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Summary. Monocytes-macrophages, the target cells of African swine fever virus
(ASFV) are highly heterogeneous in phenotype and function. In this study, we
have investigated the correlation between the phenotype of specific populations of
porcine macrophages and their permissiveness to ASFV infection. Bone marrow
cells and fresh blood monocytes were less susceptible to in vitro infection by
ASFV than more mature cells, such as alveolar macrophages. FACS analyses of
monocytes using a panel of mAbs specific for porcine monocyte/macrophages
showed that infected cells had a more mature phenotype, expressing higher levels
of several macrophage specific markers and SLA II antigens. Maturation of mono-
cytes led to an increase in the percentage of infected cells, which correlated with an
enhanced expression of CD163. Separation of CD163™ and CD163™~ monocytes
demonstrated the specific sensitivity of the CD163™ subset to ASFV infection.
In vivo experiments also showed a close correlation between CD163 expression
and virus infection. Finally, mAb 2A10 and, in a lower extent, mAb 4E9 were
able to inhibit, in a dose-dependent manner, both ASFV infection and viral particle
binding to alveolar macrophages. Altogether, these results strongly suggest a role
of CD163 in the process of infection of porcine monocytes/macrophages by ASFV.

Introduction

African swine fever virus (ASFV) is an enveloped icosahedral deoxivirus that
shares structural and genetic characteristics with viruses in the families Poxviridae
and Iridoviridae and has been classified in a new family, named Asfarviridae, of
which it is the sole member [17]. ASFV replicates mainly in porcine cells be-
longing to the monocyte/macrophage lineage [16, 36]. Entry of ASFV into swine
macrophages involves a mechanism of receptor-mediated endocytosis, in which
saturable binding sites have been demonstrated [1]. Moreover, Galindo et al. [21]
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have reported virus attachment to still unknown proteins on the membrane of
susceptible cell lines, showing that neither carbohydrates nor lipids are involved
in the process. In vivo, resident macrophages infected by ASFV are concentrated
in specific areas within lymphoid organs, while they are virtually absent in oth-
ers [27, 36]. Likewise, in acute infections, only a limited percentage of blood
monocytes (6-30%) become infected by ASFV [41]. These in vivo observations
suggest a different susceptibility to ASFV among subpopulations of porcine mono-
cytes/macrophages, which has been supported by in vitro studies [34, 49]. Similar
findings have been also reported for a number of viruses that infect cells of the
monocyte/macrophage lineage [15, 20, 22, 43], probably as a consequence of the
heterogeneity of these cell populations. The difference in permissiveness among
different cell subtypes could be explained either by the expression of virus specific
membrane molecules necessary for virus attachment/entry [14] or by intracellular
factors [12, 33], essential for viral replication.

Monocyte/macrophages display important differences in morphology, pheno-
type and functional capabilities depending on multiple factors, such as their origin,
maturation or activation stage of the cells, or signals from the local microenviron-
ment [45]. In several species, monoclonal antibodies (mAbs) raised against surface
proteins have been shown as useful tools to investigate such heterogeneity. For
instance, human blood monocytes can be separated into distinct subpopulations
on the basis of CD14, CD16 and CD64 expression, with different degrees of
maturation according to the expression of other surface markers (CD33, MHC
class II, CD11b, CDl11c, etc), as well as diverse functional activities [29, 51].

In swine, only five clusters of differentiation specific of the myeloid lineage
have been defined so far, i.e. CD14, CD16, SWC3, CD163 and SWC9, and only
the latter two are restricted to macrophages [18, 48]. We have described a panel
of mAbs against several membrane proteins of porcine monocytes/macrophages
[6, 7], among which 2A10 has been shown to identify porcine CD163 [46].
These mAbs allow definition of subpopulations of tissue macrophages and blood
monocytes [7, 13, 46].

In the present study we find a high correlation between the expression of some
of these molecules, particularly 2A 10, and the susceptibility to infection by ASFV.
In addition, mAb 2A10 inhibits the binding of ASFV to macrophages, interfering
with virus infection. These results suggest a role of CD163 in the process of
infection of porcine monocytes/macrophages by ASFV.

