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Complement factor C5 inhibition reduces
type 2 responses without affecting group 2
innate lymphoid cells in a house dust mite
induced murine asthma model
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Abstract

Background: Complement factor C5 can either aggravate or attenuate the T-helper type 2 (TH2) immune response
and airway hyperresponsiveness (AHR) in murine models of allergic asthma. The effect of C5 during the effector
phase of allergen-induced asthma is ill-defined.

Objectives: We aimed to determine the effect of C5 blockade during the effector phase on the pulmonary TH2
response and AHR in a house dust mite (HDM) driven murine asthma model.

Methods: BALB/c mice were sensitized and challenged repeatedly with HDM via the airways to induce allergic
lung inflammation. Sensitized mice received twice weekly injections with a blocking anti-C5 or control antibody
24 h before the first challenge.

Results: HDM challenge in sensitized mice resulted in elevated C5a levels in bronchoalveolar lavage fluid. Anti-C5
administered to sensitized mice prior to the first HDM challenge prevented this rise in C5a, but did not influence
the influx of eosinophils or neutrophils. While anti-C5 did not impact the recruitment of CD4 T cells upon HDM
challenge, it reduced the proportion of TH2 cells recruited to the airways, attenuated IL-4 release by regional lymph
nodes restimulated with HDM ex vivo and mitigated the plasma IgE response. Anti-C5 did not affect innate
lymphoid cell (ILC) proliferation or group 2 ILC (ILC2) differentiation. Anti-C5 attenuated HDM induced AHR in the
absence of an effect on lung histopathology, mucus production or vascular leak.

Conclusions: Generation of C5a during the effector phase of HDM induced allergic lung inflammation contributes
to TH2 cell differentiation and AHR without impacting ILC2 cells.
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Background
Asthma is a heterogeneous disease characterized by
airway hyperresponsiveness (AHR) and usually chronic
airway inflammation dominated by a T-helper type 2
(TH2) response [1, 2]. The vast majority of allergic
asthma patients are sensitized to house dust mite
(HDM) and exposure to this abundantly present allergen

causes respiratory symptoms such as coughing, wheez-
ing and reversible airway obstruction [3].
The complement system is an important part of the in-

nate immune system and consists of a network of proteins
that when activated releases proteolytic fragments with
pro-inflammatory properties. Activation of the comple-
ment system can occur through three pathways (i.e., the
classical, lectin and alternative pathways), which lead to
downstream proteolytic cleavage of C3 and C5, resulting
in the release of the anaphylatoxins C3a and C5a [4, 5].
Recent investigations revealed a novel role for these
anaphylatoxins and their receptors in the pathogenesis of
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asthma [6, 7]. In asthma patients, elevated levels of C3a
and C5a were detected in the airways following allergen
challenge [8]. While C3a signaling aggravates AHR [9]
and drives allergic inflammation in different asthma
models [10–12], C5a can exert both protective and detri-
mental effects during the course of an allergic inflamma-
tion. Prior to allergen sensitization, genetic deletion or
pharmacological blockade of C5 or the C5a receptor
(C5aR) resulted in a strongly enhanced allergic phenotype
[13, 14]. Mechanistically, C5a/C5aR signaling regulated
dendritic cells (DC) function, thereby favoring plasmacy-
toid DCs to suppress T-cell activation [13]. In addition,
C5a/C5aR signaling in myeloid DCs hampered production
of the chemokines CCL17 and CCL22, leading to an
impaired recruitment of TH2 cells into the lung [15]. Fur-
thermore, C5a/C5aR signaling can induce IL-12 produc-
tion in antigen presenting cells and potentiates skewing
toward TH1 responses [16]. In contrast, eliminating C5a/
C5aR signaling after the sensitization phase reduced
allergic lung inflammation [17] and AHR [18, 19]. The
underlying mechanisms for this C5a mediated proallergic
effect in an established inflammation environment is not
well understood.
Group 2 Innate lymphoid cells (ILC2s) have been

recognized to play an important role in type 2 immune
responses [20, 21]. As an innate counterpart of TH2
cells, ILC2s orchestrate the allergic immune response by
producing TH2 associated cytokines (IL-5 and IL-13)
and presenting antigen to naïve T-cells for an effective
TH2 cell development [22]. In the absence of T and B
cells, the presence of ILC2s is sufficient to initiate and
maintain an allergic lung inflammation and AHR in
distinct mouse asthma models [23], emphasizing the
significant contribution of ILC2s to the hallmarks of
asthma. In earlier experimental asthma models blocking
the C5a/C5aR axis, the type 2 response was primarily at-
tributed to TH2 cells without assessing the contribution
of ILC2s [13, 18]. We here studied the effect of C5
inhibition during the effector phase on the type 2
responses in the lung and AHR in a HDM induced
asthma model.

