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Background Mononuclear phagocytes play an important role in modulating inflammatory
reactions in response to antigen challenge.

Objective To investigate the regulation of CD163, a marker of anti-inflammatory macrophages,
during Dermatophagoides pteronyssinus (Dp)-induced bronchoconstriction.

Methods Among 110 Dp-sensitive patients who underwent bronchial challenge with Dp, there
were 51 dual responders (DR), 32 single responders (SR) and 27 non-responders (NR).
Monocyte expression of CD14 and CD163 was evaluated by flow cytometry. Exhaled NO
(eNO) concentration was determined on-line using a chemiluminescence analyser. In 21 DR,
nine SR and 13 NR-soluble CD163 in plasma was measured by ELISA before, 1, 8 and 24 h

after the challenge.

Results In DR, the baseline expression of monocyte CD163 and eNO were significantly greater
than in SR and NR. A pattern of (1) decreased monocyte CD163 expression, (2) unchanged sCD163
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and (3) increased eNO in DR was contrasted by a pattern of (1) increased CD163 expression,

(2) increased sCD163 and (3) unchanged eNO in SR. During allergen challenge, the changes in
monocyte CD163 expression and sCD163 inversely correlated with the changes in eNO.
Conclusion Both pro-inflammatory and anti-inflammatory responses to allergen challenge
are uniquely expressed among SR and DR.
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Introduction

In healthy subjects, alveolar macrophages (AMs) and
recruited peripheral blood monocytes (PBM) play a crucial
role in the down-regulation of the inflammatory reaction
in the lungs in response to antigen challenge [1-5]. In
asthmatic patients, AMs have decreased phagocytic func-
tion, and have a decreased inhibitory effect on T cell
proliferation [2-5]. Furthermore, experimental asthma
models support a role for AM in the development of
asthma and airway hyper-reactivity [6, 7].

Allergic asthma patients exposed to a relevant allergen
develop immediate bronchoconstriction [early asthmatic
reaction(EAR)]. In some patients, this is followed 3-8 h
later by prolonged narrowing of the airways referred to
as the late asthmatic reaction (LAR) [8]. The appearance
of an LAR is associated with infiltration of the bronchial
wall by inflammatory cells, including monocytes [9-10].

The histological changes in the bronchial wall during the
LAR resemble those seen in patients with persistent
asthma [10, 11].

A subpopulation of monocytes/macrophages expres-
sing an anti-inflammatory phenotype are thought to play
a crucial role during the resolution of inflammation
[12, 13]. A surface marker molecule for this phenotype
has recently been identified as the haptoglobin-haemo-
globin scavenger receptor CD163, which is a monocytic/
macrophage lineage-specific glycoprotein [14]. The ex-
pression of CD163 is induced by glucocorticoids, IL-10
and IL-6 and suppressed by IFN-v, IL-4, TNF-a or lipopo-
lysaccharide [15, 16]. CD163" cells are expanded in
chronic inflammation and during the healing phase of
the acute inflammatory reaction [14-18]. In arthritis,
these CD163" cells seem to be involved in the down-
regulation of T lymphocyte function [19, 20]. Moreover, a
soluble form of CD163 (sCD163), which is shed from the
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cell membrane upon inflammatory stimuli, has also been
reported to possess anti-inflammatory activity [21-23].
Soluble CD163 effectively inhibits phorbol ester-induced
T cell proliferation and activation [21-23]. sCD163 is
present in normal human plasma; however, the levels
increase significantly upon activation or proliferation of
mononuclear phagocytes [20, 24-27].

The purpose of the present study was to investigate
the regulation of CD163 on PBM and sCD163 in the
plasma of patients who develop EAR and LAR in response
to allergen challenge.

