clinical  course that
frican swine fever
athogenesis
omestic pigs
uropean wild boar

resembles  a viral  haemorrhagic  fever  that  is  characterized  by  pronounced  depletion  of  lymphoid  tissues,
apoptosis  of lymphocyte  subsets,  and  impairment  of haemostasis  and  immune  functions.  It is generally
accepted  that  most  lesions  can  be attributed  to cytokine-mediated  interactions  triggered  by infected
and  activated  monocytes  and  macrophages,  rather  than  by virus-induced  direct  cell  damage.  Neverthe-
less,  most  pathogenetic  mechanisms  are  far from  being  understood.  This  review  summarizes  the current
knowledge  and  discusses  implications  and  research  gaps.
© 2012 Elsevier B.V. All rights reserved.
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. Introduction

Due to its relevance for animal health and pig industry, African
wine fever (ASF) is one of the most important viral diseases of
omestic pigs. It was shown that it impairs pig production consid-

family (Takamatsu et al., 2011). Due to the fact that soft ticks of
the genus Ornithodoros can be involved in the infection cycle, ASFV
is regarded as the only DNA virus that can be classified as an ARBO
(arthropod borne) virus (Kleiboeker and Scoles, 2001).

In the vertebrate host, the virus replicates in cells of the
Please cite this article in press as: Blome, S., et al., Pathogenesis of African sw
http://dx.doi.org/10.1016/j.virusres.2012.10.026

rably, especially in Africa (Penrith and Vosloo, 2009). The causative
gent, African swine fever virus (ASFV), is a large and complex
NA virus of the genus Asfivirus within the Asfarviridae virus

∗ Corresponding author. Tel.: +49 38351 7 1144; fax: +49 38351 7 1275.
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laudia.gabriel@fli.bund.de (C. Gabriel), martin.beer@fli.bund.de (M.  Beer).

168-1702/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.virusres.2012.10.026
mononuclear phagocyte system (in older literature referred to
as reticuloendothelial system), predominantly monocytes and
macrophages although several other cell types can be infected,
especially in the later stages of the disease (Carrasco et al., 1996b,
ine fever in domestic pigs and European wild boar. Virus Res. (2012),

1996d; Fernandez et al., 1992a; Mebus, 1987, 1988; Perez et al.,
1994; Ramiro-Ibanez et al., 1995). It could be demonstrated in
new-born piglets that primary viraemia occurs approximately 8 h
post infection. Secondary viraemia is detected from 15 to 24 h post

dx.doi.org/10.1016/j.virusres.2012.10.026
dx.doi.org/10.1016/j.virusres.2012.10.026
http://www.sciencedirect.com/science/journal/01681702
http://www.elsevier.com/locate/virusres
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nfection and after 30 h, virus is found in almost all organs (Col-
rove et al., 1969, cited by the EFSA Scientific Report 2009). During
iraemia, haemadsorbing ASFV isolates are found associated with
rythrocytes (Quintero et al., 1986; Wardley and Wilkinson, 1977),
ut also with lymphocytes and neutrophils (Plowright et al., 1994).

nfection correlates with a wide range of clinical syndromes from
lmost inapparent disease to a haemorrhagic fever like illness with
igh mortality (Penrith and Vosloo, 2009; Takamatsu et al., 2011).

Nowadays it is generally accepted that the massive destruc-
ion of macrophages plays a major role in pathogenesis, especially
n the impaired haemostasis due to the release of active sub-
tances including cytokines, complement factors and arachidonic
cid metabolites (Penrith et al., 2004b). The genesis of thrombo-
ytopenia that occurs particularly during the course of acute and
ubacute ASFV infection is controversially discussed. While some
uthors show evidence that infection and destruction of megakary-
cytes may  play a role (Rodriguez et al., 1996a),  other researchers
id not find structural or ultrastructural correlates for an

mpaired thrombocytopoiesis (Gomez-Villamandos et al., 1997a).
igs infected with ASFV generally suffer from severe lymphopenia
hat could be attributed to apoptosis of lymphocytes. Production of
ro-inflammatory cytokines by infected macrophages is strongly

mplicated in induction of apoptosis in lymphocyte populations
Gomez-Villamandos et al., 1995a, 2003; Oura et al., 1998a).

The also described chronic forms of ASF might have an auto-
mmune component, and lesions could result from the deposition of
mmune-complexes in tissues such as kidneys, lungs and skin with
heir subsequent binding to complement (EFSA Scientific Report
009; Plowright et al., 1994).

Despite intensive research efforts, most of these pathogenetical
spects are still far from being understood. This review compiles the
urrent knowledge of pathogenetical mechanisms and their clinical
nd pathomorphological correlates, discusses their implications,
nd identifies research gaps.

