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SUMMARY

Both lipopolysaccharide (LPS) and phorbol 12-myristate 13-acetate (PMA) impeded monocyte to

macrophage differentiation with respect to typical phenotypic modulation and certain phagocyte-

related processes. The down-regulation of the porcine monocyte marker SWC1, and up-regulation

of the SWC9 macrophage marker were retarded, but not inhibited, as was the differentiation-

associated down-regulation of p53 and myeloperoxidase. Despite this clear impairment of

macrophage differentiation, not all cellular functions were equally susceptible. Both agents

inhibited phagocytosis, but not low-density lipoprotein receptor-associated endocytosis. Only LPS

inhibited tartrate-resistant acid phosphatase up-regulation. In contrast, increase of vacuolar

acidi®cation rates was more susceptible to PMA. The activity of certain endosomal/lysosomal

enzymes ± esterase, nucleotidase, peroxidase and cathepsins ± was generally enhanced by both LPS

and PMA. This contrasted with autophagosomal activity, detected through the induction of an

antiviral state. Disruption of autophagosomes and lysosomes (methionine-O-methyl ester), but not

lysosomes alone (glycyl-L-phenylalanine) reversed LPS-induced inhibition of virus replication,

without in¯uencing the PMA-induced antiviral effect. Thus, PMA is similar to LPS in inhibiting

monocyte to macrophage differentiation, when primary blood monocytes are employed, but not

all pathways are equally susceptible. The analyses demonstrate that the pathways modulated

during monocyte differentiation function somewhat independently. Moreover, certain functions

of monocytic cells are more important with respect to the outcome of virus infection, with

autophagosomal activities in particular favouring cell survival.

INTRODUCTION

An important step during macrophage (Mw) development is

the transition from blood-borne monocytes into tissue Mw.1

In vitro, monocyte differentiation into Mw can be induced by

serum factors, being associated with the expression of speci®c

maturation-associated antigens.2±5 These differentiation steps

have been reported to simulate in vivo events.3±5 New antigens

appearing during differentiation, as well as the loss of those

typically expressed by monocytes, have permitted an evalua-

tion of Mw diversity at the membrane level.2,4±9 Furthermore,

cell activity is modulated upon differentiation, with a number

of processes apparently evolving in unison.10

A number of substances have been reported to in¯uence the

differentiation, maturation and activation of monocytic cells.11

Lipopolysaccharide (LPS), a glycolipid component of Gram-

negative bacterial cell walls, binds to its main receptor CD14

and stimulates monocytic cells through action on associated

cell surface bystander molecule(s). Intracellular events in

response to this stimulation result in the phosphorylation

and activation of certain protein kinases, mediating amongst

other events cytokine production.12 The protein kinase C

activator, phorbol 12-myristate 13-acetate (PMA), will also

stimulate Mw functions including phagocytosis and the

secretion of immunomodulatory cytokines.13

Monocytic cell differentiation has been related to the

permissiveness of the cells to infection by herpes simplex

virus,14 cytomegalovirus15 and African swine fever virus

(ASFV).4,10 The effects of LPS and PMA on monocytic cell

development have also been utilized to study the relationship

between cell activity and virus replication. For instance, the

replication of human immunode®ciency virus (HIV) was found

to be reduced in LPS-treated monocyte-derived Mw.16,17 PMA-

dependent differentiation of promonocytic cells has also been

employed to analyse macrophagotropic HIV-1 entry.18

Accordingly, the present work set out to determine how

LPS and PMA in¯uence the functional modulation of
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monocytic cell differentiation. Considering that these agents

signal the cell in different manners, and LPS has been reported

to impair whereas PMA promotes differentiation, an elabora-

tion of the relationship between the intracellular processes

and differentiation was sought. Such modulation of monocytic

cell activity was also related to the susceptibility of these cells

to infection by a macrophagotropic virus ± ASFV. This virus

[reviewed in ref. 19] cannot infect monocytes, and its replica-

tion ef®ciency varies depending on the stage of monocytic cell

differentiation.4,10

MATERIALS AND METHODS

Reagents and cells

Peripheral blood mononuclear cells (PBMC) were isolated over

Ficoll-Paque (Pharmacia, Piscataway, NJ), using venous blood

± collected into Alsever's solution ± from Swiss White Landrace

pigs, held under speci®c pathogen-free conditions, as described

elsewhere.4 The PBMC were resuspended in Dulbecco's

modi®ed Eagle's medium (DMEM)/10% (v/v) fetal calf serum

(FCS) at 2r106x4r106 cells/ml, and non-adherent cells were

removed following culture on plastic for 2±3 hr at 37u.
Adherent cells were then treated with either LPS (1 mg/ml) or

PMA (10 ng/ml) (Sigma, Buchs, Switzerland), and further

incubated in growth medium; DMEM/30% (v/v) heparinized

porcine plasma, 2 mM L-glutamine, 10 mM HEPES (Life

Technologies, Grand Island, NY), at 37u for the times shown

in the Results section. These doses of LPS and PMA were

chosen following dose±response analyses: 1 mg/ml LPS and

10 ng/ml PMA were the lowest concentrations effecting an

optimum modulation of monocytic cell phenotype and func-

tion without interference from cytotoxicity (data not shown).