Material and methods
Mice
Female BALB/c mice (8–12 weeks old) were purchased
from Charles River (Maastricht, the Netherlands). Mice
were housed under specific pathogen-free conditions
receiving food and water ad libitum. All experiments
were approved by the Animal Care and Use Committee
of the Academic Medical Center.

HDM asthma model
To induce allergic lung inflammation in mice, repeated
HDM extract intranasal challenges were performed as

described previously [24]. Briefly, mice were sensitized
on day 0, 1, 2 and challenged on day 14, 15, 18, 19 with
25 μg HDM extract (Greer Laboratories, Lenoir, N.C.,
USA) or sterile saline. Prior to intranasal administration
of HDM, all mice were anesthetized with isoflurane.
BALB/c mice were injected intraperitoneally with a rat
anti-mouse C5 monoclonal antibody (clone BB5.1; 1 mg/
mouse) [25] or an irrelevant control antibody twice
weekly (on days 13, 14, 17 and 18) during the challenge
phase. Mice were euthanized 24 h after the last chal-
lenge. In all experiments citrate blood was collected
from the vena cava inferior (4:1 v/v) and bronchoalveolar
lavage (BAL) fluid was collected by airway lumen lavage
with 2 × 0.5 ml PBS containing 10 mM EDTA, 10mM
benzamidine and 0.2 mg/ml soy bean trypsin inhibitor as
described [24]. Cell counts were measured using a
hemocytometer (Beckman Coulter, Fullerton, CA, USA)
and cell differentiation was made by flow cytometric
analysis. In one experiment the lavaged lungs were
minced, followed by enzymatic digestion in RPMI
medium with 5% Fetal Bovine Serum, 1% penicillin/
streptomycin, liberase™ and DNAse at 37 °C for 30 min.
Next, incubated cells were dissociated by aspiration
through a 19-gauge needle to obtain single cells.
Erythrocytes were lysed with sterile lysis buffer (Qiagen,
Hilden, Germany). Unflushed lung, collected in a separ-
ate experiment, was used for pathology examination to
avoid structural disruption as a consequence of BAL.

Measurement of enhanced pause (PenH)
PenH was measured at day 19 by whole-body ple-
thysmograph in conscious mice (Buxco Electronics,
Troy, NY, USA) as described [24]. Mice were first
subjected to aerosolized saline to determine nonspecific
responsiveness, followed by increasing concentrations of
aerosolized methacholine (3.1, 12.5, 25 and 50mg/mL in
saline for 3 min; Sigma-Aldrich). For each methacholine
dose PenH values were measured over five minutes.

Flow cytometry
Cells in BAL fluid were stained with CD3 FITC, CD11c
PercP, Siglec F Alexa 647, CD11b PE-Cy7, viability dye
APC Cy7 (all BD Biosciences, San Jose, CA, USA), Ly6G
Alexa700 (Biolegend, San Diego, CA, USA), MHCII PE,
and CD45 PE-eFluor610 (eBiosciences, San Diego, CA,
USA) in the presence of Fc blocker (CD16/CD32, eBios-
ciences). Single cell suspensions from lungs were stained
with CD4 FITC, CD45 PerCP-Cy5.5 (eBiosciences),
GATA-3 Alexa 647, and viability dye APC-Cy7 (BD
Biosciences). The following markers were used for the
analysis of ILCs in lung tissue: Lineage (Lin) markers
including CD3e, CD19, GR1, B220, Ter119, FcaR1 (all
FITC, Biolegend), CD45 Alexa700, CD90 PE, ST2
Brilliant Violet 421 (Biolegend), CD49b PE-Cy7
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(eBiosciences) and CD3 Percp-Cy5.5 (BD biosciences).
Mediastinal lymph nodes (mLN) cells were stained with
CD45 PerCP-Cy5.5, CD4 FITC, GATA-3 Alexa 647 (BD
Biosciences) and IL-4 APC (Biolegend). For intracellu-
lar/intranuclear staining, cells were permeabilized and
fixed using a FOXp3 Staining Buffer set (eBioscience)
and subsequently stained with the appropriated
markers. All appropriate Fluorescence Minus One
(FMO) controls were used. Data were collected on a
BD Biosciences Canto II flow cytometer or BD FAC-
SAria™ III and analyzed using FlowJo software (Trees-
tar, Palo Alto, CA, USA).