. Clinical and pathological observations upon ASFV
nfection

.1. ASFV infection results in a wide range of clinical pictures

In both domestic pigs and wild boar, clinical signs of ASF vary
onsiderably from peracute deaths to inapparent courses and cor-
elate to a wide range of pathomorphological observations. Reports
n naturally resistant domestic pigs in Africa remain controver-
ially discussed and do not seem to have a genotypic correlate as
he offspring of less susceptible pigs does not inherit this advan-
age (Penrith et al., 2004a). Upon infection with a virulent strain,
linical signs develop after an incubation period of 2 to 7 (sel-
om up to 14) days (Mebus, 1988). They may  include high fever,
eddened skin at the acra, severe depression, anorexia, conjunctivi-
is, vomiting, watery to bloody diarrhoea, accelerated respiratory
nd pulse rate, abortion in pregnant sows, cyanosis, and incoor-
ination (EFSA Scientific Report, 2009). Acute lethal forms can
e accompanied by haemorrhagic lesions (petechiae, epistaxis)
Gomez-Villamandos et al., 2003). Characteristics are thrombo-
ytopenia, petechial bleedings, and apparently increased vascular
ermeability with extravasation of blood components. In less acute
isease courses, respiratory signs (coughing, sneezing, and dysp-
oea) and gastrointestinal lesions (mainly watery diarrhoea but
lso obstipation) are frequently seen. Depending on strain viru-
ence, mortality ranges from 3 to 100%.
Please cite this article in press as: Blome, S., et al., Pathogenesis of African sw
http://dx.doi.org/10.1016/j.virusres.2012.10.026

The ASFV strain currently affecting the Trans-Caucasian
ountries, Russia, and Ukraine, is highly virulent and leads to
he above mentioned clinical picture with high fever, reddened
kin and cyanosis, especially upon agitation, severe depression
 PRESS
h xxx (2012) xxx– xxx

up to somnolence, anorexia, slight catarrhal conjunctivitis, vomi-
ting, watery diarrhoea, accelerated respiratory and pulse rate, and
ataxia/incoordination prior to death (Gabriel et al., 2011; Kolbasov
and Blome, unpublished data). In these studies, it could be demon-
strated that the clinical course in domestic pigs was  irrespective of
the route of infection (oro-nasal, intramuscular or infection through
direct contact with infected pen-mates). In all experimental infec-
tions, mortality was 100% in less than 10 days. A similar picture
was observed upon oral or intramuscular infection of European
wild boar although skin colour and perfusion could not be assessed
(Blome et al., 2012; Gabriel et al., 2011). In wild boar, severe depres-
sion, anorexia, diarrhoea, and respiratory distress predominated.
Furthermore, central nervous symptoms including ataxia and con-
vulsions as well as epistaxis were observed in some cases prior to
death (Gabriel et al., 2011; Kolbasov and Blome, unpublished data).

2.2. Gross pathological findings and virus detection mirror
clinical courses

Like the major clinical signs, pathological findings vary consid-
erably depending on the course of disease. Frequently observed
lesions in domestic pigs include enlarged and haemorrhagic gas-
trohepatic and renal lymphnodes, splenomegaly with necrotic foci,
petechiae in kidneys, ecchymoses in serosae, alveolar haemor-
rhages and oedema of the lungs (Kleiboeker, 2002; Maurer and
Griesemer, 1958; Colgrove et al., 1969, reviewed by Rodriguez et al.,
1996a). Secondary infections may  complicate the clinical and path-
omorphological picture. The same is seen in European wild boar of
all age classes upon highly virulent infection under experimental
conditions (Blome et al., 2012; Gabriel et al., 2011), and also in other
feral pigs (McVicar et al., 1981). Field data showed that all courses
of the disease including almost inapparent ones are possible (Perez
et al., 1998). Exemplary pathological findings in European wild boar
are depicted in Figs. 1 and 2.

Particularly during the clinical phase of infection, virus and viral
DNA can be detected by virus isolation and real-time PCR in all se-
and excretions of infected pigs, but the viral load varies consid-
erably (Gabriel et al., 2011). While high amounts of virus or viral
DNA can be detected in blood samples, all swab samples (rectal,
pharyngeal, nasal, and preputial/vaginal) show considerably lower
viral loads (Ekue et al., 1989; Gabriel et al., 2011). In detail, up to
3 × 106 copies can be detected per �l DNA from 200 �l of blood,
whereas only 4–8 × 103 copies per �l can be found in rectal swabs,
and 2–6 × 102 copies per �l in oropharyngeal swabs (Gabriel and
Blome, unpublished data). Exemplary data depicting the detection
of viral DNA in blood and swab samples from European wild boar
and domestic in-contact pigs are shown in Table 1. It is not sur-
prising that contagiosity is mainly linked to blood and that contact
alone is less efficient (Heuschele, 1967).

2.3. Blood count changes and phenotypic characteristics vary in
the course of acute and chronic infections

In general, infection with ASFV is accompanied by leukopenia
and thrombocytopenia, but extent and nature may  vary with strain
virulence and host factors.

It has been reported by Wardley and Wilkinson (1977) that
infection with the highly virulent Kirawira isolate (KWH/12) (Greig
and Plowright, 1970) leads to a decrease in leucocyte counts while
the red blood count remains almost unchanged. In this study,
lymphocyte numbers decreased while an increased number of neu-
trophils, especially juvenile subsets, was observed. Virus could be
ine fever in domestic pigs and European wild boar. Virus Res. (2012),

demonstrated in all major blood fractions, but over 90% were asso-
ciated with red blood cells. These findings are in agreement with
earlier observations by Detray and Scott (1957).  In contrast, Gomez-
Villamandos et al. (1997a) did not observe significant changes

dx.doi.org/10.1016/j.virusres.2012.10.026
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Table  1
Real-time PCR results from EDTA blood, oropharyngeal and faecal swab samples depicted as quantification cycle (cq) values. Wild boar were infected orally with 2 ml of
a  spleen suspension containing 106 tissue culture infectious doses 50% of the highly virulent Caucasian ASFV strain per ml. Domestic pigs were co-housed two days after
inoculation of the wild boar. Wb:  Wild boar; Dp: Domestic Pig; nd: not done. Grey shaded values indicate fever (±40 ◦C) at that time point. −Negative result in qPCR; †Animal
was  dead at this time point; *Serum instead of EDTA-blood sample.