Materials and methods

Cells

Twenty Large-White outbred pigs, were used as cell donors over different periods of time.
Alveolar macrophages were collected by alveolar lavage as previously described [11], washed
with Hanks buffer containing 2mM EDTA and frozen until use. Swine PBMC were isolated
on Percoll discontinuous gradients after blood sedimentation in dextran, as has been de-
scribed [26]. Adherent mononuclear cells were obtained by culturing PBMC for 2h at 37 °C
on plastic flasks. Bone marrow cells were obtained perfusing ribs with phosphate-buffered
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saline (PBS). Red cells and non-viable cells were removed by centrifugation at 400 x g, 10 min
on Lymphocyte separation medium (Biowhittaker). Cells recovered from the interphase were
washed and resuspended in RPMI1640 medium (Biowhittaker) containing 10% FCS and
50 WM 2-mercaptoethanol. Alveolar macrophages, the adherent cells from PBMC, and bone
marrow cells were cultured in 6-well plates at 5 x 10° cells/well in RPMI medium containing
10% fetal calf serum, 20% pig serum, 2 mM L-glutamine, 50 @M 2-mercaptoethanol, 20 mM
Hepes and 30 p.g/ml gentamycin. For in vitro infection assays, cells were incubated with ASF
viruses at a multiplicity of infection (m.o.i) of 10 for 2h at 37 °C. Cells were then washed
several times with Hanks buffer, and fresh medium added. Twenty-two hours later, cells were
detached with PBS containing 10 mM EDTA and harvested for assay.

Viruses

The virulent ASFV isolate Spain-75 (E75) was obtained from spleen homogenates of infected
pigs. Virulent isolates were prepared by one or two passages on buffy coat cell cultures (E75L)
as described [44]. E75MS13 isolate was attenuated by 13 passages on MS cells. Virus titration
was performed on swine PBMC and expressed as TCIDsop/ml as described elsewhere [26].
Recombinant virus 1207VRATK-gal, has been described elsewhere [23].

Monoclonal antibodies

Description of mAbs to leukocyte surface antigens used in this study is given in Table 1. All
mAbs were developed and produced in our lab [5-9, 19, 40] except TUK-4, purchased from
DAKO, 74-22-15 a gift from J. Lunney, and G7 and PM18-7, gifts from Y. B. Kim [18]. MAb
174F11.8 to ASFV p30 [50] was kindly provided by D.L. Rock.

Immunofluorescence assays

For single-color immunofluorescence analysis, 2 x 10° cells were incubated with 50 11 of
hybridoma supernatant (primary mAbs) for 30 min at4 °C. They were then washed three times
with PBS containing 0.1% BSA and 0.01% NaN3 (fluorescence buffer, FB) and incubated
with FITC-conjugated goat F(ab'), anti-mouse Ig (Dako), diluted 1/50 in FB, for 30 min at

Table 1. Monoclonal antibodies used in this work

mAb Isotype Specificity Reference
2A10 Gl CD163 7,46
2C12 G2b ND 7
4E9 Gl ND 7
3F7 Gl ND 7
3B11 Gl ND 7
4B7 G2a SLAI 5
1F12 G2b SLAII 8
2A5 Gl CD45 9
1H6 G2a CD5 40
2F4 Gl wCDI1113 6, 19
TUK-4 G2a CD14 18
G7 Gl CD16 18
74-22-15 G2b SWC3 18
PM18/7 Gl SWC9 18
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4°C. Cells were washed four times in FB, fixed in 0.1% paraformaldehyde and analyzed
in a FACScan flow cytometer (Becton Dickinson). For two-color immunofluorescence, after
adding the secondary FITC-conjugated antibody, cells were incubated 30 min at 4 °C with
a biotin-labeled second mAb diluted 1/20 in FB. Then, cells were washed three times and
incubated with PE-conjugated streptavidin (Southern Biotechnology) diluted 1/1000 in FB,
for 20 min at 4 °C. After washing, cells were fixed and analyzed as described above.

