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Abstract – Mononuclear phagocytes (MP) are cells of nonspecific immunity, playing an essential role in
defense against bacterial pathogens. Although various MP subpopulations have been described in the pig,
relations among these populations in vivo are unknown to date. The present study was aimed at describing
porcine MP subpopulations infiltrating inflamed tissue of pigs under in vivo conditions. Actinobacillus
pleuropneumoniae (APP) infection was used to induce an inflammatory response. CD172a, CD14, CD163,
MHCII and CD203a cell surface molecules were used to identify MP by flow cytometry. Changes in MP
subpopulations in the peripheral blood (PB) and bone marrow (BM) compartments along with the analysis
of MP appearing in the inflamed lungs were assessed to elucidate the possible origin and maturation stages
of the infiltrating MP. The MP population migrating to the inflamed lungs was phenotype CD14+ CD163+

CD203a+/� MHCII+/�. Concomitantly, after APP infection there was an increase in the PB MP CD14+

CD163+ CD203a� MHC II� population, suggesting that these cells give rise to inflammatory monocytes/
macrophages. The CD203a and MHCII molecules appear on these cells after leaving the PB. In healthy
animals, the BM MP precursors were represented by CD14� CD163� cells maturing directly into CD14+

CD163� that were then released into the PB. After infection, an altered maturation pathway of MP
precursors appeared, represented by CD14� CD163� CD203a� MHCII� MP directly switching into
CD14+ CD163+ CD203a� MHCII� MP. In conclusion, two different MP maturation pathways were
suggested in pigs. The use of these pathways differs under inflammatory and noninflammatory conditions.

mononuclear phagocyte / pig / Actinobacillus pleuropneumoniae

1. INTRODUCTION

Mononuclear phagocytes (MP) are cells of
nonspecific immunity that play an essential role
in the defense against bacterial pathogens.

The MP system is a highly heterogeneous
cell population dispersed throughout the organ-
ism. Macrophages, the final developmental

stage of the MP lineage, originate from a spe-
cific progenitor in the bone marrow (BM) that
sequentially develops into monoblasts, prom-
onocytes and monocytes [9]. Monocytes enter
the blood circulation and from there they
migrate to various tissues, thereafter undergoing
further differentiation into macrophages.

It was long believed that monocytes com-
prise a homogeneous population of blood cells.
Recent evidence, however, indicates that blood* Corresponding author: faldyna@vri.cz
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monocytes may consist of several subpopula-
tions of cells differing by size, nuclear morphol-
ogy, granularity, and functionality (reviewed by
[11, 17]). Based on the expression of cell sur-
face molecules, two major subpopulations of
blood monocytes have been described to date
in humans, mice and rats.

The functional aspects of monocyte hetero-
geneity have been best described in mice. BM
macrophage and dendritic cell progenitors give
rise to Ly6Chi BM monocytes, which are
sequentially released into the bloodstream [16].
After 3 days of circulation in the bloodstream,
the Ly6Chi monocytes switch their phenotype
and become Ly6Clow blood monocytes [22].
Under steady state conditions, more mature
Ly6Clow blood monocytes migrate to the tissue
and renew the population of tissue-specific resi-
dent macrophages [10, 13]. Under inflammatory
conditions, the less mature Ly6Chi blood mono-
cyte subset is the only one that is able to migrate
to the inflamed tissue [10].

Two distinct subpopulations of blood mono-
cytes have been described in pigs similarly to
cases in humans, mice and rats. However, infor-
mation about MP heterogeneity and their role
in vivo remains scarce [3, 4]. Differentiation is
first based on the expression of the CD163 cell
surface molecule [15]. CD163� monocytes
were found to be smaller and less granular than
CD163+. Moreover, small differences in the
expression intensity of many other cell surface
markers have been observed [3, 5, 15]. The dif-
fering ability of porcine monocyte subsets to
produce TNF-a, IL-1b and IL-10 suggest that
functional differences between porcine mono-
cyte subsets also exist [5, 15]. The expression
of CD163 on monocytes probably identifies a
cell population in a more advanced maturation
stage than that of CD163� blood monocytes
[15]. This is supported by the fact that
CD163� monocytes could switch their pheno-
type to CD163+ after in vitro cultivation [5].
All the in vitro experiments suggest that
CD163+ monocytes are a more mature form of
blood monocytes and give rise to both tissue
macrophages and dendritic cells. However, the
in vivo function of less mature forms of porcine
monocytes, which are believed to play an impor-
tant role as precursors of inflammatory

macrophages in mice and humans, is completely
unknown in pigs at present. The aim of this
work was to describe which developmental
pathways used by porcine MP subpopulations
are involved in infiltrating inflamed tissue under
in vivo conditions. Various cell surface mole-
cules that are known to be variably expressed
by porcine MP subpopulations in vitro [5] were
used for their identification. Moreover, the pos-
sible origin and maturation stages of these infil-
trating MP were assessed in the PB and BM.