Assays
C5a was measured in BAL fluid by ELISA. Purified rat
anti-mouse C5a (clone I52–1486) was used as capture
antibody, purified recombinant mouse C5a as standard
and biotinylated rat anti-mouse C5a (clone I52–278) as
detection antibody (all from BD Biosciences). Cytokines
(IL-4, IL-5, IL-13), myeloperoxidase (MPO) and elastase
were measured by ELISA (R&D systems, Minneapolis,
MN, USA). Plasma total IgE was determined using rat-
anti-mouse IgE as a capture antibody, purified mouse
IgE as a standard, and biotinylated rat-anti-mouse IgE as
detection (all from BD Biosciences) as described [24].
Plasma HDM-specific IgG1 was determined using HDM
as capture and biotinylated rat-anti-mouse IgG1 as de-
tection (BD Biosciences). BAL fluid IgM was determined
as described [24], using rat-anti-mouse IgM as capture
antibody, purified mouse IgM as standard and biotinyl-
ated goat-anti-mouse IgM (all from BD Biosciences) as
detection. Total protein in BAL fluid was measured
using Bio-Rad protein assay (Bio-Rad Laboratories,
Veenendaal, Netherlands).

Ex vivo stimulation of mediastinal lymph nodes (mLN)
Stimulations of mLN ex vivo were performed as
described [24]. Briefly, mLN were harvested 24 h after
the last challenge and filtered through 100 μm strainers.
Single cells were seeded at a density of 2 × 105 cells/well
in 96-well round bottom plates (Greiner Bio-One,
Alphen a/d Rijn, Netherlands) and incubated with 25 μg/
ml HDM or PBS for four days at 37 °C with 5% CO. Su-
pernatants were collected and stored at − 80 °C until
analysis. In a separate experiment IL-4 production by
CD4 T-cells in mLN were determined. To that end,
mLN cells were stimulated with PMA (10 ng/ml) and
ionomycin (1500 ng/ml; both Sigma-Aldrich) for five
hours in the presence of Golgiplug (BD Biosciences) for
the final three hours.

Histology
Histological analysis was performed as described [24].
Briefly, after fixation in 10% formalin, four μm thick

sections were stained with Hematoxylin and Eosin
(H&E) to determine allergic inflammation properties
such as edema, endothelialitis, peribronchial and
perivascular inflammation and interstitial inflammation
on a scale from 0 to 4 (0: absent; 1: mild; 2: moderate; 3:
severe; 4: very severe). To examine mucus production,
sections were stained with Periodic acid-Schiff (Pas-D)
and scored for extent of goblet cells and mucous plugs
on a scale from 0 to 3. Slides were coded and scored by
a pathologist in a blinded fashion.

Statistical analysis
Data were analyzed by Mann-Whitney U-test for com-
parison between groups. Two-way analysis of variance
test followed by Tuckey’s multiple comparison test was
used for groups of three or more. Experimental groups
consisted of 6–8 mice. P ≤ 0.05 was considered statisti-
cally significant. All statistical analyses were performed
using GraphPad Prism 7.

Results
C5 inhibition does not modify leukocyte influx in the
airways upon HDM challenge
To investigate the contribution of C5 activation to allergic
lung inflammation HDM sensitized mice were treated with
a neutralizing anti-C5 mAb during repeated HDM chal-
lenges via the airways. HDM challenge resulted in in-
creased C5a levels in BAL fluid. Treatment with anti-C5
mAb during the challenge phase reduced HDM-induced
C5a concentrations to levels detected in unchallenged mice
(Fig. 1a). Repeated HDM challenge triggered an influx of
leukocytes into BAL fluid (Fig. 1b),which was the result of
recruitment of eosinophils (Fig. 1c) and neutrophils (Fig.
1d). The number of alveolar macrophages in BAL fluid was
lower in HDM challenged mice when compared with con-
trol animals (Fig. 1e). Anti-C5 did not modify leukocyte
numbers or composition in BAL fluid. HDM challenge
also caused neutrophil degranulation, as reflected by ele-
vated concentrations of MPO and elastase in BAL fluid;
this response was not altered by anti-C5 (Fig. 2a, b).