Isolation of CD163% and CD163™ cells

Cells were magnetically isolated using the VarioMACS cell sorter technique (Miltenyi Biotec).
103 PBMC were incubated with 10 ml of 2A10 hybridoma supernatant for 45 min on ice.
Then, cells were washed twice with PBS containing 5% FCS and 2mM EDTA (MACS
buffer) and incubated for 15 min on ice with 20 w1/107 cells of MACS goat anti-mouse IgG
magnetic microbeads. After washing with MACS buffer, PBMC were passed through a MACS
separation column, and magnetically labeled cells (CD163™ fraction) were collected. The
effluent fraction was then incubated with 74-22-15 hybridoma supernatant (anti-SWC3) and
MACS microbeads, as described above. Cells were passed through the separation column and
CD163~ SWC3™ cells were harvested (CD163~ fraction).

Animal infection procedures

A total of 20 three-month old Large-White pigs were used in two separated experiments. Pigs
were i.m. inoculated in the shoulder with 10° TCIDsq of the E75L isolate. Blood samples
were daily collected from two inoculated animals. Two pigs injected with saline solution were
used as controls.

Virus infection blocking assay

For assessing mAb blockade of ASFV infection, alveolar macrophages (10°) were incubated
during 30 min at 4 °C with various mAb concentrations. Then, cells were infected with 100
PFU of the recombinant ASFV 1207VRATK-gal. This virus allows determining the number
of infected cells by chromogenic dye staining, as described [23]. After 2 h of incubation at
4°C, cells were washed twice, fresh medium was added and incubated at 37 °C. Fourteen
hours after infection, infected macrophages were revealed with X-Gal. Infection reduction
data were obtained from three independent experiments and referred to the total infected cells
obtained in absence of mAbs.

Virus binding assay

For binding competition experiments 10° macrophages were incubated with antibodies (2 jg)
at 4 °C for 30 min; subsequently Percoll purified 1207VRATK-gal virus, radiolabelled with
35 [SIMet/Cys (300 wCi/ml), was added [23]. Cells were maintained at 4 °C and, at various
times after virus addition, supernatant was discarded and cells washed three times with fresh
medium. Then 2% SDS buffer was added, and radioactivity in the solubilized fraction was
measured in a liquid scintillation counter (Wallac).

Dot-blot assay for binding of ASFV to porcine CDI163

Percoll purified ASFV, equivalent to 0.5 jug of protein, or equivalent amounts of baculovirus
or porcine CD163, which had been purified by affinity chromatography using mAb 2A10 [46],
were blotted to nitrocellulose membranes. Membranes were exhaustively washed with PBS
and removed from the blotting device. Nonspecific binding sites were blocked with 5% non-
fat milk powder in PBS. Dots were then incubated with 0.1 pg of CD163 which was diluted
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in PBS containing 5% milk powder and allowed to attach for 4 h at room temperature. A
set of duplicated dots was incubated with PBS-5% milk powder, as control. The membranes
were washed three times with PBS, and incubated with mAb 2A10 diluted in PBS-5% milk
powder for 1h. Finally, membranes were incubated with rabbit-anti-mouse Ig conjugated
with peroxidase and visualized with the ECL detection assay (Amersham) according to
manufacturer’s indications.

Results

Susceptibility of different populations of porcine
monocytes/macrophages to ASFV infection

We first analyzed the susceptibility to ASFV infection of cells representing three
different maturation stages within the macrophage cell lineage: bone marrow pre-
cursors (SWC3™ bone marrow cells), blood monocytes and alveolar macrophages.
SW(C3, a molecule that is expressed at high levels along all stages of the myeloid
differentiation pathway [18, 48], was used throughout this study as a marker to
select the analyzed cells. More than 75% of bone marrow cells and all monocytes
and alveolar macrophages expressed SWC3. When these cells were infected in
vitro with ASFV, different degrees of viral infection were found. Level of infection
was monitored by flow cytometry using a mAb against viral protein p30, a viral
early-late protein that is incorporated in the plasma membrane [50]. At 24 h post-
infection (pi), p30 expression was detected on 7 4= 1% of SWC3™ bone marrow
cells, 18 &= 7% of blood monocytes, and 76 £ 9% of alveolar macrophages. Similar
results were obtained using both virulent and attenuated viruses. These data
are consistent with a higher permissiveness of mature macrophages to ASFV
infection.