Methods

Patients

Two hundred non-smoking allergic rhinitis patients, mean
age 26.7 £ 8.6 years, referred to our allergy clinic due to a
recent onset, within 12 months, of episodes of dyspnoea,
wheezing and cough upon dust exposure, were screened
for this study. All patients had a baseline forced expiratory
volume in 1 s (FEV;) above 70% of the predictive value.
In 185 patients (92.5%), positive skin prick test results
with Dermatophagoides pteronyssinus (Dp) and Dermato-
phagoides farinae (Df) extracts were demonstrated. Based
on a detailed medical history, 143 patients were selected
for the study. The selected patients had never been treated
for asthma before the study except for episodic use of
inhaled short-acting f,-agonists. Patients who had al-
ready been treated with allergen immunotherapy or any
systemic medications as well as patients having upper
respiratory tract infections within 3 months of the study
were not included. One hundred and ten of 143 selected
patients (76.9%), mean age 25.3 +7.2 years, agreed to
participate. The remaining 33 patients declined to partici-
pate in the study for non-medical reasons. Nineteen non-
smoking healthy non-atopic subjects, mean age
24.7 + 6.8 years, were included as a control group (HC).
Bronchial challenges were not performed in HC for ethical
reasons. All subjects signed an informed consent. The
study was approved by the local Ethics Committee.

Skin prick tests

All persons were skin tested using prick methodology with a
screening panel of aeroallergens (Allergopharma, Joachim
Ganzer, Reinbeck, Germany) as described elsewhere [28].

Bronchial challenge

Histamine and allergen bronchial challenge tests were
performed as described elsewhere [28]. All patients
inhaled doubling concentrations of histamine starting
from a concentration of 0.062 mg/mL. The procedure was
continued until either at least a 200 fall of FEV, or a

histamine concentration of 32 mg/mL was reached. The
FEV, results obtained after inhalation of 0.9% solution of
NaCl were used as reference values.

Increasing doses (0.8, 4, 20, 100, 500 and 2500 standar-
dized biological unit (SBE)) of aqueous Dp extract
(Allergopharma) were administered until either at least a
20% fall of FEV; or a cumulative dose 5000 SBE was
reached. Forced expiratory manoeuvres were performed
15min after inhalation of each dose of the allergen
extract. The FEV; was measured every 15 min during the
first hour, every 60 min during the next 11h and after
24 h. The EAR was evaluated as a dose of allergen causing
a 20% decline of FEV,.

Exhaled nitric oxide measurements

The concentration of nitric oxide (NO) in the expired air
was evaluated ‘online’ using a chemiluminescence analy-
ser NOA™ 280i (Sievers, Boulder, CO, USA). The measure-
ments were performed according to American Thoracic
Society (ATS) recommendations [29] Briefly, each patient
exhaled over a 30-s period against the fixed expiratory
resistance of 16 cmH,0, which resulted in a constant flow
of 50mL/s. Both NO concentration and flow rate were
displayed on the screen. A plateau of NO concentration in
the exhaled air at the selected exhalation rate was auto-
matically selected by the computer software according to
the ATS recommendations. The NO measurements were
performed immediately before lung function test (T,,) and
24h after allergen challenge (T,,). At each time-point,
measurements were repeated three times and the mean
value was used for analysis.

Flow cytometry analysis

Samples of venous blood for flow cytometry analysis were
collected from each patient at T, and T,,. Flow cytometry
analysis was performed on the whole-blood samples using
the following monoclonal antibodies labelled with
fluorochromes: anti-CD14 FITC with anti-CD163 PE (BD
Biosciences, Pharmingen, San Diego, CA, USA) as de-
scribed before [28]. Matched labelled anti-idiotype anti-
bodies were used as negative controls. After 30 min of
incubation at room temperature, erythrocytes were lysed
using a set of lysing reagents (Beckman Coulter Co.,
Miami, FL, USA). The remaining white cells were analysed
by flow cytometry (Coulter Epics, Beckman Coulter Co,
Miami, IL, USA). Monocytes were selected on the basis of
their shape and size [side scatter(SS) and forward scat-
ter(FS)] and on the basis of high expression of CD14. The
expression of individual receptors is presented in fluores-
cence units (FU), which represents a ratio between the
intensity of staining with an individual antibody in
comparision with the intensity of staining using appro-
priate isotype control antibody.
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Immune assays

Concentrations of serum total IgE (tIgE) and specific anti-
Dp IgE (sIgE) were evaluated using UniCap (Pharmacia,
Uppsala, Sweden).