Actinobacillus pleuropneumoniae (APP) was
chosen as the causative agent model for induc-
ing an inflammatory response in lungs. APP is a
Gram-negative, encapsulated bacterium that
colonizes porcine lungs and causes pleuropneu-
monia. The bacteria bind to cells of the lower
respiratory tract [2]. Clinical signs and patho-
logical changes of the disease already appear
within a few hours after experimental infection
[1]. The infection of non-immunized pigs is fol-
lowed by destruction of alveolar macrophages
and rapid influx of professional phagocytes
and lymphocytes to the tissue [1] and broncho-
alveolar space [7, 8]. A rapid cellular influx of
MP into infected lungs together with a specific
localization of the pathogen in the lungs prede-
termine experimental APP infection to be an
appropriate model for observing MP migration
under inflammatory conditions in pigs.

2. MATERIALS AND METHODS

2.1. Animals and experimental infection

Ten 8-week-old healthy piglets with low levels of
APP-specific antibodies were used in the experiment.
The pigs were kept in the accredited barrier-type ani-
mal facilities of the Veterinary Research Institute. The
animal care protocol for this experiment followed the
Czech guidelines for animal experimentation and was
approved by the Branch Commission for Animal
Welfare of the Ministry of Agriculture of the Czech
Republic. The piglets were allowed to acclimatize
in the animal facilities for one week, and then the
experimental infection was performed.

The infection with APP was performed intrana-
sally during inhalation, and the infectious dose of
2 · 109 bacteria was administered to the second third
of each nasal cavity. Health status was monitored
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during the entire experiment and clinical signs of
respiratory disorders were recorded (increased dysp-
noea, coughing, anorexia, depression and lethargy).

Seven piglets were infected with APP, while
3 piglets were left as noninfected controls. The three
noninfected piglets were euthanized at infection time
0. Infected piglets were euthanized 24 h (3 piglets)
and 72 h (4 piglets) after infection.

2.2. Blood and tissue sampling

Immediately after euthanasia, samples of sternum
and lung tissue were acquired. Simultaneously,
heparinized blood samples from all living piglets
were taken at infection time 0 (10 piglets) and then
6 (7 piglets), 24 (7 piglets), 48 (4 piglets) and 72
(4 piglets) h after infection.

2.3. Processing of the samples

Total white blood cell count was ascertained using
an auto hematology analyzer (BC-2800Vet, Shenzhen
MindrayBio-Medical Electronics, Shenzhen, People’s
Republic of China). Red blood cells were lysed with
ammonium chloride solution (154.4 mM NH4Cl,
10 mM KHCO3, 0.1 mM EDTA, all from Sigma-
Aldrich, St. Louis, USA), leukocyte suspension was
then washed with cell washing solution (CWS, phos-
phate buffered saline containing 1.84 g/L EDTA,
1 g/L sodium azide and 4 mL/L gelatin, all from
Sigma-Aldrich) and the final peripheral blood leuko-
cyte (PBL) count was ascertained.

The last sternebrum was disengaged from the
connective tissue and periost and the BM cells were
rinsed from the bone tissue with 100 mL of CWS
using a 1.7 G needle. Red blood cells were lysed
with ammonium chloride solution, leukocyte suspen-
sion was washed with CWS, and the final bone mar-
row leukocyte (BML) count was ascertained.

During the isolation of lung MP, the lung tissue
was repeatedly weighed in order to allow calculation
of final MP count per gram of tissue (see Sect. 2.6).
The caudal part of the cranial lobe of the left lung
was separated, weighed, and the vasculature and
main bronchus were cannulated with a 1.7 G plastic
intravenous catheter. The vasculature was washed
with 80 mL of Dulbecco’s phosphate buffered saline
(Sigma-Aldrich) containing 0.2% EDTA to remove
blood cells from the vasculature. Then, the broncho-
alveolar space was lavaged three times with 50 mL
of CWS. The alveolar leukocytes (AL) thus obtained
were washed two times with CWS and counted. The
entire lavaged lobe was weighed. A piece of the lobe

tissue was cut, weighed, disintegrated using a fine
nylon mesh, and washed with CWS. The remaining
red blood cells were then lysed with ammonium chlo-
ride solution. Finally, the interstitial leukocytes (ISL)
obtained were washed again with CWS and counted.