Phenotypic analysis of blood monocytes infected by ASFV

Since only a low percentage of circulating monocytes become infected by ASFV,
we investigated a possible correlation between infection and a particular phe-
notypic feature of these cells. To study the phenotype of cells we used mAbs
summarized in Table 1. Some of the antigens recognized by these mAbs, such as
SWC3, wCD11R3 and CD16, are highly expressed on granulocytes, monocytes
and alveolar macrophages; others, such as 4E9, 2A10 and 3F7, are expressed by
all alveolar macrophages but only by a subset of blood monocytes, and seem to be
associated with the maturation or differentiation stage of the cells in this lineage
[7, 13, 46].

Two-colour FACS analysis with mAbs 4E9, 2A10, 3F7, anti-SLA-I, anti-
SLA-II, anti-wCD11R3 and anti-SWC3 versus mAb anti-ASFV p30 showed that
infected monocytes, expressing p30, coexpressed high levels of 4E9, 3F7 and
SLA II antigens (Fig. 1). The majority of CD163™ cells expressed p30; however,
there was a reduction in the number of CD163™ cells upon infection, that was
equivalent to the number of CD163~ p30™ cells, suggesting a downmodulation
of this antigen by viral infection. No significant differences were observed in the
level of expression of wCD11R3 and SWC3 molecules between p30™ and p30~
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Fig. 1. Two-colour flow cytometric analysis of ASFV-infected (INFECTED) compared to

mock treated (MOCK) blood monocytes. Blood monocytes were stained 24 h.p.i with anti-p30

and FITC-conjugated goat anti-mouse Ig (x-axis), followed by labelling with biotin labelled

mAbs specific for indicated antigens and streptavidin-PE (y axis). A biotinylated irrelevant

mAb of IgGl isotype (IRR. mAb) was used as negative control. Numbers indicate the

percentage of cells in the corresponding quadrants. Results shown are from one representative
experiment of three performed

cells. These results suggest that ASFV-susceptible blood monocytes are associated
with a CD1631T3F7T4E9+SLA I1Me? phenotype.

Since phenotypical changes have been reported in cells upon ASFV infection
[27, 34, 42], we compared the fluorescence intensity of different markers on
infected versus non infected cells. Figure 2 represents the variation in the mean
fluorescence intensity of each marker on in vitro infected monocytes and alveolar
macrophages in comparison to uninfected cells, 24 h after the addition of the
virus. The levels of expression of most of these antigens did not vary significantly
after infection. However, a clear down-modulation of CD16 and CD14, and an
up-regulation of 2C12 antigen was seen. 4E9 antigen increased up to 150% in
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Fig. 2. Effect of ASFV infection on the expression of different leukocyte surface antigens.

Blood monocytes and alveolar macrophages were infected with the ASFV isolate E7T5MS13

(m.o.i. of 10) and 24 h later stained with the different mAbs and analysed by flow cytometry.

The values are expressed as % of variation in mean fluorescence intensity (MFI) compared
with non-infected cells. Data represent the mean =+ SD of five experiments

infected alveolar macrophages but only slightly in monocytes. As above noted,
CD163 antigen decreased consistently its expression in infected blood monocytes,
but not in alveolar macrophages.