In 43 patients, four consecutive plasma samples were
available. They were collected at T, and then 60 min
(Tgar), 8h (Tiagr) and 24 h (T,,) after administration of
the last allergen dose. In these patients, the plasma
concentration of sSCD163 was evaluated. The plasma level
of sCD163 was evaluated using ELISA as described else-
where [25, 30]. Briefly, polyclonal rabbit anti-CD163
bound to the microtitre wells were incubated with plasma
samples for 60 min. After being washed, monoclonal
anti-CD163 antibody (GHI/61) was added and incubated
for 60 min. After another washing, peroxidase-labelled
goat anti-mouse antibody was added (DAKO P447,
Carpinteria, CA, USA) and incubated for 60 min. Subse-
quently, the wells were washed and substrate solution was
added. After 15 min, the reaction was stopped with 50 pL
of 1m H,SO, and the plates were read at 492/620 nm.
Control samples and standards of purified CD163 were
co-analysed in each run.

Study protocol

All patients were admitted to the hospital. On the first day,
histamine bronchial challenge was performed between
07:00 and 9:00 hours. The patients were observed over-
night and on the second day, between 07:00 and 08:00
hours, allergen bronchial challenge was performed and

lung function tests were monitored as described above. In
those having seasonal allergy, bronchial challenge tests
were performed out of their allergy season.

Statistical analysis

Statistical analysis was performed using the non-para-
metric Wilcoxon'’s test. The results are expressed as median
with 95% confidence interval for the median. For compar-
ison of three or more unpaired groups, the Kruskal—Wallis’s
test was used. Analysis of repeated measurements was
performed using Friedman’s aNova test. A probability value
of P < 0.05 was taken to indicate statistical significance.
The Spearman correlation coefficient was used to examine
the relationship between quantitative parameters. Catego-
rical data were analysed using the y” test.

Results

Significant bronchoconstriction to allergen challenge was
demonstrated in 83 of 110 patients (75.5%). In 32 patients,
only an EAR was demonstarted [single responders (SR)]
while 51 developed also an LAR [dual responders (DR)].
Significant bronchoconstriction to histamine challenge was
demonstrated in all 83 responders (PC,q = 2.0 mg/mL; 95%
CI 1.1-2.7 mg/mL). In SR, the median PC,, was significantly
greater than in DR (P=0.0026; Table 1). Patients who did
not respond to histamine provocation and to allergen
challenge (n=21) were considered non-responders (NR)
and were used for comparison. Six patients who responded

Table 1. Baseline characteristics of patients studied [median (95% confidence intervals (CI)]

Patients

DR (n=51) SR (n=32) NR (n=21) HC (n=19)
FEV, (% predicted) 83 (80-87)*" 89 (86-95)* 97 (89-105) 95 (92-102)
PCy0 (mg/mL) 1.2 (0.79-2.0)*" 3.7 (2.2-9.8)* > 32 ND
PD,, (SBE) 459 (341-750)*" 1800 (1300-2240)* > 5000 ND
Total IgE (U/mL) 734 (375-913)*" 223 (97.0-442) 149 (59-271) ND
Anti Dp IgE (U/mL) 13.1 (5.40-24.1)*" 2.99 (1.75-4.82)* 1.76 (0.84-4.79) ND
Eosinophils (mm?) 360 (315-425)"* 275 (239-385)H* 210 (160-342)* 150 (130-188)
Monocytes (mm?) 362 (308-391) 280 (205-394) 330 (290-410) 320 (272-378)
Exhaled NO (p.p.b.) 137 (117-165)%* 89.5 (70.8-106)* 52.0 (28.0-84.9) 8.0 (6.8-9.5)
CD 163 (% of mono) 52.0 (47.9-54.9)*7 37.5 (31.5-42.1) 31.5 (30.0-36.6)* 26.0 (19.7-31.8)
CD163 (FU) 1.99 (1.95-2.04)"*7 1.88 (1.82-1.99)"* 1.89 (1.78-1.92) 1.72 (1.60-1.87)
CD14 (% of mono) 87.0 (84.3-89.5) 86.7 (85.4-89.1) 87.0 (86.0-93.9) 91.0 (87.0-96.0)
CD14 (FU) 5.6 (4.7-6.0)* 5.4 (4.0-6.5) 5.1 (4.6-6.9) 6.7 (5.1-8.8)

DR (n=21) SR (n=9) NR (n=13)

sCD163 (mg/L) 2.51 (1.92-3.07) 2.38 (1.48-3.52) 1.99 (1.42-2.64)

*significantly different from NR.
Tsignificantly different from SR.
isigniﬁcantly different from HC.