Since typical APP lesions appeared in the cranial
lobe of the right lung 72 h after infection, an analysis
of ISL within the lesion (lesion leukocytes, LL) was
also performed. A piece of the lesion was excised,
disintegrated using a fine nylon mesh, washed with
CWS, and LL were counted.

2.4. Detection of cell surface molecules
by flow cytometry

Staining of cell surface molecules was performed
as described previously [24], with small modifica-
tions. Various setups of cell surface molecule combi-
nations, including a list of all primary and secondary
antibodies used in the experiment are shown in
Tables I and II.

The 5 · 105 of BML, PBL, AL, ISL or LL were
mixed with 20 lL of primary antibody cocktail (see
Tab. II, setups nos. 1–5) and 20 lL of heat-inacti-
vated goat serum, then incubated for 20 min at
4 �C. The cells were rinsed twice with CWS. Then,
50 lL of secondary antibody cocktail (anti-IgG2b:
FITC, anti-IgM: PE and anti-IgG1: AlexaFluor647)
was added and the cells were incubated for another
20 min at 4 �C. Finally, propidium iodide
(Sigma-Aldrich) was added to each tube and the sam-
ples were measured as soon as possible using
FACSCalibur flow cytometer (Becton-Dickinson,
New Jersey, USA). At least 50 000 events were
acquired.

Since two distinct clones of anti-CD172a anti-
body (74-22-15 and DH59B) were used for detecting
this molecule, it was verified during preliminary
experiments by two-color analysis that both clones
have identical expression profile.

The post-acquisition analysis of data was
performed using the Summit software (DAKO,
Glostrup, Denmark).

2.5. Gating strategy

The staining of cell surface molecule combina-
tions listed in Table II was performed in lung (setups
nos. 1–3 and 5), PB and BM leukocytes (setups
nos. 1–5).

The gating strategy for lung monocytes/macro-
phages is shown in Figure 1. MP were identified as
viable CD172a+ SWC8� mononuclear leukocytes.
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Monocytes and macrophages were then differentiated
according to their light scatter properties. The abso-
lute counts of alveolar, interstitial and lesion
CD14+/� CD163+/� CD203a+/� or MHCII+/� mono-
cytes or macrophages before and after APP infection
were then calculated per gram of lung tissue.

The gating strategy for identifying particular PB
and BM MP subpopulations is shown in Figure 2.
Since CD203a was expressed on neither PB nor
BM monocytes, setup no. 5 (Tab. II) was not
included in the further analysis.

2.6. Calculation of the results

Generally, the counts of MP subpopulations in the
particular regions and gates were always expressed as
proportions of these cells per 1 000 leukocytes (after
exclusion of cell debris). Final counts of particular
cell subpopulations were then calculated and
expressed as a proportion of 1 000 leukocytes
(BML) or they were further recalculated to 1 mL of
blood (PBL). Since the weight of the whole lobe tis-
sue before and after lavage, as well as the weight of
the piece of disintegrated tissue, was ascertained

during processing of the lung tissue, it was possible
to express the numbers of AL, ISL and LL as abso-
lute counts per 1 g of lung tissue.

2.7. Statistical analysis of the results

The differences between noninfected and infected
animals were evaluated by the Mann–Whitney U test
(Prisma Software, Graph Pad Software Inc., San
Diego, USA).

3. RESULTS

3.1. Lung mononuclear phagocyte
subpopulations

The changes in macrophage count and phe-
notype in the lung compartments (AL and IS
including LL) before and after APP infection
were monitored. Since the blood monocytes
are a source of lung macrophages during
inflammation, the monocytes within the lung

Table I. Primary mouse anti-porcine cell surface marker antibodies used in the experiment.