Days post infection of wild boar

Animal Samples 0 1 2 3 4 5 6 7 9 13 17 20

Wb 1 Blood – nd – nd nd 23
Oropharyngeal swab – – – – nd – †
Faecal swab – – – – nd –

Wb  2 Blood – nd – nd nd 22 20 24
Oropharyngeal swab – – – – nd 37 37 37 †
Faecal swab – – – – nd – 38 -

Wb  3 Blood – nd – nd nd 28 22 23
Oropharyngeal swab – – – – nd – 38 34 †
Faecal swab – – – – nd 37 34 33

Wb  4 Blood – nd – nd nd 25 26 26
Oropharyngeal swab – – – 37 nd – 34 37 †
Faecal swab – – – – nd 30 29 33

Wb  5 Blood – nd 39 nd nd 25 23
Oropharyngeal swab – – – – nd 39 35 †
Faecal swab – – – – nd – 29

Wb  6 Blood – nd – nd nd 23 24
Oropharyngeal swab – – – 37 nd – 34 †
Faecal swab – – – – nd 35 32

i
p
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n

F
i
i
T
i
h
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r

Dp  1 Blood – nd nd nd 

Dp  2 Blood – nd nd nd 

Dp  3 Blood – nd nd nd

n total white blood cell counts, percentages of monocytes and
Please cite this article in press as: Blome, S., et al., Pathogenesis of African sw
http://dx.doi.org/10.1016/j.virusres.2012.10.026

latelets counts upon infection with the highly virulent Malawi
983 ASFV isolate (Haresnape et al., 1988), but lymphopenia and
eutrophilia was seen. This discrepancy may  arise from slightly

ig. 1. Gross pathological lesions in a European wild boar piglet. The boar (approx-
mately six months of age) was infected oronasally with 3 × 106 tissue culture
nfectious doses 50% (see table above) of the highly virulent Caucasian ASFV isolate.
his animal was  euthanized in a moribund state at eight days post infection, show-
ng severe depression, high fever (41.8 ◦C), tachypnoea, uncontrolled movements of
ind legs and inability to stand. (A) Acute diffuse ecchymosis and petechiae on the
ucosal surface of the stomach. (B) Kidney with numerous acute petechiae on the

enal cortex.
nd nd 39 nd – 21 20 †
nd nd – nd – 23 nd †
nd nd – nd – – nd 29*

different clinical courses. Moreover, interpretation of tendencies
by the authors varied to a certain extent. Even after infection with
the Kirawira isolate of ASFV, leukopenia barely reached patholog-
ical values (i.e. values <10 × 103 cells per �l) before the animals
succumbed to infection.

Other studies showed that acute infection with highly vir-
ulent viruses leads to a severe decrease of macrophages and
B-lymphocytes (reduction of 60% with respect to pre-infection
values) after a short period with increased B-lymphocyte counts
(probably due to polyclonal activation period of B-lymphocytes)
and an increase in macrophages at the beginning of infection
(Ramiro-Ibanez et al., 1997). In this study, severe leukopenia was
observed in global white blood cell counts 7 days post infection with
the highly virulent E70 isolate of ASFV. These findings coincided
with reduced relative numbers of lymphocytes and monocytes.
Affected lymphocyte subsets were, apart from the already men-
ine fever in domestic pigs and European wild boar. Virus Res. (2012),

tioned B-lymphocytes, CD4+ T-helper cells. Furthermore, CD8+

cytotoxic T-cells increased by the end of the first week.
Investigation of phenotypic antigens and activation markers

revealed that at the peak of viral titres, an increase is seen in both

Fig. 2. Mandibular lymph nodes of a crossbred weaner domestic pig (approximately
30 kg). This animal acted as in-contact control to European wild boar piglets which
were orally inoculated with 2 × 106 tissue culture infectious doses 50% (see table
above) of the Caucasian ASFV isolate. The animal was  brought into the same pen
three days after inoculation, and died 16 days after initial contact. Note high-grade,
acute, diffuse haemorrhages and enlargement.

dx.doi.org/10.1016/j.virusres.2012.10.026
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LA II (MHC-II) and CD8+ expression. These findings are accom-
anied by down regulation of IL-2 (CD25) receptor expression
Ramiro-Ibanez et al., 1997). As IL-2 is crucial for the modulation
f regulatory and effector lymphocyte functions, T-cell response
eems to be influenced. Similar changes in IL-2 receptor and SLA II
xpression were reported by Canals et al. (1995) after investigation
f ASFV-infected cell cultures.

Studies using a moderately virulent ASFV strain from the
ominican Republic (DR II, isolated in 1979) showed that virus
ould be found in the isolated erythrocyte fraction as well as in
lasma and mononuclear leukocytes from peripheral blood after
ro-nasal infection (Knudsen and Genovesi, 1987). In this case,
irus infection had only minor effects on the number of circulat-
ng leukocytes as just slight increases in neutrophils and decreases
n lymphocyte counts were observed early upon infection. Respon-
iveness of mononuclear cells to mitogenic stimuli was preserved
hroughout the trial. The latter disagrees with studies by other
uthors where severe impairment of responsiveness to mitogenic
timuli was observed (Gonzalez et al., 1990; Wardley, 1982).

