Complement Factors C3a and C5a Are Increased in
Bronchoalveolar Lavage Fluid after Segmental
Allergen Provocation in Subjects with Asthma
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Allergic asthma is thought to be the result of an inappropriate spe-
cific immune response against common environmental antigens.
However, studies of animal asthma models have also linked the in-
nate immune system, in particular complement factors C3a and
C5, to murine airway hyperresponsiveness. Because the possible
role of these anaphylatoxins in patients with asthma is not under-
stood, we tested the hypothesis that C3a and C5a will increase in
the bronchoalveolar lavage (BAL) fluid of patients with asthma af-
ter segmental allergen provocation. In a group of 15 subjects with
mild asthma we found a significant upregulation of C3a and C5a
24 h after allergen challenge compared with baseline values (p <
0.01). In a control group of healthy volunteers the concentrations
remained basically unchanged. Furthermore, we found a strong
correlation between both anaphylatoxins and the number of eosin-
ophils (p < 0.01) and, to a lesser degree, with the number of neu-
trophils (p < 0.05) in BAL fluid. These data suggest a contribution
of anaphylatoxins C3a and C5a to the pathogenesis in asthma.
However, the pathogenic role of these substances in relation to
asthma remains to be elucidated, for example, by using anaphyla-
toxin receptor blockers as a possible new therapeutic principle.
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Asthma is a chronic inflammatory disease of the bronchi that
arises as a result of inappropriate acquired immunological re-
sponses to common environmental antigens in genetically sus-
ceptible individuals. It is thought to be mediated by CD4" T
lymphocytes producing a type 2 cytokine profile, which leads
to elevated specific IgE, eosinophilia and airway hyperrespon-
siveness (AHR). However, the hypothesis has been proposed
that the complement system, which forms a central core of in-
nate immune defense against mucosal bacteria, viruses, fungi,
helminths, and other pathogens, might also play an important
role in the pathogenesis of asthma: Humbles and coworkers
(1) and Bautsch and coworkers (2) have shown that C3a re-
ceptor-deficient mice and guinea pigs are protected against
bronchoconstriction and AHR seen after allergen challenge.
Interestingly, there was no difference in eosinophilic airway
inflammation, helper T cell type 2 (Th2) cytokine production,
and IgE production between C3a receptor-deficient and wild-
type animals, which demonstrates that airway inflammation
and AHR are two independent features of asthma.

On the other hand, Karp and coworkers (3) have shown
that C5 deficiency leads to increased susceptibility to allergen-
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induced AHR in mice, which might be explained by decreased
interleukin 12 (IL-12) production in C5-deficient animals.
These animal studies suggest that the complement proteins
C5a and C3a have opposite effects. However, for the in vivo
situation in patients with asthma only limited information
about the role of these anaphylatoxins is available. Many fea-
tures of bronchial asthma such as smooth muscle contraction;
mucous secretion; and recruitment of eosinophils, mast cells,
and neutrophils are consistent with the action of C3a and C5a.

Therefore, the aim of our study was to evaluate the local
production of C3a and C5a at the site of allergic inflammation
in bronchial asthma. For this purpose, the well-defined and
standardized protocol of segmental allergen challenge fol-
lowed by bronchoalveolar lavage (BAL) was used in asth-
matic and control subjects. The samples were taken 24 h after
the challenge, a time point when the late-phase inflammatory
response was characterized by marked eosinophilia.

METHODS

Study Subjects

Fourteen patients with mild asthma (mean age, 25.5 = 0.7 yr; 5
women and 9 men; mean FEV,, 97.4 £ 4% of predicted value; geo-
metric mean PC,)FEV/, 3.4 mg of histamine per ml; geometric mean
IgE, 160 kU/L) and 9 normal control subjects (mean age, 27.6 = 1.4 yr; 2
women and 7 men; mean FEV,, 102 * 1% of predicted value; geomet-
ric mean PC FEV|, 14.5 mg of histamine per ml; geometric mean IgE,
10 kU/L) participated in the study. All patients had mild allergic
asthma according to the Heart, Lung, and Blood Institute of the Na-
tional Institutes of Health (4) and each patient had elevated IgE levels
and a positive skin prick test to one or more of eight common allergens.
Most of them (n = 8) had seasonal asthma and were tested out of sea-
son. Patients were using only salbutamol when required for relief of
symptoms. The normal control subjects had no history of allergic or other
diseases, negative skin prick tests, normal IgE (< 100 IU/ml), normal
lung function tests, and no bronchial hyperresponsiveness (PCy, > 8
mg/ml). All study subjects were nonsmokers and no subject had acute
bronchitis 4 wk before the investigations. All subjects were volunteers
and gave their written consent after being fully informed about the
purpose and nature of the studies, which were approved by the Ethics
Committee of Hannover Medical School (Hannover, Germany).