Antibody Clone Subisotype Producer Catalogue Expression profile

CD14 MIL-2 IgG2b Serotec MCA1218 mo/mf, neu
CD163 2A10/11 IgG1 Serotec MCA2311 subset of mo/mf, DC
CD172a (SWC3) DH59B IgG1 VMRD DH59B mo/mf, neu, eo, DC
CD172a (SWC3) 74-22-15A IgG2b JL – mo/mf, neu, eo, DC
CD203a (SWC9) PM19-7 IgG1 Serotec MCA1973 mf
SWC8 MIL-3 IgM JL – neu, eo, subset of ly
MHCII (SLA-DQ) K274.3G8 IgG1 JL – subset of mo, mf, ly

JL: a generous gift from Dr J.K. Lunney (Animal Parasitology Institute, Beltsville, MO, USA), originally
produced by the University of Bristol. DC: dendritic cells; eo: eosinophils; ly: lymphocytes; mo: monocytes;
mf: macrophages; neu: neutrophils.

Table II. Setup of four-color staining with appropriate secondary fluorochrome-conjugated antibodies.

Setup No. FL1 FL2 FL3 FL4

1 CD14 SWC8 Propidium iodide CD172a (DH59B)
2 CD172a (74-22-15A) SWC8 Propidium iodide CD163
3 CD172a (74-22-15A) SWC8 Propidium iodide MHCII
4 CD14 SWC8 Propidium iodide CD163
5 CD172a (74-22-15A) SWC8 Propidium iodide CD203a

FL1: goat anti-mouse IgG2b: FITC, SouthernBiotech. FL2: goat anti-mouse IgM: PE, SouthernBiotech. FL4: goat
anti-mouse IgG1: AlexaFluor647, Invitrogen.
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compartments before and after infection were
further evaluated.

3.1.1. Lung macrophages

In noninfected piglets, nearly all lung macro-
phages were CD14+ CD163+ CD203a+ and
MHCII+.

The count and phenotypic profile of alveolar
macrophages did not change significantly after
infection (Fig. 3). The count of interstitial mac-
rophages increased significantly, however, even
though the phenotypic profile of most of these
cells was similar after infection to that before
infection (CD14+ CD163+ CD203a+ and
MHCII+). A small proportion of lesion macro-
phages were CD203a�. Taken together, the
count of lung interstitial macrophages increased
during inflammation, and the most so within the
lesion. The inflammatory lung macrophages
had the same phenotypic profile as resident
macrophages. The absence of the CD203a
molecule in some lesion macrophages suggests
that the lesion macrophages originate from

the monocytes, which typically lack this
molecule.

3.1.2. Lung monocytes

In noninfected piglets, most lung monocytes
were CD14+ CD163+ CD203a+ and MHCII+.

There appeared to be an increase in the num-
ber of AL monocytes and in the proportion of
CD203a� and MHC II� subsets at 72 h post-
infection, although these changes were not sta-
tistically significant (Fig. 3). The expression of
CD14 and CD163 molecules did not change,
and most of these AL monocytes were CD14+

CD163+.
The count of IS monocytes increased signif-

icantly after infection. Similarly to macro-
phages, the most noticeable changes in
monocyte count occurred in the LL monocytes.
The newly recruited monocytes were largely
CD14+ CD163+ CD203a� MHC II+. At 72 h
post-infection, the majority of LL monocytes
had the phenotype CD14+ CD163+ CD203a�

MHC II+.
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figure is available online at www.vetres.org.)
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This finding suggests that the newly
recruited lung monocytes arise from blood
monocytes since blood monocytes lack the
CD203a molecule, and moreover, most of
them also lack the MHCII molecule. Regard-
ing the fact that these recruited monocytes
are CD14+ CD163+, it may be assumed that
the population of blood monocytes with the
phenotype CD14+ CD163+ CD203a� and
MHCII+ give rise to these newly recruited
lung monocytes.

3.2. Peripheral blood and bone marrow
mononuclear phagocyte subpopulations

In order to find the origin of lung inflamma-
tory monocytes/macrophages, PB and BM MP
were analyzed before and after infection.

3.2.1. Peripheral blood mononuclear phagocyte
subpopulations

In noninfected piglets, two populations of
PB MP were identified according to the inten-
sity of CD172a expression: CD172ahi and
CD172alo cells (Fig. 4A). Since CD172ahi cells
were exclusively CD14+ and CD172alo cells
were CD14�, they were further divided into
monocytes (CD172ahi CD14+) and dendritic
cells (CD172alo CD14�). The count of mono-
cytes increased already 6 h after infection and
remained elevated through the 72 h following
infection (Fig. 4B). However, the count of den-
dritic cells did not change significantly during
the entire course of the infection.