Susceptibility of cultured blood monocytes to ASFV

Since our results suggested a correlation between a maturation stage and suscepti-
bility to infection, we tested whether blood monocyte-derived macrophages were
more susceptible to infection by ASFV than freshly isolated monocytes. Blood
monocytes maintained in culture in the presence of homologous serum increased
in size and complexity, becoming morphologically similar to tissue macrophages.
One, 3 and 6 days-old monocytes, cultured in medium containing 20% pig serum,
were infected with ASFV (m.o.i. 10) and p30 expression was measured 24 h
after virus addition. The percentage of p30™ cells increased progressively with
monocyte culture time with values of 22 4+ 5%, 44 + 5% and 50 8% in 1, 3 and
6 days-old cultures, respectively. However, infection levels obtained in alveolar
macrophages were never reached.

We also analyzed the change in the expression of cell surface antigens resulting
from the culture of monocytes with pig serum. The percentage of cells expressing
the CD163 and SWC9 antigens increased with the time in culture, whereas the
number of cells that expressed the 4E9 and 3F7antigens tended to diminish. For
all the other markers there was no significant change in the percentage of cells
expressing them, in spite of some changes in the intensity of fluorescence (not
shown). According to these results, CD163 and SWC9 antigens can be considered
as maturation markers within the monocyte/macrophage differentiation pathway.
Figure 3 shows the expression kinetics of both molecules in comparison to the
percentage of virus susceptible cells throughout the time of culture. As can be
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Fig. 3. Correlation between expression of CD163 and SWC9 antigens on monocytes and

their susceptibility to ASFV infection. Blood monocytes were infected with ASFV isolate

E75MS13 (moi 10), after 0, 1, 3 or 6 days in culture. Infection susceptible monocytes at each

time were determined as monocytes stained by mAb 174F11.8 (anti-vp30), 24 h after virus

addition to the cultures (A, right y-axis). For comparison, % of CD163 (<>) and SWC9 (1)

positive monocytes at different culture times is plotted in the left y-axis. Results shown are
mean 4 SD of five independent experiments

observed, there is a higher correlation of the number of ASFV susceptible cells
with the expression of CD163, as evidenced by the almost identical slope of both
curves (r=0.94), in contrast to the SWC9 expression curve (r =0.86).

ASFV infection of CD163% and CD163~ isolated blood monocytes

To further investigate the relationship of the CD163" phenotype with susceptibil-
ity to ASFV infection in blood monocytes, the CD163" and CD163~ monocyte
subpopulations were magnetically sorted from PBMC into CD163" monocytes
and CD163~ monocytes. This separation rendered typical yields of 2% (CD163™T)
and 8% (CD1637) of total PBMC. FACS profiles of CD163" and CD163~ sub-
populations 12 h after separation are shown in Fig. 4A to illustrate the homogeneity
of these preparations. Cells were infected with ASFV, and the percentage of p30
expressing cells determined 24 h later (Fig. 4B). p30 expression was minimal on
CD163™ cells (6.5 +0.2%), even though a m.o.i. of 10 was used. In contrast, a
significant percentage of CD163" cells were clearly infected (39 4 8%). When
p30 expression was determined 48 h after infection, there was an increase in the
number of infected cells within the CD163™ population (12 4+ 2%) concomitant
with the up-regulation of CD163 antigen expression (40% of CD163" cells after
48 h culture). These data strongly support a direct association between the CD163
phenotype and susceptibility to ASFV infection.

Phenotypic analyses of in vivo ASFV-infected cells

We next examined changes in peripheral blood monocytes expressing CD163
in pigs following experimental infection with the virulent E75L ASFV isolate.
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Fig. 4. Susceptibility of CD163% and CD163~ monocyte subsets to ASFV infection.
Blood monocytes magnetically fractionated into CD163" and CD163~ subpopulations were
infected with ASFV isolate E75L (moi of 10). A Expression of CD163 and SWC3 antigens in
both subpopulations 12 h after the separation procedure. B Expression of p30 in both fractions
24 h after infection. Open histograms correspond to background staining with fluorescent
conjugate alone. Results shown are from one representative experiment of three performed

A marked decrease in the absolute number of monocytes, identified as SWC3™
SSC°" was observed at day 3—4 pi that persisted until death of animals. This
decrease was more evident in the CD163™" cells, with a reduction higher than 80%
at day 6 pi, respect to the pre-infection levels (Fig. SA). ASFV p30 expression was
detected at day 2 pi in 9-19% of monocytes, and peaked at day 3—4 pi, when 30—
40% of monocytes were p30™. Moreover, as assessed by two-color flow cytometry,
the majority of these p30™ cells were CD163™ (Fig. 5B).