Segmental Allergen Challenge

Segmental allergen challenge was performed as previously described (5,
6). Briefly, a baseline BAL was performed in the inferior lingular bron-
chus with five 20-ml volumes of sterile saline. As a control, 10 ml of saline
solution was instilled into the superior lingular bronchus. Finally, 10 ml of
allergen solution was instilled into the medial segment of the middle lobe.
The allergen extract used for segmental allergen challenge was that which
produced the largest wheal response on skin prick testing and the chosen
concentration was one-tenth the dilution in saline that elicited a 3-mm-di-
ameter skin wheal response. After 24 h, subjects (all patients with asthma
and five control subjects) were rebronchoscoped and the superior lingular
bronchus and the medial middle bronchus were lavaged with 100 ml of sa-
line. A commercially available endotoxin detection assay (E-toxate, Lim-
ulus amebocyte lysate; Sigma, St. Louis, MO) was used to demonstrate
that the instilled saline and allergen solutions were free of endotoxin.
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Processing of BAL Fluid

BAL fluid samples were processed as described (5, 6). Briefly, cells
were filtered through a 100-wm pore size filter and centrifuged, and
the supernatant was stored at —80° C. The total count of nucleated
cells was performed with a Neubauer hemocytometer. Differential
cell counts were performed from Cytospin slides, with 300 cells per
slide being counted.

Determination of C3a/C3adesArg and C5a/C5adesArg
Concentrations in BAL Fluid

C3a/C3adesArg and C5a/CSadesArg concentrations were measured
by the ABICAP assay (Biognosis, Jiilich, Germany) as described (7).
Briefly, C3a/C3 neoepitope-specific anti-human C3a/C3adesArg or
anti-human C5a monoclonal antibodies (MAbs) were coupled to
CNBr-Sepharose and packed into small polystyrol columns (ABI-
CAP). The sample was then applied to the column, diluted 1:2 in phos-
phate-buffered saline (PBS). After antigen capture, the column was
washed with PBS and a complex consisting of a biotinylated detection
MAD and streptavidin—fluorescein isothiocyanate (FITC) was applied
to the column. C3a/C3adesArg or CSa/CSadesArg concentrations
were determined by eluting the immune complex comprising the cor-
responding anaphylatoxin, the biotinylated antibody, and the strepta-
vidin—FITC and subsequently determining the fluorescence intensity.

Statistical Analysis

The Mann—-Whitney U test was used for intergroup comparison be-
tween patients with asthma and control subjects. For comparison of
paired data within the major study groups (baseline, saline, and aller-
gen), significant variability was first established by using the Friedman
nonparametric test. The Wilcoxon test was then used for the individ-
ual comparisons. Correlation coefficients were obtained by the Spear-
man rank-order method. Probability values of p < 0.05 were accepted
as significant.

RESULTS

As shown previously (5, 6), there was no difference in the re-
covery of BAL fluid between patients with mild asthma and
normal subjects before or 24 h after sham or allergen chal-
lenge. The number of neutrophils was increased in BAL fluid
from patients with asthma and healthy subjects after saline or
allergen challenge (p < 0.05), whereas the number of eosino-
phils increased only in the BAL fluid from patients with
asthma after allergen challenge (p < 0.01).

At baseline, concentrations of C3a and C5a in BAL fluid
were not different between patients with asthma and healthy
control subjects. After allergen challenge in patients with
asthma there were increased concentrations of C3a (median,
29.0 ng/ml [range, 3.9-854.0 ng/ml]) and C5a (16.4 [1.0-54.0]
ng/ml) compared with baseline (C3a, 3.4 [1.9-13.5] ng/ml; C5a,
1.2 [0.5-3.7] ng/ml) and saline challenge (C3a, 3.9 [3.9-46.0]
ng/ml; C5a, 3.6 [1.0-18.0] ng/ml) (Figures 1 and 2). The small
increase in C3a and C5a levels after saline challenge was also
significantly different from baseline. In healthy control sub-
jects no change in the concentrations of C3a and C5a were de-
tectable after either saline or allergen challenge.