Chronically infected animals were shown to exhibit marked
ifferences in blood count changes. During this disease course, B-

ymphocytes and macrophages showed an increase of 100% within
he first week after infection with the attenuated E75CV14 strain
ith a peak that coincided with high viraemia, onset of fever, and
etectable antibodies (Ramiro-Ibanez et al., 1997). These values
ere back to normal after the second week post infection. Both
D8+ and CD4+ T cells showed an elevation during the second week
f infection. In this case, both SLA I (MHC-I) and SLA II showed
n elevated expression on peripheral mononuclear cells indica-
ive for stimulation of the immune system. These findings were
n agreement with in vitro studies and findings in spleen tissue sec-
ions (Gonzalez-Juarrero et al., 1992a, 1992b). At the third week
ost infection, the expression was significantly decreased. This may
ave implications for viral clearance through an impaired antigen
resentation. Here again, a decrease in IL-2 receptor expression
as observed, underlining the possible role in the pathogenesis of

esions (Canals et al., 1995).

. Changes in primary target cells

.1. Susceptibility of monocyte/macrophages to ASFV infection
ncreases upon maturation

Without tick involvement, ASFV enters the body via the tonsils
r dorsal pharyngeal mucosa to the mandibular or retropharyngeal
ymph nodes, from where the virus spreads systemically through
iraemia (Greig, 1972; Plowright et al., 1994). Thereafter, the virus
s detectable in almost all tissues. Highest titres are observed in tis-
ues containing a large component of the mononuclear phagocyte
ystem (reticuloendothelial cellular elements) like the spleen and
ymphnodes (Heuschele, 1967).

The main target cells of ASFV, which are entered by endo-
ytosis, probably involving the mechanism of macropinocytosis
Sanchez et al., 2012), belong to the monocyte/macrophage lineage
Malmquist and Hay, 1960; Sanchez-Torres et al., 2003; Sierra et al.,
990). This cell population is highly diverse and comprises different
henotypes, activation and maturation stages. In addition, infection
f dendritic cells is observed which may  interfere with humoral
mmune responses (Gregg et al., 1995).

It was observed that different subsets of monocytes and
acrophages show a different susceptibility to ASFV, both in vivo
Please cite this article in press as: Blome, S., et al., Pathogenesis of African sw
http://dx.doi.org/10.1016/j.virusres.2012.10.026

Carrasco et al., 1992; Rodriguez et al., 1996a)  and in vitro.
one marrow derived cells and fresh blood monocytes are less
usceptible to in vitro infection than alveolar macrophages. In
eneral, it could be shown that cells of higher maturation stages
 PRESS
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expressing higher levels of macrophage specific markers and SLA
II antigens were most susceptible to ASFV infection. Especially
expression of CD163, an acute phase regulated receptor, and sur-
face antigen 4E9 (now known as porcine CD107a, or lysosomal
associated membrane protein 1) correlates with permissiveness to
ASFV infection (Sanchez-Torres et al., 2003). The fact that infection
could be inhibited by anti-CD163 or anti-4E9 monoclonal antibod-
ies demonstrates that both antigens play a role in the initial stages
of viral infection (Sanchez-Torres et al., 2003). This is an interesting
finding as it is known that CD163+ monocytes produce more TNF-�,
express high levels of adhesion molecules and are better at pre-
senting antigens to T-cells when compared to CD163− monocytes
(Chamorro et al., 2005). This may  have an impact on the influence
on endothelial cells and apoptosis induction capacity as well as
the timeframe of pathogenesis. The more mature scavenger type
macrophage seems to fulfil the needs for ASFV replication much
better than monocytes. One explanation could be the need for rapid
vesicle acidifications and lysosomal enzyme activity (Basta et al.,
1999). Nevertheless, further investigations are needed to confirm
and consolidate these results.

In peripheral blood of experimentally infected animals, mainly
monocytes and macrophages are positive for viral p30 antigen as
shown by flow cytometric analyses with a maximum percentage
ranging from 6 to 31% at days 7–9 post infection with an attenuated
strain and at day 5 after virulent ASFV infection (Ramiro-Ibanez
et al., 1995). The above mentioned influence of the maturation
state may  explain the relatively low number of infected cells on
the peak of infection and thus viral replication. In addition to the
monocyte/macrophage subset, a small proportion of granulocytes
(7–21% of all infected cells) is also infected. Neither time point after
infection nor virus isolate led to significant differences regarding
affected cell subsets (Ramiro-Ibanez et al., 1995). Infection of neu-
trophils was  confirmed by Carrasco et al. (1996d) who could show
that both mature and immature neutrophils can harbour virus.
Especially the latter are discussed as transport vehicles for virus
spreading (Gomez-Villamandos et al., 1997a).