Then the CD14, CD163 and MHCII mole-
cule expression by CD172ahi (monocytes) and
CD172alo (dendritic cells) PB MP was
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consecutive time-points are marked with ‘‘b’’. (A color version of this figure is available online at
www.vetres.org.)
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analyzed (Figs. 4C and 4D). Nearly all (98%)
CD172ahi MP in noninfected piglets were
CD14+. Fifty percent of them were CD163+

and 31% of them were MHCII+.
The population of CD172ahi MP, which was

found to be significantly elevated 6–72 h after
infection, was almost exclusively of the
CD14+ phenotype, although a small population
of CD14� cells was also transiently elevated
6–48 h after infection. As to the CD163 mole-
cule, both CD163+ and CD163� cells were ele-
vated 6 h after infection. The CD163� cells
returned to the initial count 24 h after infection,
while the CD163+ cell count increased further.
Their counts did not change further 48 and
72 h after infection. The elevated population
of CD172ahi MP was exclusively of the
MHCII� phenotype.

Most CD172alo MP in the noninfected
piglets were CD14� CD163� MHCII+/�.
Although some significant changes in these
populations were found after infection, these
changes appeared to be random and were diffi-
cult to associate with the course of infection.

The results stated above suggest that the pop-
ulation of CD172ahi PBMP, which was elevated
after infection, was of the CD14+ CD163+

MHCII� phenotype.Moreover, there was a pop-
ulation of CD14+ CD163� MHCII� MP which
was transiently increased 6 h after infection.

This was not unambiguous, however,
because the CD14, CD163 and MHCII mole-
cules were always each stained separately, in
combination with antibodies against the
CD172a molecules (setups nos. 1–3, Tab. II).
To confirm the hypothesis, the staining of
CD14/CD163 (setup no. 4, Tab. II) was per-
formed. Since the CD172a molecule could
not be included in this setup, it was impossible
to distinguish MP from lymphocytes during
gating. However, because neither the CD14
nor CD163 molecule is expressed by lympho-
cytes, it was possible to calculate the real counts
of CD14/CD163 MP populations using the val-
ues obtained above in setups nos. 1–3 (Fig. 4F).
Thus, the CD14/CD163 expression by all
mononuclear leukocytes before and after infec-
tion is depicted (Fig. 4E). It was shown that the
population of CD172ahi PB MP which was

transiently increased 6 h after infection was
CD14+ CD163� and the population which
was increased during the whole course of infec-
tion was CD14+ CD163+.

The population of PB dendritic cells
(CD172alo) remained unchanged during the
whole course of infection.

3.2.2. Bone marrow mononuclear phagocyte
subpopulations

The exact identification of BM MP subpop-
ulations was more complicated compared to
that of PB due to the fact that the population
of lymphoblasts can express the CD172a mol-
ecule in amounts comparable to CD172alo MP
[19]. Moreover, maturing BM MP show con-
tinuous expression of the CD172a molecule
(Fig. 5A) in contrast to PB MP where two
separated populations of monocytes and den-
dritic cells were identifiable. Generally, com-
pared to the PB, much more heterogeneous
MP populations exist in BM with respect to
the expression of these cell surface molecules.
Using the display of forward scatter against
CD172a, however, it was possible to distin-
guish two populations of BM MP: CD172ahi

FSClo (more mature MP) and CD172alo FSChi

(less mature MP) (Fig. 5A). The counts of
both populations increased after infection
(Fig. 5B).

Then, similarly to PB, the expression of the
CD14 CD163 and MHCII molecule by
CD172ahi (FSClo) (more mature) and
CD172alo FSChi (less mature) BM MP was
analyzed (Figs. 5C and 5D).

The CD172ahi (FSClo) MP in noninfected
piglets were predominantly CD14+ (70%),
CD163� (76%) and MHCII� (70%). The
CD14+ MP were increased 24 and 72 h after
infection while the CD14� MP transiently
decreased 24 h after infection and then returned
to the initial counts 72 h after infection. Com-
parable changes occurred in the counts of
CD163-expressing MP. The CD163+ MP were
increased 24 and 72 h after infection while
the CD163� MP transiently decreased 24 h
after infection and then returned to the initial
counts 72 h after infection. With respect to
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MHCII expression, the MHCII� MP were
increased after infection only, while MHCII+

MP remained unchanged.
Based on similar counts of the changed

CD14+/�CD163+/�MPsubpopulations, it could
be assumed that those increasedMPwereCD14+

and CD163+ and those transiently decreasedMP
were CD14� and CD163�. Similar to the situa-
tion for PB, however, this assumption could
not be directly verified. The changes in absolute
counts of MHCII� MP suggest that both these
changed populations (CD14+ CD163+ and
CD14� CD163�) were MHCII�.