Following such culture, the adherent cells were recovered

with the aid of 4u Ca2+/Mg2+ free phosphate buffered saline

(PBSA)x5 mM ethylenediaminetetraacetic acid (EDTA) treat-

ment. Cells cultured for 3 days in the absence of LPS or PMA

were referred to as monocyte-derived macrophages (MDMs),

due to the characteristics previously elucidated.4,5,10

Determination of differentiation antigen expression

(surface and intracellular)

These analyses employed the FACScan1 Flow Cytometer

(Becton Dickinson, Mountain View, CA) and the following

monoclonal antibodies (mAb) for surface antigen expression:

anti-SWC1 (76-6-7; American Type Culture Collection,

Rockville, MD) found on porcine monocytes and T lympho-

cytes;20 anti-SWC3 [DH59; Veterinary Medical Research and

Development (VMRD), Pullman, WA] porcine pan-myeloid

cell marker;21,22 anti-SWC9 (PM18-7; kindly provided by

Dr Y. Kim, Finch University of Health Sciences, Chicago, IL)

found on porcine Mw but not monocytes.4,10,22,23 The tumour

suppressor gene product p53 and the myeloperoxidase protein

were the differentiation-susceptible intracellular antigens

studied,10 detected with ¯uorescein isothiocyanate (FITC)-

conjugated anti-human p53 protein mAb DO-7,24 and FITC-

conjugated anti-human myeloperoxidase mAb MPO-725

(Dako, Copenhagen, Denmark). For the antibody labelling,

the cells (106/100 ml) were incubated with the mAb for

20 min/4u, followed by washing with CellWash (Becton

Dickinson), incubated for 15 min/4u with the appropriate

isotype-speci®c conjugates [FITC or phycoerythrin (PE)

conjugated anti-mouse immunoglobulins; Southern Bio-

technology Associates, Birmingham, AL], and given a ®nal

wash before acquisition. In order to detect the intracellular

proteins, cells were ®xed with a cell permeabilization kit

(Harlan Sera-Lab Ltd, Loughborough, UK) and incubated

with the mAb (DO-7 or MPO-7) for 20 min at 25u, then washed

with Cell Wash as above.

Acquisition of the data employed the following steps in

order to gate only monocytic cells. First, the negative marker

set-up was established from the reaction obtained with the

appropriate isotype control antibodies. Second, a myeloid

region was created in the forward scatter/side scatter by gating

on SWC3+ cells. From these analyses, it was possible to

identify the percentage of positive cells in every test to the right

of the negative control. Within this positive region, the geo-

metric mean of the relative ¯uorescence intensity was measured

and that of the control peaks was subtracted, to obtain the

relative intensity of the ¯uorescent signal on positive cells.

Detection of extracellular enzyme activity

Tartrate-resistant acid phosphatase (ACP) was measured

with the Sigma Diagnostics kit. Monocytes were cultured over

2 days, and the medium was replaced 24 hr before measure-

ment to detect de novo synthesis of the enzyme on the 3rd day.

Samples (1 ml) of media from the cultures were tested

according to the manufacturer's instructions, and absorbance

at 405 nm was recorded with an LKB Biochrom Ultrospec

spectrophotometer (LKB, Rockville, MD). The absorbance

values were converted into ACP activity (U/l), and those

obtained using medium alone were subtracted.

Phagocytosis and endocytosis assays

BODIPY-¯uorescein-Zymosan (Molecular Probes, Leiden,

the Netherlands), at 50 particles/cell, was incubated with the

monocytic cell cultures for 30 min/37u, before washing

twice with CellWash and measuring by ¯ow cytometry.10

Before acquisition, trypan blue (0.04% v/v) was added to

quench the signal from zymosan adsorbed on the surface of

the phagocytic cells, but not yet internalized.

Low-density lipoprotein from human plasma (BODIPY-

¯uorescence LDL complex; L-3483, Molecular Probes) was

employed to investigate the endocytic activity of the cells.