3.2. Secretory and phagocytic activation of
monocyte/macrophages leads to proinflammatory and
procoagulant responses

Upon ASFV infection, several macrophage subpopulations
show signs of secretory and/or phagocytic activation. Moreover,
destruction of monocytes/macrophages leads to release of cel-
lular components. Activated monocytes/macrophages secrete a
wide range of mediators including proinflammatory cytokines
such as IL-1, IL-6, and TNF-� (Murtaugh et al., 1996). These
cytokines can trigger acute phase reactions, inflammation, acti-
vation of endothelial cells, and apoptosis. Among these factors,
TNF-� is particularly important (Gomez del Moral et al., 1999).
It can induce vascular changes (vasodilatation and increased per-
meability) and modulates the activation status of the vascular
endothelium (procoagulant/anticoagulant). Moreover, TNF-� is
involved in the control of apoptosis.

It could be demonstrated that an increase in the production of
TNF-�, IL-1� and IL-1�, and IL-6 coincides with onset of fever, vas-
cular damage, and changes in lymphoid structures (Salguero et al.,
2002). Detection of cytokines in tissues correlates with detection
of VP73 antigen in cells of the monocyte/macrophage lineage and
an increase in serum levels of TNF-� and IL-1�.

Comparison of cytokine responses in macrophages infected
in vitro with low and highly virulent ASFV strains indicate that
ine fever in domestic pigs and European wild boar. Virus Res. (2012),

attenuated strains show an altered response favouring cytokines
involved in cellular immunity, namely IFN-� and IL12p40 (Gil  et al.,
2008). Thus, survival of animals may  at least partly depend on the
nature of cytokine responses. An interesting finding in line with

dx.doi.org/10.1016/j.virusres.2012.10.026
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oth above mentioned considerations is that pulmonary intravas-
ular macrophages but not alveolar macrophages are infected
Carrasco et al., 2002; Oura et al., 1998b). Infection of these cells
eads to intense activation and consequently expression of IL-1�
nd TNF-�. A clear correlation was observed between this cytokine
esponse and interstitial oedema and fibrin microthrombi forma-
ion in septal capillaries (Carrasco et al., 2002). These findings were
upported by earlier studies of the same group that showed that
ctivation of pulmonary intravascular macrophages could play a
ajor role in the genesis of lung-associated lesions (Carrasco et al.,

996a).

. Viral distribution, secondary replication sites and
athomorphological correlates

.1. Viral replication leads to widespread lymphoid depletion
hrough destruction and apoptosis of monocyte/macrophages and
ninfected lymphocytes

Immunohistochemical studies upon infection with moder-
tely and highly virulent ASFV strains showed that infection
nd depletion is initially found in monocytes/macrophages in
ymphoid organs, especially lymphnodes and spleen (Ramiro-
banez et al., 1997; Rodriguez et al., 1996a). Later on, additional
ell types in various organs including megakaryocytes (Edwards
t al., 1985), tonsillar epithelial cells (Gomez-Villamandos et al.,
997b; Rodriguez et al., 1996a),  hepatocytes, kidney cells
nd endothelial cells (Gomez-Villamandos et al., 1995a)  get
nfected. In vivo haemadsorption is observed in hepatic sinu-
oids, lymph sinuses, and red splenic pulp (Sierra et al.,
991).

In the liver, Kupffer cell infection is accompanied by activa-
ion, erythrophagocytosis, in vivo haemadsorption, and lymphocyte
ttachment (Gomez-Villamandos et al., 1995b). It was observed
hat Kupffer cell and sinusoidal circulating cell counts increase
nitially, and that the former show secretory activation in terms
f IL-1�, TNF-�, and IL-6 expression (Sanchez-Cordon et al.,
008). Thus, infectable cells are concentrated. Fibrin networks and
icrothrombi are found in sinusoidal lumina of peripheral lobular

reas. Beside this macrophage population, infection of endothelial
ells is observed from seven days post inoculation with highly viru-
ent ASFV such as the Malawi ’83 strain (Gomez-Villamandos et al.,
995b).

The kidney is another organ with severe pathomorphologi-
al changes including haemorrhages. In acute ASF, proliferative
lomerulonephritis including hyperplasia of collecting ducts
Gomez-Villamandos et al., 1995c, 1995d)  is seen while in sub-
cute forms immune-mediated, subendothelial and mesangial
eposits of immunoglobulins and complement prevail (Hervas
t al., 1996a).  Haemorrhages seen in the kidney are attributed by
ifferent authors to endothelial dysfunction, aggravated by virus
eplication in endothelial cells in the finals stages of the disease
Gomez-Villamandos et al., 1995c).  In contrast, other groups dis-
uss endothelial damage as direct cause for the observed petechiae
Sierra et al., 1989). Upon acute infection with highly virulent
SFV strains, the renal interstitium exhibits intense oedema and
acrophage infiltrates. ASFV replication in mesangial cells and

enal collecting duct epithelial cells could account for virus in
rine (without haematuria) (Gomez-Villamandos et al., 1995d).

n addition, virus replication in fibroblasts and smooth muscle
ells of small blood vessels is seen in later stages. In case of
Please cite this article in press as: Blome, S., et al., Pathogenesis of African sw
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ubacute and chronic forms, immune mediated events including
mmune-complex deposits are discussed as a cause of intersti-
ial haemorrhages associated with diapedesis (Hervas et al., 1996a,
996b).
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Besides general lymphoid depletion in the spleen, infected
macrophages attached to smooth muscle cells were observed in
the splenic cords of affected animals upon highly virulent infection.
These cells rapidly disappeared and were replaced by numerous
erythrocytes associated with fibrin deposits. Fibrin deposition and
platelet activation was probably due to the exposure of collagen
upon destruction of infected macrophages (Carrasco et al., 1997a).