Inhibition of ASFV infection and cell binding using mAbs

We next tested the ability of mAb 2A10 to interfere ASFV infection of alveolar
macrophages. Cells were incubated with a panel of antibodies against porcine
leukocyte surface antigens, prior to infection with arecombinant ASFV expressing
the B-gal gene. The number of infected cells was determined fourteen hours later,
by staining with X-Gal. Only mAbs 2A10 and 4E9 had an effect on infection,
causing a significant reduction in the number of infected cells, in a dose-dependent
manner (Fig. 6A and B) . This reduction was specific and not due to a non-specific
blocking effect, since antibodies of the same isotype and/or against molecules
expressed at higher levels than CD163 and 4E9, such as wCD11R3, 2C12 or
SLA-I antigens, had no effect.

To determine the role of the antigens recognized by mAbs 2A10 and 4E9
during viral infection, binding competition experiments were performed with
radiolabeled virus and these mAbs. Results demonstrated that 120-240 min after
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Fig. 5. A Changes in the absolute numbers of SWC3™ (l) and CD163™" (A) monocytes (left
axis) in pigs inoculated with ASFV isolate E75. Bars represent the percentage of monocytes
expressing ASFV p30. B Two-colour flow cytometric analysis of blood monocytes from pigs
inoculated with ASFV isolate E75 at 3 dpi. Monocytes were gated from PBMC by their
side and forward light scatter. Cells were stained with anti-p30 and FITC-conjugated goat
anti-mouse Ig (x-axis) and with biotinylated mAbs anti-CD163, and anti-SLA-II-DR and
streptavidin-PE (y-axis). Irrelevant isotype-matched mAbs were used as negative controls.
Numbers indicate the percentage of cells in the corresponding quadrants

>
Fig. 6. A MAb inhibition of ASFV infection in alveolar macrophages. Cells (10°/well) were
incubated with the different mAbs (hybridoma supernatant) prior to infection with 100 pfu
of a recombinant ASFV expressing the B-gal gene. After 14 h incubation, infected cells were
revealed with X-Gal. B Cells were incubated with different concentrations of mAbs 2A10
or 4E9, prior to infection as described in A. In A and B, results are expressed as the mean
percentage of inhibition of ASFV infection relative to the control (cells not preincubated
with mAb). C Blocking of ASFV binding to alveolar macrophages by mAbs. Cells (10°)
were incubated with mAbs (2 ug) prior to the addition of purified (**S)-methionine/cysteine-
labeled ASFV. An irrelevant isotype-matched mAb was used as negative control. Results
are expressed as the mean £ SD cpm bound to cells at different times after virus addition,
from three independent experiments performed in triplicate. D Binding of CD163 antigen to
ASFV particles. Membrane was blotted with affinity chromatography purified CD163 antigen,
baculovirus or ASFV and incubated with 0.1 pg of CD163 antigen or buffer alone for 4 h at
room temperature. Dots were revealed with anti-CD163 mAb 2A10 plus rabbit-anti-mouse
Ig conjugated with peroxidase and visualized using the ECL reagent
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virus addition, inhibition of virus binding to macrophages by mAb 4E9 and 2A10
was higher than 50% as compared to an isotype-matched antibody control (Fig. 6C).
Simultaneous incubation of cells with a mixture of 2A10 and 4E9 mAbs resulted
in a slight increase of binding inhibition with respect to that obtained with the
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individual mAbs. These data suggest that CD163 and 4E9 antigens are involved
in initial steps of the ASFV infection related to virus-cell attachment.