Adherent cells were harvested and left for 20 min at 4u. L-3483

(20 mg/ml) was incubated with the cells for 30 min at 37u, and

data were acquired with the FACScan after two washing

steps.10

Intracellular vacuolar pH

Dextran conjugated with Cl-NERF (D-3324; Molecular

Probes) was employed for the analysis of the pH of the

endosomal/lysosomal environment. Cells were harvested and

kept on ice for 20 min before incubation with the probe

(0.25 mg/ml) for 5 min at 37u, followed by washing for 5 min at

4u.10 The data were acquired in two stages: (I) after 5 min, but

before washing; and (II) immediately after a 10-min wash-

ing period, yielding a total incubation time of 15 min. This

Cl-NERF dextran is sensitive to vacuolar acidi®cation. If the

test is performed at 0±2u, in the presence of anti-mannose

receptor antibodies, or in the presence of unlabelled man-

nose, there is no internalization of the dextran, as seen by the

sensitivity of the ¯uorescence signal to quenching by trypan
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blue. The washing step is essential, because the continued

presence of the dextran allows a continuous uptake by the

cells, masking the measurement of the pH-sensitive signal of

the dextran internalized at a particular time-point. A kinetic

study of the uptake of dextran showed that the 5-min and

15-min time-points were the most informative concerning the

rate of vacuolar acidi®cation.10

Cell-associated intracellular enzyme activities

The following probes (Molecular Probes) were employed to

detect intracellular enzyme activity by ¯ow cytometry:10

5-(and-6)-carboxy 2,7-dichloro¯uoresceindiacetate (CCl2FDA;

catalogue number C-369), ¯uorescein di-b-galactopyranoside

(FDG; catalogue number F-1179), dihydrorhodamine-6G

(DHR-6G; catalogue number D-633), dihydrorhodamine 123

(DHR 123; catalogue number D632) and the 5k-nucleotidase

kit (BODIPY FL-AMP; E-6643). For the detection of

cathepsin (C and D) activity, the TP-cathepsin (catalogue

number 7547105) and VK-cathepsin (catalogue number

7547106) probes were obtained from Beckman Coulter

(Fullerton, CA). The latter of these cathepsin probes is no

longer available. Consequently, a second probe for cathepsin D

was employed (Molecular Probes BODIPY FL-pepstatin A;

catalogue number P-12271).

CCl2FDA was employed for the measurement of esterase

activity.26 It readily enters cells and its hydrolysis by cellular

esterase obeys Michaelis±Menten kinetics, although it can be

partly hydrolysed by membrane-bound esterases.26 FDG was

used for detecting b-galactosidase.27 DHR-6G was employed

for the assays on peroxidase activity,28 the results being

con®rmed using a second peroxidase probe ± DHR 123.

The oxidation of the latter probe is reported to detect only

the presence of H2O2 and intracellular peroxidases, but

not the generation of O2
x, with only the peroxidase-containing

cells ¯uorescing.29 BODIPY FL-AMP was used to detect 5k-
nucleotidase, but according to the manufacturers (Molecular

Probes) this will also measure phosphatase activity.

Measurement of cathepsin C employed TP-cathepsin, which

is the substrate for cathepsins C and G, threonine-proline-Rho

110. Cathepsin C is a lysosomal cysteine peptidase found in

many cell types, whereas cathepsin G is a serine endo-

peptidase found primarily in polymorphonuclear leucocytes

and promonocytes, but reduced in mature monocytes.30

VK-cathepsin was similar to TP-cathepsin, except that it was

a substrate for cathepsins D and B. However, it is now an

obsolete probe, for which reason detection of cathepsin D

activity also employed BODIPY FL pepstatin A, based on the

ability of pepstatin to target cathepsin D within the lysosomes

of living cells.31

Probes were added to cells immediately before acquisition

with the ¯ow cytometer, to serve as negative controls of

incorporation. In order to detect esterase activity, the substrate

CCl2FDA (3 mM) was added to 106 cells for 1 min at 37u. The

reaction was stopped with 1 ml of cold CellWash, followed by

two washing cycles and centrifugation for 5 min/4u/350 g.

Galactosidase activity was detected with FDG (1 mM), incub-

ated with the cells for 1 min at 37u. The reaction mixture was

then diluted 10 times with phosphate-buffered saline (PBS),

kept dark at 4u for 45 min, and ®nally stopped as for the

esterase test. For peroxidase activity, DHR-6G or DHR 123

(25 mM) was incubated with the cells for 20 min at 37u.

BODIPY FL-AMP (5 mM) was incubated for 20 min at 37u
with the cells to detect 5k-nucleotidase activity. The cathepsin

probes were added following the manufacturer's instructions

for 10 min at 37u.

Virus infection

The KWH isolate of ASFV (kindly provided by Dr P.

Wilkinson, BBSRC Institute for Animal Health, Pirbright,

UK) ± moderately virulent in pigs ± was used, after passage

once in pigs and twice in cultured swine Mw. Mock stocks

were prepared from uninfected swine Mw cultures. Virus titres

were expressed in immuno¯uorescence focus-forming units

(IFFU) per ml.4 Porcine Mw cultures (MDMs) were infected

at a multiplicity of infection (MOI) of 10 IFFU/cell. After

an adsorption period of 2 hr at 37u, the cultures were washed

®ve times with prewarmed PBS/1%(v/v) FCS, to remove

non-adsorbed virus, and fed with growth medium. The

infected cultures were incubated at 37u for the times shown

in the Results section. Virus antigen in infected cells was

detected with mAb against virus VP73 (kindly provided by

Dr Fernando Alonso, CISA-INIA, Valdeolmos, Spain) by

immuno¯uorescence assay or ¯ow cytometry after cellular

permeabilization (see above). Conjugates were FITC-isotype-

speci®c conjugates (Southern Biotechnology), at 10 mg/ml.