In the tonsils of acutely infected animals, an increased number
of monocytes/macrophages was  observed along with an increase
in the expression of proinflammatory cytokines (especially TNF-�
and IL-1�). This finding was  accompanied by lymphocyte apoptosis
(Fernandez de Marco et al., 2007).

Comparison of moderately and highly virulent ASFV strains
showed no general differences in terms of cell tropism or organ
distribution, but significantly more severe tissue destruction with
increasing virulence (Oura et al., 1998a).  The cellular depletion
described above was previously attributed to necrosis, but it could
be shown beyond doubt that the changes are attributable to apop-
totic mechanisms (Carrasco et al., 1996c; Gomez-Villamandos et al.,
1995a; Oura et al., 1998a; Ramiro-Ibanez et al., 1996, 1997). It
concerns both infected cells of the monocyte/macrophage lineage
as well as a large number of uninfected lymphocytes (Ramiro-
Ibanez et al., 1996). Apoptosis is also present in lymphoid tissues
associated with tonsils, bronchia, and the gastrointestinal system
(Ramiro-Ibanez et al., 1997) as well as in the liver and kidney tissues
(Gomez-Villamandos et al., 1995a). Apoptotic cells have been found
from 2 to 4 days post infection onwards in spleen and lymphnodes,
and from day 3 post infection in the thymus (Oura et al., 1998a;
Salguero et al., 2002). These cells were mainly lymphocytes, both
in B- and T-cell areas of lymphoid organs (Salguero et al., 2002).
Order and extent of depletion of these cell subsets varied among
studies using different ASFV strains (Carrasco et al., 1996c; Oura
et al., 1998a; Ramiro-Ibanez et al., 1997).

In line with the findings in the tonsils, the appearance of lym-
phocyte apoptosis in splenic and thymic structures as well as
lymphnodes coincided with expression of TNF-�, IL-1� and IL-1�
by activated monocytes/macrophages (Salguero et al., 2005). Thus,
proinflammatory cytokines seem to be responsible for apoptosis
following ASFV infection.

Based on these findings, research groups subsequently identi-
fied several ASFV genes involved in programmed cell death both in
an inhibitory or an inducing manner (Afonso et al., 1996; Brun et al.,
1996; Chacon et al., 1995; Galindo et al., 2008; Hernaez et al., 2004a,
2004b; Hurtado et al., 2004; Nogal et al., 2001; Portugal et al., 2009;
Revilla et al., 1997; Rodriguez et al., 2002; Zsak and Neilan, 2002).

In contrast to changes seen in the course of acute-lethal
infection, the chronic course is characterized by a rather severe
hyperplasia of lymphoid organs as evidenced by enlarged lymphn-
odes with hypercellularity (Ramiro-Ibanez et al., 1997). In general,
immune complexes may  play a role in subacute ASFV infections
(Fernandez et al., 1992c).

In recovering pigs, Oura et al. (1998a) found that virus persisted
in lymphnodes and tonsils up to 48 days post infection. Virus was
located in cells surrounded by apoptotic lymphocytes (up to 32 dpi).
This confirms again the role of apoptosis of uninfected lymphocytes
induced by cytokines released by infected macrophages.

4.2. Haemorrhagic lesions are associated with release of
cytokines by infected monocyte/macrophages rather than direct
endothelial cell damage

Infection and destruction of monocytes/macrophages in lym-
ine fever in domestic pigs and European wild boar. Virus Res. (2012),

phoid organs coincides with the appearance of first haemorrhagic
lesions in these organs starting from day 3 post infection
with a virulent ASFV strain (Salguero et al., 2005). Among the
sites with frequent haemorrhages are gastro-hepatic and renal

dx.doi.org/10.1016/j.virusres.2012.10.026


 ING Model

V

6 esearc

l
w
a
l
m
1
v
i
(

p
(
b
1
c
i
o
l
a
s
s
e

n
e
V
o
r

A
T
c
1
a

4
t

t
t

t
o
i
1
a
d
t
h
m
c

l
w
’
p
d
s
a
fi
(
w
a
s
i

ARTICLEIRUS-95865; No. of Pages 9

S. Blome et al. / Virus R

ymphnodes (haemorrhagic enlargement). Following infection
ith the Malawi ’83 isolate, these changes are accompanied by

ctivation of endothelial cells and fibrin deposition in the vessel
umina. Moreover, increased fenestration and exposure of basal

embrane to the blood stream could be observed (Carrasco et al.,
997b). Following infection with highly virulent ASFV isolates, acti-
ation of capillary endothelial cells was also accompanied by an
ncreased fibrinolytic activity and high levels of fibrin monomers
Villeda et al., 1995).

In early pathology and pathogenesis studies, the haemorrhagic
icture was attributed to direct infection of endothelial cells
Maurer and Griesemer, 1958). This hypothesis was strengthened
y in vitro infection of endothelial cells (Wilkinson and Wardley,
978) and demonstration of virus and viral antigen in endothelial
ells of kidney and liver (Fernandez et al., 1992a, 1992b).  Later stud-
es showed that only a minority of endothelial cells was  infected in
rgans with obvious haemorrhagic pathology, and that only in the
ate stages of the disease, infection of endothelial cells was found at
ll. At this time, haemorrhagic lesions had been present already for
ome days. For this reason, infection of endothelial cells does not
eem to be the primary cause of haemorrhage (Gomez-Villamandos
t al., 1997b; Perez et al., 1994).