SBE, standardized biological unit; NO, nitric oxide; FU, fluorescence units; DR, dual responders; SR, single responders; NR, non-responders; HC, healthy

controls.
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Fig. 1. Comparison of representative flow cytometry analysis of blood samples from a single responder (SR) (left) and a dual responder (DR) (middle)
non-responder (NR) (right). Expression of CD163 on peripheral blood monocytes was evaluated before (blue) and after (red) allergen challenge. Staining
with anti-isotype antibodies is depicted in grey.

to histamine challenge (PC,o < 32mg/mL) but did not (95% CI 1.77-1.87; P < 0.0001). Neither the median
respond to allergen challenge were not included in the number of CD163-expressing monocytes nor the median
analysis. Significantly greater bronchial responsiveness to density of CD163 on PBM changed significantly in NR
allergen challenge, evaluated as median PD,,, was found in after the allergen challenge. An increase in monocyte
DR than in SR (P < 0.0001; Table 1). CD163 expression was demonstrated in 27 of 32 SR
(84.49%), 10 of 21 NR (47.6%) and in only eight of 51 DR
(15.7%; P < 0.0005). No change in expression of CD14
after the allergen challenge was observed in any of the
No difference in the number of circulating monocytes was groups (Fig. 2).

found between DR, SR, NR and HC (Table 1). At T,, the The concentration of sCD163 in plasma was determined
percentage of PBM that expressed CD163 was the greatest ~ in nine SR, 21 DR and 13 NR. In these patients, the
in DR, being significantly greater than in SR (P =0.0002), baseline plasma concentrations of sCD163 were within
NR (P < 0.0001) or HC (P < 0.0001). Similarly, the density the reference limits determined in studies of healthy
of CD163 on PBM expressed in FU was the greatest in DR, subjects [30]. The highest plasma concentrations of
being significantly greater than in SR (P=0.0072), NR sCD163 at T, was found in DR but this was not signifi-
(P < 0.001) or HC (P < 0.001; Table 1). The median cantly different from SR (P=0.717) or NR (P=0.123)
percentages of PBM expressing CD14 were not statisti- (Table 1). Serial measurements of sCD163 in plasma
cally different among DR, SR, NR and HC (Table 1). The revealed no significant change in median plasma concen-
median density of CD14 on PBM did not statistically differ trations of sCD163 in NR (P=0.989) or DR (P=0.297)
between DR, SR and NR but the median density of CD14 in during the 24 h observation period. In SR a significant
HC was significantly greater than that in any of the increase in the median sCD163 concentration was seen at
allergic patient groups (Table 1). No significant difference Tiar (2.55; 95% CI 1.67-3.97 mg/L; P < 0.01) and at T,
was found in the total number of PBM before and after (2.78; 95% CI 1.55-3.97; P < 0.01; Fig. 3). The increase in
allergen challenge in DR, SR or NR. In SR, the median plasma sCD163 concentration was seen in all SR (100%),
number of CD163 expressing monocytes increased from in seven of 12 NR (58.3%) and in only eight of 21 DR
37.5% to 53.0% (95% CI 49.0-59.0%; P < 0.0001; Figs 1 (38.1%; P=0.007).

and 2) after allergen challenge, and the median density of
CD163 expression on PBM increased from 1.88 FU to 2.24
(95% CI 2.01-2.46 FU; P < 0.0001), while in DR the
median number of CD163 expressing monocytes de- The median baseline NO concentrations in exhaled air of
creased from 52.0% to 42.0% (95% CI 39.7-43.0; DR, SR and NR were significantly greater than in HC
P < 0.0011; Figs 1 and 2) and the median density of (P < 0.01 for each studied group; Table 1). No significant
CD163 expression on PBM decreased from 1.99 to 1.8 FU changes in the concentration of NO in exhaled air were

Expression of CD163

CD163 expression and mediators of airway inflammation
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Fig. 2. Frequency of peripheral blood monocytes expressing CD14 (a) or
CD163 (b) and the mean concentration of nitric oxide (NO) (c) in the
exhaled air before (0) and 24 h after allergen challenge [24]. Data are
presented as median with 95% confidence intervals. DR, dual responders;
SR, single responders; NR, non-responders; HC, healthy controls,
*significantly different from SR; *significantly different than at Tp.