All labellings employed 30-min incubations at 25u. Immuno-

¯uorescent analysis of cells infected with this MOI permitted

the detection of de novo virus antigen, but not that initially

associated with the cells. Progeny virus titres were calculated

from titration of culture supernatants at 2 hr (residual virus),

and culture lysates at 24, and 48 hr post-infection (p.i.), on

fresh MDMs.

Modulation of lysosomal activities

Adherent monocytes were either treated for 2 hr at 37u with

LPS (1 mg/ml) or left untreated (control). The medium was

replaced before treating with L-methionine-O-methyl ester

(MetOMe) or glycyl-L-phenylalanine (GPN)32 at ®nal concen-

trations of 1 mM and 0.2 mM, respectively, 48 and 72 hr post-

plating. The cultures were then infected with ASFV at a MOI

of 1 IFFU/cell without further washing. Newly synthesized

virus antigen in infected cells was detected with mAb against

virus VP73 as described above. In parallel experiments,

monocytes were allowed to differentiate for 24 hr (day 1

MDMs) before treatment with the above substrates and

infection with ASFV.

Detection of monocyte cytokines

The production of certain cytokines was measured in the

medium taken from blood monocytes or MDMs, either

without or after treatment with 1 mg/ml LPS. Interleukin-1

(IL-1), IL-6 and tumour necrosis factor (TNF) were meas-

ured by bioassay33 or enzyme-linked immunosorbent assay

(ELISA) using antibodies speci®c for the porcine cytokine

in question (Endogen, Buhlmann Labs, AG, Switzerland;

Serotec, Inotech AG, Switzerland). Prostaglandin E2 (PGE2)

detection used an ELISA for the general measurement of PGE2

(Cayman Chemical Company, Ann Arbor, MI33). Type I

interferon (IFN) was detected using the VSV plaque-reduction

assay.
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RESULTS

Cell surface and intracellular antigen expression pro®les

Freshly isolated monocytes were typically SWC1high, but

SWC9± (Fig. 1a,b; control, black histograms) ± values between

1 and 10 on the y1-axis corresponded to the negative antibody

control reaction. With time in culture of the untreated control

cells, SWC1 gradually down-regulated (Fig. 1a; control, grey

and open histograms), concomitant with the SWC9 Mw marker

becoming up-regulated (Fig. 1b; control, grey and open

histograms). Expression of the intracellular proteins p53 and

myeloperoxidase (Fig. 1c,d; control) also down-regulated with

time in culture. This demonstrated that the monocytes were

differentiating towards Mw.4,5,10

The up-regulation of SWC9, as well as the down-regulation

of SWC1 and the intracellular proteins were noticeably

hindered when monocytes were treated with the predetermined

optimum modulatory doses of LPS and PMA (Fig. 1).

Comparing the geometric means of marker expression, LPS

treatment may seem to be slightly more effective than PMA at

retarding phenotypic modulation, but the differences between

LPS and PMA were always minimal. LPS was apparently

more ef®cient at inhibiting the morphological characteristics

of monocyte to Mw differentiation, observable under light

microscopy (data not shown). Nevertheless, the results

would indicate that both the LPS and PMA treatments would

have impaired but not abrogated monocytic cell differentia-

tion. There was no indication that either agent promoted

differentiation.

Functional characteristics associated with

monocytic cell differentiation

A steady increase in the activity of extracellular tartrate-

resistant ACP is associated with monocyte differentiation into

Mw.10 Following LPS/PMA treatment of monocytes, the LPS-

treated cells showed a slightly lower (P<0.05) ACP activity

compared with control cells, whereas PMA had no effect

(Fig. 2a). Nevertheless, the ACP activity in untreated, LPS-

treated and PMA-treated cultures was in all cases notably

higher (P<0.01) than that obtained with the freshly isolated

monocytes (data not shown).

In addition to ACP, phagocytosis and LDL receptor-

mediated endocytosis become elevated during Mw differentia-

tion.10 The ability of the monocytic cells to phagocytose

unopsonized BODIPY-¯uorescein-labelled zymosan was

employed to measure the phagocytic capacity of differentiating

cells (Fig. 2b). Almost 65% of the MDMs which developed in

untreated cultures (C) were seen to be phagocytic (Fig. 2b, y2

axis). This capacity was signi®cantly (P<0.05) and almost

equally inhibited in both LPS- and PMA-treated monocytes

(Fig. 2b; L and P). Not only was the inhibition noted

concerning the number of active phagocytes (Fig. 2b, y2 axis),

but also in terms of the quantity of engulfed zymosan per cell

(Fig. 2b, y1 axis, histograms).