It is now an acknowledged opinion that neither vascular
or lymphoid lesions are directly linked to viral replication in
ndothelial cells or lymphocytes (Carrasco et al., 1997a; Gomez-
illamandos et al., 1995a, 1995c).  These findings are in line with the
bservations known for several other viral diseases with haemor-
hagic lesions (Gomez-Villamandos et al., 2003; Lange et al., 2011).

Upon ASFV infection, activated endothelial cells coincide with
SFV replication in neighbouring monocytes and macrophages.
hus, stimulation of endothelial cells is likely to result from
ytokine release. Proinflammatory cytokines such as TNF-� and IL-

 are known to stimulate a procoagulant state of the endothelium
nd finally activate the coagulation cascade.

.3. Impairment of platelets and coagulation changes contribute
o evolution of a haemorrhagic syndrome

African swine fever virus infection is accompanied by
hrombocytopenia. This could either be due to impairment of
hrombocytopoiesis or peripheral consumption.

In order to investigate the first option, studies were undertaken
o explore the changes in bone marrow. Here, infection of 25–30%
f bone marrow megakaryocytes could be shown from six days post
nfection with the moderately virulent E75 strain (Rodriguez et al.,
996a, 1996b). This finding was consistent with the appearance of

 marked thrombocytopenia at that time. Thus, impairment and
estruction of platelet precursors could play an important role in
he genesis of thrombocytopenia. Infection of peripheral platelets,
owever, was rare. An explanation for this could be that infected
egakaryocytes are destroyed completely in the bone marrow

ompartment and do not further maturate into platelets.
In contrast, Perez et al. (1997) could only demonstrate a much

ower percentage of infected megakaryocytes both upon infection
ith a highly virulent (Malawi ’83) and a moderately virulent (DR

78) ASFV isolate. After infection with the highly virulent isolate, a
eak of 9.5% positive cells was reached at day seven and only little
amage was observed. Upon infection with the moderately virulent
train, less than 1% of megakaryocytes was infected but severe dam-
ge was seen together with markedly decreased numbers. These
ndings are quite in line with studies conducted by Edwards et al.
1985) who found that 2–10% of the megakaryocytes were infected
Please cite this article in press as: Blome, S., et al., Pathogenesis of African sw
http://dx.doi.org/10.1016/j.virusres.2012.10.026

ith an ASFV strain of moderate virulence. Furthermore, Edwards
nd Dodds (1985) could show in functional studies, i.e. platelet
urvival times using cohort labelling with [75Se] selenmethion-
ne, that despite obvious thrombocytopenia, thrombocytopoiesis
 PRESS
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was normal during infection as measured by incorporation of the
radionuclides into platelets. Gomez-Villamandos et al. (Gomez-
Villamandos et al., 1997a)  also demonstrated that neither vascular
changes nor viral replication in different bone marrow cell popu-
lations gave rise to impaired bone marrow functions. They even
observed an increased haematopoiesis. Thus, it remains debatable
whether impaired thrombocytopoiesis plays a major role in the
pathogenesis of thrombocytopenia in ASF despite the fact that bone
marrow lesions are observed.

Consumption of platelets in the periphery, the second dis-
cussed mechanism leading to thrombocytopenia, could be due to
microthrombi as a correlate for disseminated intravascular coag-
ulation. In acute forms of ASF, fibrin depositions with embedded
platelets are frequently observed (Rodriguez et al., 1996a).  Mech-
anisms leading to these microthrombi could include systemic
release of enzymes, cytokines, complement factors, and products
of the arachidonic acid metabolism. These factors are known as
pathogenetic mechanisms in other diseases featuring the same
clinical and pathomorphological correlates (Lange et al., 2011). It
has to be stated that the acute phase of thrombocytopenia coin-
cides with marked viraemia and high levels of immunoglobulin.
Thus, immune mediated microthrombi and aggregates involving
antigen-antibody complexes cannot be ruled out. In conclusion,
it seems likely that both impairment of thrombocytopoiesis and
peripheral consumption play a role in the genesis of thrombocyto-
penia.

Beside the obvious changes in count, both activation and
degranulation of platelets could be observed by Gomez-
Villamandos et al. (1996) after highly and moderately virulent ASFV
infection. This finding coincided with infection and activation of
monocytes/macrophages and probably the secretion of platelet
activating factors. After highly virulent infection, platelet aggrega-
tion and viscous metamorphosis was observed that coincided also
with endothelial lesions. In contrast, these changes were much less
prevalent in animals infected with the moderately virulent ASFV
strain. Virus positive platelets that may  contribute to the spreading
of the virus were observed in the final phase of the disease.

In pigs surviving the first weeks of infection, degranulation of
antibody-coated leukocytes led to secondary platelet aggregation
and vasoactive amine release facilitating immune-complex depo-
sition, e.g. in glomeruli (Slauson and Sanchez-Vizcaino, 1981).