The CD172alo (FSChi) MP in noninfected
piglets were predominantly CD14� (94%),
CD163� (90%) and MHCII+ (59%). The MP
that were increased after infection, were
CD14�, CD163� and MHCII�. Since no
changes occurred in the population of CD14+

or CD163+ or MHCII+ MP, it could be assumed
that these increased cells were CD14� CD163�

MHCII�.
To confirm the hypothesis that the MP popu-

lation that changed after infection was CD14+

CD163+ or CD14� CD163�, the CD14/CD163
(setup no. 4, Tab. II) staining and subsequent
analysis was performed in the same way as in
the PB. In noninfected piglets, two major
(CD14� CD163� switching into CD14+

CD163�) MP populations were found
(Fig. 5E). A few cells only were CD14+

CD163+. After infection, there was a significant
increase in CD14+ CD163+. This population
appeared to directly develop from CD14�

CD163� BM MP rather than from CD14+

CD163�. Moreover, it was confirmed that the
only populations that changed after infection
were CD14+ CD163+ or CD14�CD163�, while
CD14+ CD163� and CD14� CD163+ cells
remained unchanged (Fig. 5F). The CD14+

CD163+ MP were increased 24 as well as 72 h
after infection. This represents the increased pop-
ulation of CD172ahi CD14+ CD163+ MHCII�

MP. The second population (i.e. CD14�

CD163�MP) was increased 72 h after infection
only (Fig. 5F). However, this lack of change after
24 h was probably due to the manner in which
the data was presented. At this time point, two
opposite trends could be detected: the numbers
of CD172alo CD14� CD163� MHCII� were

increased whereas the numbers of CD172ahi

CD14� CD163� MHCII� decreased (Fig. 5D),
with the result that the sum of these two
CD14� CD163� MP subpopulations remained
unchanged 24 h after infection.

4. DISCUSSION

The aim of this work was to describe which
porcine MP subpopulations infiltrate inflamed
tissue under in vivo conditions. Moreover, the
possible origin and maturation stages of these
infiltratingMP were assessed in the PB and BM.

The cell surface molecules CD172a, SWC8
and CD203a were used for the identification of
basic MP populations (monocytes, dendritic
cells, macrophages). The further discrimination
of particular MP subpopulations was based on
the presence of CD14, CD163 and MHCII
molecules.

The initial identification of all MP was based
on the detection of CD172a together with
SWC8 molecules according to Haverson et al.
[12] and Summerfield et al. [19, 20]. In the
PB, two major populations of MP: the
CD172ahi CD14+ SWC8� monocytes and
CD172alo CD14� SWC8� dendritic cells [21]
were identified. In the BM, typically two con-
tinuous subpopulations of MP were identified:
less mature CD172alo SWC8� FSChi and more
mature CD172ahi SWC8� FSClo cells.

The CD203a molecule was typically
expressed on lung MP but not on PB or BM
MP. Since this molecule appears during the
development of monocytes into macrophages
[14], the lung MP expressing the CD203a mol-
ecule were considered to be more mature com-
pared to those lacking this molecule.

After identification of basic MP populations,
MP subpopulations were defined, based on the
co-expression of other cell surface molecules.
The expression profile of the CD14 molecule
alone is well documented in the PB as well as
in the BM [18–20]. Accordingly, CD14 was
expressed by more mature (CD172ahi SWC8�

FSClo) but not by less mature (CD172alo

SWC8� FSChi) BM MP and by PB monocytes,
but not by dendritic cells. Thus, the use of
the CD14 molecule alone for identifying MP
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subpopulations could yield only little new
knowledge. However, the combination of this
molecule with two other molecules (CD163
and MHCII) allows the discrimination of up
to four distinct MP subpopulations [5, 15]. So
far, the heterogeneity of the MP subpopulations
has been described in the PB only using these
three crucial surface molecules [5]. The present
study provides new information about these
subpopulations in the BM and lungs, including
their possible developmental relationship to PB,
under either noninflammatory or inflammatory
conditions.