In contrast to the clear inhibition of phagocytosis, the

endocytic activity of the LPS/PMA-treated cells was not

affected (Fig. 2c). The expression of LDL receptors on

monocytic cells differentiating towards Mw was employed as

a measure of receptor-mediated endocytosis, using the pH-

insensitive BODIPY-LDL probes. Figure 2(c) demonstrates

that neither LPS nor PMA treatment (L, P) interfered with the

development of this activity, with reference to the control cells

(C). More than 90% of the cells in all cultures were positive for

endocytosis (Fig. 2c, y2 axis), and exhibited a similar capacity

for LDL binding/uptake (Fig. 2c, y1 axis, histograms). This

LDL uptake was signi®cantly higher in all cultures compared

to the original monocytes (data not shown).

The intracellular pH environment of monocytic cells

If a virus enters Mw via phagocytosis or endocytosis, it will

encounter the pH modulations associated with the endosomal

system. Mw are known to present a progressively acidifying

cytoplasmic vacuolar environment, in order to effect pro-

cessing of endocytosed or phagocytosed material.10 This was

analysed by comparing the loss of ¯uorescence from pH-

sensitive dextran probes internalized by the monocytic cells.

It was clear that the probes initially (after 5 min incuba-

tion) encountered a lower pH within untreated control cells

(Fig. 3a,c) compared with the treated cultures (Fig. 3a, L, P).

Figure 1. Flow cytometric analysis of cell surface and intracellular

markers on differentiating monocytes. Cells (control and LPS- or

PMA-treated) were harvested after 0 (black histograms), 2 (grey

histograms), and 4 days (dotted histograms) of culture, and labelled

with mAb against SWC1 (a), SWC9 (b), p53 (c) and myeloperoxidase

(MyP) (d). In the case of the intracellular proteins (c and d), the cells

were ®xed and made permeable as described in the Materials and

methods. Values for a relative ¯uorescence intensity between 1 and 10

on the x-axis corresponded to the negative control antibody reaction.

The results are representative from a single experiment of three

replicates.
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This is seen as a lower geometric mean obtained with the

internalized probe in the untreated controls (Fig. 3a,c).

Furthermore, the vacuolar pH within PMA-treated cells

was higher than in LPS-treated cells at this 5-min post-

incubation with the probe (Fig. 3a, P, L). After the second

stage, subsequent to the washing step, resulting in the

incubation time now being 15 min, it was noted that the

environment in which the probe was found continued to acidify

(Fig. 3b). The acidi®cation level attained during this time was

similar for control, LPS-treated cells and PMA-treated cells

(Fig. 3b).

Endosomal/lysosomal enzyme activities

Another important parameter examined in these differentiating

monocytes was the cell-associated enzyme activity. MDMs

developing in control cultures had a reduced level of cell-

associated non-speci®c esterase activity (Fig. 4b; control)

compared with the monocytes from which they were derived

(data not shown), as previously reported.10 Both LPS and

PMA treatment yielded cells with higher esterase activity than

the control cultures (Fig. 4b; LPS, PMA). This higher activity

was most obvious with LPS-treated cells, and was almost

identical to the monocyte activity.10

A similar observation was noted with respect to the 5k
nucleotidase activity (Fig. 4c), but with the LPS and PMA-

treated cultures being more closely related. Again, these levels

were similar to that found in the original monocytes (data not

shown and ref. 10). It should be noted however, that these

results would be in¯uenced by the presence of acid phospha-

tase, the activity of which would also be detected by the assay

kit employed for these analyses.

Cell-associated peroxidase activity (Fig. 4d) was high only

in the LPS-treated cultures. In this case, however, there was a

double population, whereas the original monocytes were more

homogeneous in their peroxidase expression (data not shown

and ref. 10). This would suggest that a minor subpopulation of

the LPS-treated cells had indeed down-regulated peroxidase

activity, akin to the control cells differentiating into Mw.

Alternatively, the LPS may have activated enzyme activity, in

this case in the majority of cells in the treated culture. As for the

control and PMA-treated cultures, their geometric means for
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Figure 2. Functional differentiation of LPS- and PMA-treated

monocytes. (a) The activity of tartrate-resistant acid phosphatase

in differentiating monocytes: untreated control (C), and LPS-treated

(L) or PMA-treated (P). Samples (1 ml) from adherent cell cultures

were assayed for the secreted enzyme after 3 days of culturing, in which

the medium was replaced 24 hr before testing. The data shown are

minus the values for culture medium alone, and are expressed as

meanst SEM from triplicate experiments. (b) The capacity of dif-

ferentiating monocytes to phagocytose BODIPY ¯uorescein-Zymosan

(50 particles/cell, 30 min/37u) following LPS or PMA treatment of

the monocytes for 72 hr. The values for ¯uorescence intensity of the

phagocytosed zymosan are expressed as meanstSEM from triplicate

experiments ( y1-axis; histograms); the values for the actual percent-

age of cells phagocytosing shows means only, the SEM being <5%

(y2-axis; #). (c) Endocytic activity of differentiating monocytes

treated with either LPS or PMA for 72 hr was measured by the

uptake of 20 mg/ml BODIPY-¯uorescein LDL complex for 30 min/37u.
The data and values ( y1-axis; histograms) for ¯uorescence intensity

of the LDL complex are expressed as in (b) above, and the percentage

of cells that incorporated the LDL shows means only, the SEM

being <5% (y2-axis; #). Statistical analyses were performed using the

Student's t-test; * indicates P<0.05 for treatment vs. control.