ASFV binding to CD163 molecule was further examined by using a dot-
blot assay. Percoll purified ASFV was blotted onto nitrocellulose membranes and
incubated with affinity purified CD163 antigen. Binding of CD163 to the virus was
revealed with mAb 2A10. As shown in Figure 6D, purified CD163 antigen was
able to bind specifically to ASFV but not to baculovirus, that was used as a neg-
ative control. No signal was observed when incubation with CD163 antigen was
omitted. These findings reinforce the conclusion that CD163 is able to bind ASFV
particles, and therefore could be involved in the first stages of ASFV infection.

Discussion

African swine fever virus infects preferentially cells of the mononuclear phagocyte
system although remarkable differences in the susceptibility to infection have
been reported [16, 36, 49]. Mononuclear phagocytes show a high heterogeneity in
morphology and function, that has been attributed to factors such as the differen-
tiation/maturation stage, activation state, or the presence of specific cytokines or
extracellular matrix components within a particular anatomical microenvironment
[28, 45]. These morphological and functional differences are accompanied by
differences in the expression of surface molecules that may contribute to the
binding of virus to the cell, playing therefore a determinant role in the degree
of permissiveness to virus entry and replication.To approach the analysis of the
heterogeneity of the mononuclear phagocytic cells in the pig we have developed
a panel of monoclonal antibodies against porcine monocyte/macrophage surface
antigens. Using these antibodies we have been able to distinguish and extensively
characterize two subsets of blood monocytes as well as to identify different
subsets of tissue macrophages [7, 13, 46]. In the present study we investigate
the relationship between the phenotype of mononuclear phagocytes, and the
susceptibility of these cells to ASFV infection.

Our results show an increased susceptibility to infection by ASFV with the de-
gree of maturation of cells of the monocyte/macrophage lineage. Thus, while few
bone marrow myeloid cells are susceptible to infection, most alveolar macrophages
are infected. Furthermore, in vitro maturation of blood monocytes makes these
cells more susceptible to infection, rising the percentage of susceptible cells from
around 20% for freshly isolated monocytes to more than 50% after 6 days in
culture. These results are similar to those of McCullough and coworkers [3, 35],
although some significant differences were noted, so they did not find susceptible
cells in freshly isolated blood monocytes, and more strikingly they found only a
small fraction of alveolar macrophages susceptible to infection. These discrepan-
cies could be due to the use of different strains of ASFV. In fact, differences in
the tropism of different ASFV isolates have been previously reported [38].

By using two colour FACS, we found that most of the infected monocytes
expressed CD163, a marker that has been associated with maturation [46]. Since
in previous studies SWC1TSWC9T intermediate monocytic cells were identified
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as the earlier stage of cells of monocyte lineage susceptible to ASFV infection [35],
we analyzed the correlation of CD163 and SWC9 expression with susceptibility
to infection during in vitro maturation of blood monocytes into macrophages. In
these experiments we found a better correlation with the expression of CD163
(r=0.94 vs r =0.86). Moreover, as previously mentioned, around 20% of freshly
i1solated monocytes, which are SWC9 negative, were found to be susceptible to
infection. Furthermore, in a previous report we have shown that SWC9 expression
is subsequent to that of CD163 [13]. Definitive demonstration of the CD163*
phenotype of the ASFV susceptible population came from the experiments of
in vitro infection of separated CD163" and CD163~ subsets of blood monocytes,
which showed that only the former contained infection susceptible cells.

Besides this, other factors, not yet identified, seem also to play a role in
determining the susceptibility of the cells, as far as only a fraction of the CD163"
blood monocytes were infected. These additional factors could also explain the
differences previously mentioned of our results with those from other authors, i.e.,
in the infection of alveolar macrophages [3, 35], as they can influence the ability
to infect of the distinct ASFV isolates.