Another factor of haemostasis is the coagulation system. Infec-
tion with virulent ASFV isolates leads several coagulation changes
that can be measured through clotting times. In detail, ASFV infec-
tion leads to a prolongation of the activated partial thromboplastin
time (aPTT), prothrombin time (PT), and thrombin clotting time
(TCT) from 4 days post infection onwards. These findings are accom-
panied by the above mentioned acute thrombocytopenia and an
increase in factor VIII-related antigen (Edwards et al., 1984). In
addition, Villeda et al. (1993b) could show that apart from pro-
longation of aPTT and PT, reduced levels of coagulation factors are
present in plasma upon highly virulent ASFV infection. This could be
either attributed to excess of consumption (disseminated intravas-
cular coagulation, DIC) or decreased production. The latter is less
probable as almost normal liver enzyme activity was  observed in
the course of the underlying infection. While the aPTT is a marker
for the intrinsic coagulation pathway that is often affected in the
course of DIC syndromes, prolonged PT-values are indicative for an
involvement of the extrinsic coagulation pathway. Taken together,
the observed increases are indicative for a more global activation
of the coagulation system.

Moreover, activation of the fibrinolytic system was observed
ine fever in domestic pigs and European wild boar. Virus Res. (2012),

(Villeda et al., 1993b). Activation of the coagulation system can
be achieved by expression of tissue factor (coagulation factor III)
by endothelial cells. This phenomenon is observed at least in vitro
upon ASFV infection (Vallee et al., 2001) and could be explained

dx.doi.org/10.1016/j.virusres.2012.10.026
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y procoagulant mediators released by infected macrophages. In
he respective experiments in porcine aortic endothelial cells,
hese findings were accompanied by inhibition of inflammatory
esponses. Another possibility is the impairment of degradation of
ctivated coagulation factors and impaired production of coagula-
ion factors in the liver. While the former seems to be among the
ptions, the impact of disturbed production seems rather moder-
te as only few hepatocytes are infected and haemorrhages are seen
uch earlier than infection of non-macrophage cells.
Concluding, there is evidence for a DIC as global coagulation

ests show prolonged clotting times, decreased levels of fibrino-
en are observed, and consumption of coagulation factors can be
een along with reduced levels of plasminogen (Villeda et al., 1993a,
993b).

.4. Additional cytokine and acute phase responses link
athogenesis and immune response

Different studies on host range and virulence of ASFV demon-
trated that IFN response and its control by viral gene products
lay a major role in determining the virulence of ASFV isolates
Afonso et al., 2004). Attenuated ASFV strains that lack the host
ange determinant have been shown to induce myxovirus resis-
ance (Mx) genes that are known to mediate the antiviral response
o several RNA viruses. Recently, it was shown that Mx  gene prod-
cts are also able to inhibit the replication of ASFV in vitro and may
hus also mediate the antiviral state towards ASFV (Netherton et al.,
009).

An acute phase response has been observed upon highly virulent
SFV infection as evidenced by increased serum concentrations of
-reactive protein (CRP), serum amyloid A (SAA), and haptoglobin
tarting from day 3 post infection (Sanchez-Cordon et al., 2007).
cute phase proteins are mainly synthesized by hepatocytes upon
ytokine stimuli, especially proinflammatory mediators such as
NF-�, IL-1, and IL-6. Activated Kupffer cells can lead to induction
f an acute phase response. In turn, Kupffer cells can be activated
y proinflammatory cytokines such as TNF-� or IL-1 (Gabay and
ushner, 1999). In the study mentioned above, high serum concen-

rations of SAA and CRP coincided with high serum concentrations
f IL-1 and expression of IL-1 and TNF-� by Kupffer cells. The high-
st haptoglobin concentration coincides with the largest number of
L-6-secreting hepatic macrophages. No impairment of this unspe-
ific immune response could be observed.

In an additional study, Carpintero et al. (2007) demonstrated
igh levels of pig major acute phase protein and a decrease
f apolipoprotein A-I is seen upon ASFV infection. In this case,
aptoglobin levels were significantly increased, but only minor dif-

erences were seen for C-reactive protein.
In addition, it was recently shown that some serological

esponses have a direct impact on the pathogenesis: some anti-
odies show higher titres in animals developing lesions, e.g.
ntibodies against the K196R/thymidine kinase, while an effective
mmune response is accompanied by antibodies raised against the
104R/histone like protein (Reis et al., 2007). Moreover, recovery of
wine leucocyte antigen expression during ASFV infection is indica-
ive for an effective immune response and influences viral clearance
replacement/survival of macrophages in the spleen) (Gonzalez-
uarrero et al., 1992a).

. Résumé and gap analysis
Please cite this article in press as: Blome, S., et al., Pathogenesis of African sw
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The pathogenesis of ASF shares several features with viral
aemorrhagic fevers of humans and animals. Among these are (1)
rimary replication in cells of the monocyte/macrophage lineage,
2) occurrence of cytokine-mediated lesions including apoptosis of
 PRESS
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uninfected lymphocytes, (3) activation of endothelial cells and the
coagulation system, and (4) impairment of innate immune func-
tions. Despite these parallels and the possibility to conclude from
research in these related fields, neither virulence factors nor disease
mechanisms are fully understood. Gaps are especially related to the
role of host factors, the differences of ASFV strains concerning their
virulence, mechanisms and implications of chronic disease courses,
and the role of ASF-specific immunity for pathogenesis. The under-
standing of these major points might be the key element for the
development of a first efficacious ASF vaccine.
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