Figure 3. Flow cytometry analysis of Cl-NERF-dextran (pH indicator)

internalization in differentiating monocytes. Monocytic cells were

cultured for 3 days, untreated (C), LPS-treated (L), or PMA-treated

(P). The cells were left for 40 min on ice before incubation with the

probe (0.25 mg/ml) for 5 min at 37u. Data were acquired at two stages:

(a) immediately after this 5 min, before washing; and (b) after washing,

which increased the incubation period to 15 min (un®lled graphs). The

results are representative from a single experiment of three replicates,

and the values are shown as geometric means of the ¯uorescence peak.
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peroxidase activity were practically identical, although there

was a notable difference in the shape of the histogram obtained

(Fig. 4d; control, PMA). The results shown employed the

DHR-6G probe. Similar results were obtained using the DHR

123 probe reported to be particularly speci®c for H2O2 and

peroxidase activity.29

The activities of the lysosomal enzymes cathepsin C and D

were also highest in LPS-treated cells and lowest in the

untreated control cells (Fig. 4e,f ). With both the controls and

PMA-treated cells, the down-regulation of cathepsin C gave

two main peaks of activity. In LPS-treated cultures, the pro®le

resembled more that of peroxidase ± the majority of cells were

relatively high in activity, with only a minor population

showing the down-regulation. The probe used for the cathep-

sin D results shown ± VK cathepsin ± is no longer commerci-

ally available. Consequently, a second probe for cathepsin

D ± BODIPY FL pepstatin A30 ± was employed, providing

con®rmation of the results shown.

The activity of another lysosomal enzyme b-galactosidase

activity was almost identical in all cultures (data not shown),

but this activity is known not to change signi®cantly as

monocytes differentiate into Mw.10 Glucosidase activity was

also unaffected by the LPS or PMA treatment.

ASFV infection/replication in MDMs

Following the observed characteristic changes in differentiat-

ing monocytes after treatment with LPS or PMA, it was

interesting to determine the in¯uence of these agents on ASFV

infection, which requires monocyte differentiation towards

Mw.4,10 It was also considered that the infection might allow

analysis of phagolysosomal activity, which is best studied in

porcine Mw through its inhibition. Monocytes were therefore

treated with LPS or PMA, or left untreated to differentiate

into MDMs. All cultures were maintained for 3 days at 37u
before infection with ASFV. Figure 5 shows the percentage

of antigen-positive cells as detected with the anti-virion

VP73 mAb at 24 hr p.i. ± the method employed detects only

de novo virus antigen synthesis at the MOI used. The untreated

control culture displayed a high degree of susceptibility to

ASFV infection/replication (Fig. 5a). LPS treatment of the

monocytes was more effective than the PMA at reducing the

susceptibility of the cells to ASFV infection (Fig. 5b,c). This

apparent antiviral state was not an irreversible abrogation of

virus infection by the LPS or PMA. If analyses were effected

at 48 hr p.i., instead of 24 hr p.i., more infected cells were

detectable in all cultures (data not shown). Nevertheless, the

levels of VP73+ cells were always lower in the LPS-treated

cultures than in the controls; the PMA-treated cultures gave

results intermediate between these two extremes.

These results correlated with those obtained from analyses

on the production of new infectious progeny (Fig. 6). At 2 hr

p.i., the residual virus in the supernatant after washing was

almost identical for untreated and treated cells. By 24 and 48 hr

p.i., the infected untreated (control) cells were clearly the more

productive. Although the LPS-treated cells were the least

ef®cient at producing infectious progeny (0.01% of untreated

cell levels), it was interesting to note the low productivity of

PMA-treated cells (0.1% of untreated cell levels). Infectious

centre assay con®rmed that the low productivity related to

fewer cells capable of supporting a productive virus infection

(data not shown).

Autophagosomal activity in LPS/PMA-treated monocytic cells

Considering the in¯uence of LPS and PMA on the intracellular

activities of lysosomal esterases and cathepsins, it was of

interest to look at autophagosomal activity, and the role this

might be playing in ASFV infection. Furthermore, it is dif®cult

to measure autophagosomal activity in porcine monocytic

cells, for which reason it was hoped that the ASFV infection

might prove useful as an indicator. Cells were therefore treated

with the lysosomal substrates MetOMe and GPN, due to their

reported ability to disrupt lysosomal, and in the case of

MetOMe autophagosomal functions.32 This interference with

the lysosomal function was con®rmed by demonstrating that

both cathepsin D and esterase enzymes had lower activities in

MetOMe- and GPN-treated cells (data not shown).