Other interesting fact observed in our experiments is the modulation of cell
surface molecules following ASFV in vitro infection. CD14 and CD16 reduced
their expression in both monocytes and alveolar macrophages; similarly the ex-
pression of CD163 antigen on infected monocytes was slightly lower than that of
non-infected monocytes. The reduction in the expression of these markers may
be the result of a downregulation of these antigens directly induced by virus-cell
interaction, as it has been reported in other viral models [37], or a consequence
of soluble mediators or cytokines released by infected cells [4]. However, this
reduction is not due to a general blockade of protein synthesis, since the expression
of other molecules such as SWC3, CD45 or SLA I was not affected or, as in the
case of the 2C12 and 4E9 antigens, even increased. This later antigen experiences
the biggest increase in expression of all the molecules analyzed, however this
increase was only found in alveolar macrophages.

2A10 and 4E9 mAbs inhibited ASFV infection and binding to alveolar macro-
phages suggesting a role for CD163 and 4E9 antigens in the initial steps of
the infection process, related to the viral attachment to cells. In fact, by using
an immunodot assay, we have been able to demonstrate binding of CD163 to
ASF virus. Many viruses use multiple receptors to enter the cell [30, 47]. In
some cases these receptors act sequentially, so binding to the first receptor is
required for binding to the second [47]. The first ASFV protein reported to be
involved in virus attachment to the host cell was p12 [2]. Afterwards, other
ASFV proteins (p72, p54 and p30) have been involved in virus neutralization.
Antibodies to p72 and p54 inhibit viral attachment to the host cell, whereas
antibodies to p30 inhibit viral internalization [24]. Moreover, p54 and p30 proteins
have been shown to bind to porcine alveolar macrophages and compete the virus
binding and internalization, respectively [25]. Thus, it is possible that the initial
binding of ASF virus to a specific cellular receptor facilitates the subsequent
interaction of additional viral proteins with other cell receptors. Coexpression
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of these receptors would increase the efficiency of virus binding and entry [47].
In this context it is tempting to think of CD163 and 4E9 antigens as compo-
nents of a putative receptor complex. Although our results are compatible with
such hypothesis we do not know at present whether CD163 and 4E9 act as true
ASFV receptors and, if so, if they function together as part of the same receptor
complex or separately. In addition, other molecules may also contribute to viral
entry in these cells since combinations of 2A10 and 4E9 mAbs were unable to
completely block ASFV binding and replication in macrophages. Alternatively,
2A10 and 4E9 mAbs may have lower binding affinity than the viral attachment
protein, resulting in an incomplete blocking. The ability of ASFV to enter and
replicate in cells that do not express the 2A10 and 4E9 molecules may indicate
the existence of alternative receptors. The lack of high affinity receptors on
cells such as hepatocytes, endothelial cells or renal tubular cells could explain
their lower susceptibility to infection, that occurs only at the end of the disease,
when most macrophages have already been destroyed and viral load is very
high [39].

CD163 belongs to the scavenger receptor cysteine-rich (SRCR) superfam-
ily, and has been recently identified as a scavenger receptor for hemoglobin-
haptoglobin complexes [31, 32]. The molecule recognized by mAb 4E9 is more
widely expressed in tissue macrophages than CD163 and is detected, although
at low levels, on other cell types such as granulocytes, platelets or renal tubule
epithelial cells [7]. This finding might explain, at least in part, the susceptibility
to ASFV infection of some CD163™ cells [10]. In order to confirm the potential
role of CD163 and 4E9 molecules as cellular receptors for ASFV we are currently
cloning the genes that encode them. Transfection of nonpermissive cells with these
genes will help to determine whether expression of 2A10 and/or 4E9 can render
susceptible to ASFV binding and infection. Construction of mutant molecules to
perform binding experiments with recombinant viral attachment proteins would be
also interesting for further characterization of their role in ASFV infection. Precise
characterization of host receptors for ASFV can have important implications in
our understanding of the pathogenesis of the disease, as well as in the design of
an effective vaccine. It may also lead to the development of competitive chemical
compounds capable of blocking virus binding and subsequent infection of the
cells.
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