seen either in SR or in NR at T,,. In DR, however, a
significant increase in the median NO concentration
was seen from 137 p.p.b. at Ty to 192p.p.b. (95% CI
166-211 p.p.b.) at T, (P < 0.0001; Fig. 2). In neither SR
nor in DR was there a direct correlation between exhaled
NO concentration and expression of CD163 on PBM or the
sCD163 plasma concentration. Significant inverse corre-
lations, however, were found between the change in
expression of CD163 on PBM and the change in exhaled
NO concentration (n=83, r=—0.3987, P=0.0002) and
between the change in plasma concentration of sCD163

© 2006 The Authors
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Fig. 3. Changes in the plasma concentration of sCD163 during allergen
challenge. Data are presented as median with 95% confidence intervals,
before (0), 60 min (Tgag), 8 h (Tyag) and 24 h (T,,) after the challenge. DR,
dual responders; SR, single responders; NR, non-responders; HC, healthy
controls. #significantly different from SR; *significantly different than at T,,.

and the change in NO concentration (n =30, r=— 0.4251,
P=0.03) during allergen challenge. An increase in mono-
cyte CD163 expression was seen in 26 of 30 (87%) patients
who did not respond to the allergen challenge with an
increase in exhaled NO concentration and only in 14 of 53
(269%) patients, who demonstrated an increase in exhaled
NO concentration after the challenge (P < 0.0001). Simi-
larly, plasma sCD163 concentration increased in 13 of 16
(81%) patients who did not respond with an increase in
exhaled NO concentration to the allergen challenge and
only in 10 of 24 (42%) patients who demonstrated an
increase in exhaled NO concentration after the challenge
(P=0.03) (Fig 4).

Discussion

This study demonstrates a specific pattern of monocyte
activation in patients who respond with bronchoconstric-
tion to intrabronchial allergen challenge. The monocyte/
macrophage-specific scavenger receptor CD163 is a
marker of macrophages that possess anti-inflammatory
functions, and increased expression of CD163 on mono-
nuclear phagocytes is associated with down-regulation of
inflammatory responses [12-14, 20, 24-27]. As AMs play
a crucial role in dampening of the inflammatory reaction
in the lungs, it was of interest to investigate the regulation
of CD163 in response to allergen challenge, and especially
to investigate observed changes in patients who develop a
prolonged inflammatory response (DR). At baseline, there
was a higher number of CD163" monocytes in asthma
patients than in control subjects that was parallelled by an
increased mean fluorescence intensity. Moreover, signifi-
cant opposite changes in the number of CD163 ™ cells were
observed in DR and SR during allergen challenge that
were not accompanied by any change in CD14 expression.
The changes in CD163 expression appear not to be related
to increased shedding of sCD163 in DR or decreased
shedding in SR as the levels of sCD163 remained constant

Journal compilation © 2006 Blackwell Publishing Ltd, Clinical and Experimental Allergy
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Fig. 4. Correlation between change in exhaled nitric oxide (NO) concen-
tration and (upper panel) change in monocyte CD163 expression or (lower
panel) change in sCD163 plasma concentration during allergen challenge.

in DR, and increased in SR. It cannot, however, be
excluded that the fall in CD163 expression in DR was due
to an increased recruitment of CD163 " cells to the lungs.
Independent of the reason, however, the fall of CD163
expression in circulating monocytes seen in DR indicates
that the effects of pro-inflammatory mediators or ‘utiliza-
tion” of CD163" monocytes are not balanced by anti-
inflammatory mechanisms leading to increased CD163
expression. The changes therefore probably reflect true
alterations in the activation of PBM, and in SR might
suggest a general shift in monocyte activation towards an
anti-inflammatory state, whereas the ability to raise a
reinforced anti-inflammatory response in connection with
antigen challenge seems disturbed in DR.