The results of the present study have shown
that two different PB and three different BM
monocyte subpopulations play roles in the
inflammatory response induced by APP. In the
PB, the population of (CD172ahi) CD14+

CD163+ MHCII� monocytes was increased
even 6 h after infection and probably was a
source of CD14+ CD163+ monocytes for the
inflamed lung tissue. The (CD172ahi) CD14+

CD163� MHCII� monocytes probably play a
role in the initiation of an inflammatory
response prior to the CD14+ CD163+ mono-
cytes taking over the role of monocytes infiltrat-
ing the inflamed tissue.

In the BM, the more mature BM monocytes
(CD172ahi) CD14+ CD163+ MHCII� were
increased and probably were a source of
(CD172ahi) CD14+CD163+MHCII� PBmono-
cytes. The second population of more mature
monocytes, (CD172ahi) CD14+ CD163�

MHCII�, was transiently decreased 24 h after
infection. This was probably caused by a sudden
need for monocytes, which are the cells of
sequential developmental stages within the BM
or PB. The increased count of less matured cells,
(CD172alo) CD14� CD163� MHCII�, proba-
bly reflects the accelerated generationof the early
monocyte precursors within the BM.

The population of CD14+ CD163+ BM MP
that was increased after infection appeared to
develop directly from less mature CD14�

CD163� rather than from more mature CD14+

CD163� BM MP. This could be caused by the
accelerated upregulation of the CD163molecule
on the developing BM MP after receiving the
inflammatory stimulus. These CD14+ CD163+

BMMPare then a direct source of PBmonocytes

during inflammation. However, this type of
changed course of cell maturation is relatively
unusual in biology. More common during
enhanced consumption is the release of less
mature cells from the BM to the PB (e.g. shift
to the left in neutrophils, release of reticulocytes
during regenerative anemia etc.). From this point
of view, it is more probable that BMMP are pro-
duced by two different maturation pathways and
then are released to the bloodstream as two dis-
tinct subpopulations. The use of these pathways
differs under inflammatory and noninflamma-
tory conditions.

This finding does not, however, exclude the
possibility of CD163� PB monocytes switching
into CD163+ monocytes, although this has so
far been observed under in vitro conditions only
[3]. It is likely that for a better understanding of
the origin, differentiation pathways and func-
tion of MP in pigs, more comprehensive
in vivo experiments are necessary in the future.

In the mouse model, two major subpopula-
tions of PB monocytes exist: the Ly6C+ and
Ly6C� cells. The phenotypic switch from
Ly6C+ into Ly6C� monocytes is a spontaneous
process occurring continuously in the blood-
stream [23]. The less mature Ly6C+ monocytes
could enter the inflamed tissue, while more
mature Ly6C� monocytes renew the population
of resident macrophages [10, 13]. So far, very
similar developmental pathways were suggested
in pigs, where CD163� PB monocytes could
under in vitro conditions spontaneously switch
their phenotype to CD163+ [5]. Since the popu-
lation of PBMP thatwas increased under inflam-
matory conditions in the pig was CD163+

CD14+, it could be suggested that, on the con-
trary to mice, the subpopulation of these more
mature CD163+ PB monocytes plays a role in
the infiltration of the inflamed tissue.

The combination of cell surface molecules
used in the present study was found to be appro-
priate for characterizing MP subpopulations in
pigs. However, an upgrade of the four-color into
seven-color flow cytometry for simultaneous
detection of all these molecules together seems
to be necessary for future experiments.

From a functional point of view, the porcine
CD163+ PB MP are known to express higher
amounts of co-stimulatory and adhesion
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molecules thanCD163�MP [3].Moreover, they
are able to produce higher amounts of TNF-a
after in vitro cultivation [5]. Taken together, the
CD163+ MP exert a higher degree of prepared-
ness to play a role in the defense against patho-
genic agents compared to CD163� MP. This
closely corresponds to the present data demon-
strating an important role for CD163+MPduring
the inflammatory response.

An important role of CD163+ PB MP, which
produce higher amounts of TNF-a, is finally
supported by the fact that TNF-a was found
to play a role in the pathophysiology of APP-
induced lung inflammation in pigs [6].

In summary, our results show that the
CD14+ CD163+ MP subpopulation is involved
in infiltrating the inflamed tissue of pigs under
in vivo conditions and that the initial response
to the inflammatory stimulus appears to occur
already in the bone marrow.
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