MetOMe was found to reverse the in¯uence of LPS on

the infection/replication of ASFV (Fig. 7a). In contrast, the

addition of the GPN substrate did not modify the in¯uence of

LPS on subsequent ASFV infection. It should be noted that the

`untreated' cells in Fig. 7 relate to the `control' cells of Figs 1±

6, at 3 days of cultures. With PMA-treated cells, addition of the

above substrates did not signi®cantly alter the characteristics of

virus infection (data not shown).

In order to con®rm the in¯uence of MetOMe on ASFV

infection, monocytic cells which had been cultured for only

1 day were employed. These cells have a low susceptibility to

the ASFV infection compared with the 3 day-old MDMs.4,10

When treated with the above substrates, it was again the
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Figure 4. The relative intracellular enzyme activity in monocytic cells

after 3 days of culture; untreated control ± left column ± and LPS or

PMA-treated ± middle and right columns, respectively. The cells were

unlabelled (a) or labelled with probes for esterase (b), 5k-nucleotidase/

phosphatase (c), peroxidase (d), cathepsin C (e) and cathepsin D (f ).

Data acquired are presented as graphs, where the position of the

negative control is shown under (a). The results are representative from

one experiment out of three replicates, and the numbers noted in each

plot are the geometric means of the ¯uorescent peak values.
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MetOMe but not the GPN which permitted an increased

de novo synthesis of the virus late structural protein VP73

(Fig. 7b).

LPS induction of cytokine production by porcine monocytes

Due to the fact that LPS is known to induce pro-in¯ammatory

cytokines in Mw, the activity of LPS was therefore con®rmed in

terms of its capacity to stimulate the production of similar

factors by monocytes. As previously reported,10 porcine blood

monocytes ef®ciently produced IL-1, and LPS had only a

minimal enhancing effect on this high level productivity

(Fig. 8a). In contrast, the levels of spontaneous production

for TNF, IL-6 and PGE2 were lower under the culture

conditions employed (i.e. conditions that stimulate monocyte

differentiation into Mw4,10). LPS treatment of the monocytes

did enhance the production of these cytokines (Fig. 8a). With

interferon, on the other hand, LPS had no signi®cant effect

on its production by blood monocytes (Fig. 8a). When the

monocytes had differentiated into Mw4 before treatment, the

LPS induction of TNF, IL-6 and PGE2 was greater than that

obtained with the monocytes (data not shown). This was not

the case for IL-1, the production of which by Mw was poor

compared with monocytes, even when treated with LPS.10

Similar results to those obtained with the MDM were

forthcoming when lung lavage Mw were employed (data not

shown).

Considering this LPS-induced cytokine activity by the

monocytes, it was interesting to know if this had an in¯uence

on the virus infection. Consequently, ASFV infection was

attempted in susceptible Mw, but after addition of supernatants

from LPS-treated monocytes, containing the cytokines as

shown in Fig. 8(a). The results (Fig. 8b) demonstrated that the

relative resistance of the LPS-treated monocytes to ASFV

infection could not be transferred by soluble factors secreted

by the cells into the medium.
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with the anti-VP73 mAb, and the associated marker shown on each
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of ®ve replicates.
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Figure 7. In¯uence of modulating lysosomal functions on the infec-

tion/replication of ASFV in monocytic cells. (a) Adherent monocytic

cells were either untreated controls (un®lled histogram), or LPS-treated

(®lled histogram). In certain LPS-treated cultures, the cells received

the lysosomal enzyme substrates MetOMe or GPN, as described in

the Materials and methods, followed by infection with ASFV (MOI

1 IFFU/cell). (b) Monocytes were cultured for only 24 hr before

treatment with the lysosomal substrates and infection with ASFV, as

in (a). Analyses were performed at 24 hr p.i. for the production of the

de novo ASFV-speci®c late structural protein (VP73). Antigen-positive

cells, detected with the anti-VP73 mAb, were determined by gating

on the cells to the right of the negative antibody control peak, as for

Figure 2. The results are expressed as means tSEM from ®ve replicate

experiments.
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DISCUSSION

Both the phenotype and functional activities of monocytes

are modulated as they differentiate into Mw.10 These results

point to a continuous process during differentiation, involv-

ing interrelated characteristics linking the more accessory

monocyte to the scavenger Mw. Such modulations were also

related to the susceptibility of the cells to monocytotropic

virus infection. The porcine pathogen ASFV had a clear

preference for differentiating Mw,4,10 similar to that reported

for herpes simplex virus14 and cytomegalovirus.15 Neverthe-

less, it remained unclear how interrelated were these var-

ious differentiation-related processes, and how modulation of

the activities of Mw would in¯uence their interaction with

monocytotropic viruses.