The anti-inflammatory cytokine IL-10 is a strong in-
ducer of CD163 expression and in an experiment with
application of gene-chip technology, CD163 displayed the
strongest response to IL-10 among the 19 up-regulated
genes [31]. Under the influence of IL-10, monocytes and
dendritic cells develop an anti-inflammatory phenotype.
Interestingly, the increase in the number of circulating

IL-10-producing CD4™" cells in SR observed during aller-
gen challenge by other investigators mirrors the changes
in CD163" monocytes seen in the current study [32]. This
suggests that Tcell-monocyte interaction within circula-
tion may play a role in regulation of the inflammatory
response induced by bronchial allergen challenge. In
vitro, monocytes induced by lactic acid bacteria to secrete
IL-10 inhibited production of T-helper type 2 (Th2)
cytokines by lymphocytes [33]. The effect was not linked
to an increase in IFN-y or IL-12 secretion, indicating that
these ‘anti-inflammatory’ monocytes may divert the im-
mune system in a regulatory or tolerant mode [33]. More-
over, the induction of CD163 itself appears to be involved
in the anti-inflammatory actions of mononuclear phago-
cytes. Binding of CD163 by monoclonal antibodies or its
ligand induces intracellular signalling that leads to in-
creased IL-10 production by macrophages [13]. Even
sCD163 present in plasma has attributed anti-inflamma-
tory actions [21-23]. Soluble CD163 effectively inhibits
phorbol ester-induced, protein kinase C (PKC)-dependent,
T cells’ activation and proliferation [21-23]. As activation
of PKC is crucial for proliferation of Th2 cells, it can be
argued that sCD163 cannot inhibit only Th1 cells shifting
the immune response towards Th2-type [34]. The inhibi-
tion of T cell activation and proliferation by sCD163
should rather result in a tolerant state. The T cell inhibi-
tory effect of sCD163 was achieved in vitro at a concen-
tration of 0.5 mcg/mL, which is much below the plasma
concentration of sCD163 [24, 25]. Moreover, in SR during
the 24 h period, the median increase in plasma sCD163
concentration was 0.4 mcg/mL, being in the range of
biologically active concentrations. A negative correlation
between sCD163 and the number of activated T cells has
been described in arthritic joints [20]. Soluble CD163 is
present in broncho-alveolar fluids (H. J. M. unpublished
results); however, a possible role for sCD163 in the local
regulation of inflammation in the lungs needs further
investigation. Finally, binding of haemoglobin-haptoglo-
bin complex by CD163 fuels haeme oxygenase-1 (HO-1),
resulting in the production of carbon monoxide (CO),
which exerts strong anti-inflammatory and anti-prolif-
erative actions [35].

The change in exhaled NO during allergen challenge
was different in DR and SR, and contrasted the changes
seen in CD163 assessments. In DR, the decrease in CD163
expression was accompanied by increases in exhaled NO
and, in SR, the increase in CD163 expression was accom-
panied by unchanged concentrations of NO in the exhaled
air. These relations were further emphasized by the inverse
correlations between CD163 expression/sCD163 and
change in exhaled NO concentration.

General alterations in monocyte phenotype and
function during intrabronchial allergen challenge have
been described [36, 37]. Unfortunately, no association
between the pattern of monocyte activation and specific
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types of bronchial response has been reported. Recent
observations in humans and mice emphasize a possible
association between mononuclear phagocytes and the
resolution of the inflammatory response in asthma. It
was demonstrated in an allergen-induced animal asthma
model that allergen-loaded mononuclear phagocytes
could induce an indirect, allergen-specific, long-lasting,
immunosuppressive response [38]. The effect was asso-
ciated with migration of these allergen-loaded mono-
nuclear phagocytes to the spleen [38]. Recently, in
asthmatic patients increased concentrations of another
macrophage scavenger receptor (90K protein) were de-
tected in plasma and bronchoalveolar lavage fluid. The
protein was shown to inhibit the production of IL-4, IL-5
and IL-13 [39]. Whether CD163 or sCD163 plays a direct
role in the down-regulation of the inflammatory re-
sponses in asthma, perhaps by inhibition of T lympho-
cytes, or is merely a marker of anti-inflammatory
responses, cannot be concluded from the present study.

Taken together, our findings support the hypothesis of a
combined up-regulation of both pro-inflammatory and
anti-inflammatory responses in asthma, and indicate that
both pro- and anti-inflammatory responses to allergen
challenge are differentially regulated in SR and DR.
In DR, pro-inflammatory mechanisms seem to dominate,
whereas SR seem able to mount a dominant anti-inflam-
matory response to allergen provocation. Moreover, a
tight association between local inflammation in the air-
ways and systemic response of mononuclear phagocytes
was demonstrated.
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