In patients with asthma there was a significant correlation
between the concentration of C3a (R = 0.90, p < 0.01) or C5a
(R =0.88, p < 0.01) and the number of eosinophils 24 h after
allergen challenge. Furthermore, the number of neutrophils
after allergen challenge was correlated to C3a (R = 0.66, p <
0.05) and C5a (R = 0.71, p < 0.05) levels and after saline chal-
lenge to C5a (R = 0.68, p < 0.05).

DISCUSSION

We investigated the production of the anaphylatoxins C3a and
C5ain BAL fluid after segmental allergen challenge in allergic
asthma. We found a significant upregulation of C3a and C5a
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Figure 1. C3a levels in BAL fluids of (A) patients with asthma (n = 14)
and (B) healthy control subjects (n = 9). Depicted are the data ob-
tained from BAL samples before challenge and 24 h after segmental
challenge with either saline or allergen. All healthy volunteers were la-
vaged before challenge. From five volunteers samples were taken after
challenge with saline or allergen (*p < 0.05; **p < 0.01).

24 h after allergen, and a small, but statistically significant, in-
crease after saline challenge. In a control group of healthy,
nonatopic volunteers the concentrations remained basically
unchanged. Furthermore, after allergen challenge, we found a
strong correlation between both anaphylatoxins and the num-
ber of eosinophils and, to a lesser degree, with the number of
neutrophils.

These data support the hypothesis proposed by animal
studies (1-3) that, in addition to acquired immune responses,
the innate immune system and in particular the complement
system are involved in the pathogenesis of allergic asthma. Be-
cause we have not used a control group of nonasthmatic
atopic subjects we cannot differentiate the role of the comple-
ment system in asthma versus atopy.

Limited data from other human in vivo studies exist, which
further suggest the involvement of C3a and C5a in allergic
asthma: C3a has been shown to be increased in BAL fluid of
patients with stable asthma compared with healthy control
subjects (8). In the study by Humbles and coworkers (1) C3a
was elevated 4-6 h after segmental allergen challenge com-
pared with sham challenge in patients with mild asthma, an
early time point, which precedes the recruitment of eosino-
phils into the airways. In that study the median concentration
of C3a at baseline was 17 times higher and after allergen chal-
lenge 4 times higher as compared with our results. Therefore,
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Figure 2. C5a levels in BAL fluids of (A) patients with asthma and (B)
healthy control subjects. For further information see Figure 1.

the 2-fold increase 4-6 h after allergen challenge was less pro-
nounced than the 8-fold increase at 24 h in our study. Regard-
ing C5a, a study from Teran and coworkers (9) identified C5a
in BAL fluid of patients with asthma as a major neutrophil
chemotactic factor. The question remains whether the upregu-
lation of anaphylatoxins in BAL fluid is the result of increased
local production or of increased spillover from the systemic
circulation. It has been clearly shown by other investigators
that pulmonary alveolar Type II epithelial cells synthesize and
secrete C3 and CS5 (10). Because we determined high levels of
anaphylatoxins in the BAL fluid of subjects without any signs
of systemic inflammation a major contribution of local com-
plement production is most likely.

Data from our own animal studies (2, 3) and results from
Humbles and coworkers (1) primarily suggest opposite effects
of C3a and C5a on AHR, for example, C3a increases AHR
whereas C5a reduces AHR by release of IL-12 from macro-
phages (11). Here we found elevated levels of both C3a and
C5a in human asthmatic airways after allergen challenge, sug-
gesting an exacerbating effect of both anaphylatoxins. Our
data fit with the results of two reports demonstrating that un-
der some circumstances C5a may suppress IL-12 production
(12, 13).
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Strong correlation between elevated C3a and C5a concen-
trations and eosinophilia as well as neutrophilia suggests that
eosinophilia might be induced by C3a and neutrophilia by
C5a. However, definite proof concerning whether the anaphy-
latoxins C3a and C5a are causally related to the allergic in-
flammation in human asthma will not be possible before ana-
phylatoxin receptor blockers, which have been successfully
used in mice (14, 15), are available for clinical use in patients
with asthma. It has been demonstrated that receptors for C3a
and C5a are expressed and upregulated on bronchial epithe-
lial and smooth muscle cells in a murine asthma model (16).
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