C5 inhibition reduces TH2 but not ILC2 cell numbers
following HDM challenge
ILC2s and TH2 cells are both essential for the initiation and
propagation of a type 2 immune response in allergic airway
inflammation [22]. Therefore, we determined whether C5
inhibition influences the influx or expansion of these cells
upon HDM challenge in sensitized mice. Total ILCs were
defined as CD45+Lin−CD3−CD49b−CD90+ cells, and within
the total ILC population, ILC2s were further identified by
expression of ST2 (Additional file 1: Figure S1). C5 inhib-
ition during the challenge phase did not affect the propor-
tion of total ILC or ILC2s in the lungs (Fig. 3a). Likewise,
the percentage of CD4 T-cells in the lungs was similar
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between the anti-C5 treated and control group follow-
ing HDM challenge (Fig. 3b). However, the percentage
of TH2 cells, defined as CD4+GATA-3+ cells, within
the total CD4 T-cell population (Additional file 2:
Figure S2) was significantly lower in anti-C5 treated
mice.

C5 inhibition reduces type 2 responses to HDM
To further evaluate type 2 responses, we measured
TH2 cytokines in BAL fluid and supernatants of
mLNs re-stimulated with HDM. As expected, HDM
challenge elicited enhanced IL-5 and IL-13 release in
BAL fluid compared with saline controls (Fig. 4a, b).

C5 inhibition did not alter the levels of these TH2
cytokines in BAL fluid. IL-4 remained below detection
limit in BAL fluid, consistent with previous results
from our group [24]. Re-stimulation of mLNs
obtained from HDM challenged mice with HDM
resulted in release of IL-4, IL-5 and IL-13 (Fig. 5a-c).
C5 inhibition during the HDM challenge phase was
associated with diminished IL-4 release by mLN upon
re-exposure to HDM, while IL-5 and IL-13 release
were not modified. The attenuated IL-4 release by
mLN in C5 inhibited mice was accompanied by
reduced intracellular IL-4 production by mLN derived
CD4 T-cells (Fig. 5d) and a lower proportion of

Fig. 1 C5 inhibition does not modify leukocyte influx in the airways. Mice were injected intraperitoneally with anti-C5 or control antibody twice
weekly during the challenge phase. (a) C5a concentration in bronchoalveolar lavage fluid (BALF) from saline (NaCl) or HDM challenged mice.
(b) Total cell count in BALF. (c-e) Percentage of eosinophils, neutrophils and alveolar macrophages in BALF. Data are expressed as means ± SEM
(n = 6–8 per group). ##P < 0.01, ***P < 0.001 for comparison between NaCl and HDM within control or anti-C5 antibody injected mice

Fig. 2 C5 inhibition does not alter neutrophil degranulation. (a) Myeloperoxidase and (b) elastase concentration in bronchoalveolar lavage fluid
(BALF). All data are presented as means ± SEM (n = 6–8 per group). ***P < 0.001 for comparison between NaCl and HDM within control or
anti-C5 mice
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CD4+GATA-3+ T-cells in mLN (Fig. 5e). During aller-
gic inflammation, IL-4 mediates the class switch re-
combination of IgM to IgE and IgG1 in B-cells [22].
Repeated HDM challenge led to elevated plasma IgE
and HDM-specific IgG1 concentrations (Fig. 6a, b).
C5 inhibition reduced total IgE and tended to lower
HDM-specific IgG1 (P = 0.08). Together these data
show that C5 inhibition during the HDM challenge
phase attenuates type 2 responses without affecting
ILC2s.