LPS has been reported to inhibit human monocyte

differentiation to Mw,11±13,34 whereas PMA has been reported

to enhance differentiation, at least of monocytic leukaemia

cell lines.13 This was not the case when dealing with primary

monocytes. The present work showed that both LPS and PMA

retarded the differentiation process. Despite the different

signalling processes employed by LPS and PMA,12,13 both

agents impeded the concomitant down-regulation of SWC1

and up-regulation of SWC9, as well as the down-regulation of

the intracellular antigens p53 and myeloperoxidase. That is,

they impeded the development of characteristics typifying

porcine Mw differentiation from monocytes.4,10 There was

little difference between LPS and PMA in this effect, but the

in¯uence was not absolute: the differentiation process was

retarded not abrogated. The treated cells did show some

modulation of markers typical of the Mw differentiation

process. The most notable was with SWC9, which is normally

only expressed when monocytes begin differentiating into Mw.4

SWC9 was expressed on LPS- and PMA-treated cells, but to

a lower level than on untreated cells.

When the functional activity of the cells was analysed, it

became clear that the differentiation process was proceeding,

but at a different rate compared to untreated cells. Of

particular interest was the observation that the functional

processes associated with differentiation were behaving in a

manner somewhat independent of one another. LPS and PMA

impaired phagocytosis development, whereas LDL receptor-

mediated endocytosis remained unaffected. Furthermore, the

phagocytosis activity in LPS/PMA-treated cells was higher

than that seen with monocytes. Both agents modulated

vacuolar enzyme activities important to the outcome of

phagocytosis and endocytosis,35±38 the observed up-regulation

again relating to impaired differentiation.10 In contrast, only

LPS also impaired the development of acid phosphatase

activity, demonstrating a disparity in the modulation of the

monocytic cells, which may relate to the different signalling

pathways induced by LPS and PMA. A disparity was also

noted with the in¯uence of the agents on vacuolar acidi®cation.

Although both impaired the rate of this acidi®cation, PMA was

more effective. Nevertheless, it was only the rate of acidi®ca-

tion which was impaired, not the acidi®cation itself ± the

vacuoles in the treated cells did eventually acidify to a similar

degree as those of untreated differentiating monocytic cells. It

is possible that the slower vacuolar acidi®cation may have

impaired the ef®cacy of the vacuolar enzymes. Thus, the LPS/

PMA modulation of vacuolar enzyme activity may not have

been due to impairment of differentiation, but would have

indicated an activation of the enzyme activity in compensation

for the slower acidi®cation. The latter seems unlikely, due to

the fact that PMA was more in¯uential than LPS on vacuolar

acidi®cation, but had less effect on enzyme activities. Certainly,

although endocytosis was unaffected, LPS and PMA would

have impaired both the phagocytic and endocytic processes,

due to their effects on vacuolar acidi®cation.

Any difference between PMA and LPS in terms of

the phenotype, phagocytosis and enzyme modulations could

have been due to the concentrations employed. Although these

were considered optimum and of least cytotoxicity, it is certain
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that lower concentrations of LPS would have brought certain

effects induced by the two drugs closer together (data not

shown). This cannot be argued for the in¯uence on vacuolar

acidi®cation, with which the PMA was the more effective.

Differences in modulations here are more probably due to

differences in how PMA and LPS signal to the cells. Neverthe-

less, the PMA effect was still in the direction of impaired

differentiation towards Mw.

LPS and PMA also inhibited infection/replication by the

macrophagotropic AFSV, which could be related to the

modulation of monocytic cell function, but not to secreted

cytokines. This supports the observation that ASFV infec-

tion has an obligate requirement for the cytoplasmic vacuolar

H+-ATPases39 employed during active phagocytosis and

endocytosis.40,41 The reported LPS or PMA inhibition of

other monocytotropic virus infections16,17,42±44 may also be

due to such functional modulation of monocytic cell activity.

Using virus infection to analyse autophagosome and

lysosome activity during Mw differentiation, it was noted

that autophagosomal function was apparently more signi-

®cant in monocytes than in Mw, and was up-regulated by

LPS. MetOMe, which can rupture lysosomes and auto-

phagosomes,32 reversed LPS impairment of ASFV infection/

replication, and increased the infection rate in monocytes, but

not Mw. GPN, which selectively destroys lysosomes without

affecting autophagosomes,32 had no effect.

In conclusion, both LPS and PMA retard primary

monocyte differentiation to Mw. Of particular interest was

the observation that vacuolar acidi®cation was more in¯uenced

by the PMA-induced signalling, whereas the other differentia-

tion-related processes were more related in their responses

to LPS and PMA. However, neither LPS nor PMA could

impair all aspects of Mw differentiation, demonstrating that

the processes modulated during Mw differentiation10 are not

always interdependent on one another. These characteristics

also gave further insight into the capacity of a macro-

phagotropic virus to infect. High phagocytosis and rapid

vacuolar acidi®cation were seen to be important for the

infection, whereas proteolytic enzyme and autophagosome

activities would favour the cell in its struggle with the virus.
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