C5 inhibition does not modify lung pathology following
HDM challenge
This model of HDM induced allergic inflammation
reproduces important features of asthma such as peri-
vascular and interstitial inflammation, peribronchitis,
endothelialitis and oedema, as well as mucus produc-
tion [24] (Fig. 7a, b). Anti-C5 treated mice displayed
HDM-induced lung inflammation to the same extent

as control mice, as reflected by the semi-quantitative
scoring system described in the Methods section.
Likewise, HDM challenge evoked mucus production
was unaltered in anti-C5 administered mice. Comple-
ment C5 has been implicated to play a role in vascu-
lar permeability [26, 27]. We measured total protein
and IgM in BAL fluid as measures for vascular leak.
C5 inhibition in HDM challenged mice did not at-
tenuate allergen induced vascular leak (Fig. 7c, d).

C5 inhibition reduces airway hypersensitivity as measured
by PenH
To obtain insight into the potential functional conse-
quences of attenuated TH2 responses in C5 inhibited
mice, we measured PenH as a marker for AHR (Fig. 8).
Consistent with our previous studies [24] HDM
sensitization and challenge elicited enhanced AHR in
comparison to saline challenge. C5 inhibition signifi-
cantly attenuated allergen induced AHR.

Fig. 3 C5 inhibition reduces TH2 cells but not ILC2 following HDM challenge. Flow cytometry analysis of group 2 innate lymphoid cells (ILC2)
and T-helper 2 cells (TH2) in lung tissue. All cells depicted here are pre-gated as single, viable and CD45+ cells. (A) Total ILCs were defined as
CD45+Lin−CD3−CD49b− CD90+ cells. Within the total ILC population ST2+ cells were regarded as ILC2 cells. (B) Total T-helper cells were defined as
CD45+CD4+ cells. TH2 cells within total T-helper cell population stain positive for the transcription factor GATA-3. All data are means ± SEM
(n = 8 per group). #P < 0.05 ***P < 0.001 for comparison between NaCl and HDM within control or anti-C5 mice

Fig. 4 C5 inhibition does not modulate cytokine release in BALF following HDM challenge. (a, b) IL-5, IL-13 in bronchoalveolar lavage fluid (BALF)
Data are depicted as means ± SEM (n = 6–8 per group). ***P < 0.001 for comparison between NaCl and HDM within control or anti-C5 mice
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Discussion
The anaphylatoxin C5a has been unveiled to play an
important role in orchestrating the maladaptive TH2
immune response in murine asthma models [15, 16].
The mechanism by which C5a amplifies TH2 inflamma-
tion in an inflamed pulmonary environment is unclear.
In the present study we demonstrate that C5 inhibition
during the effector phase does not modulate the

proportion of ILC2s but decreases TH2 cells in the lung
and mLN, which is accompanied by reduced type 2
responses and an attenuated AHR.
Our HDM driven asthma model reproduces important

features of allergic asthma such as pulmonary TH2
inflammation, AHR and airway mucus production [28].
In accordance with similar asthma models, HDM
elicited an expansion of both ILCs and TH2 cells in the

Fig. 5 C5 inhibition mitigates IL-4 production and percentage of TH2 cell in the mLN following HDM challenge. Mediastinal lymph nodes (mLN)
were harvested from HDM sensitized and challenged mice in both control and anti-C5 groups. In one experiment mLN cells were stimulated
with either saline (NaCl) or HDM for four days. In cell-free supernatants the cytokines IL-4, IL-5 and IL-13 (a-c) were measured. In a separated
experiment mLN cells were incubated with PMA and ionomycin in the presence of Golgiplug, followed by intracellular staining of IL-4 (d) and
intranuclear staining of GATA-3 (e). Data are depicted as means ± SEM (n = 6–8 per group). #P < 0.05, ##P < 0.01, ***P < 0.001 for comparison
between NaCl and HDM within control or anti-C5 mice

Fig. 6 C5 inhibition reduces immunoglobulin release in plasma following HDM challenge. (a) IgE concentration and (b) absorbance (OD450) of
HDM-specific IgG1 in plasma. Data are express as means ± SEM (n = 6–8 per group). #P < 0.05, **P < 0.01 and ***P < 0.001 for comparison
between NaCl and HDM within control or anti-C5 mice
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lungs [29, 30]. We here demonstrate for the first time that
C5 inhibition during the effector phase does not modify
the total ILC or ILC2 population in the lung, indicating
that C5a signaling is not involved in ILC proliferation or
differentiation. This finding is consistent with a study
showing the lack of C5aR expression on ILC2s [31], ren-
dering direct C5a signaling unlikely. Furthermore, specific
deletion of C5aR on cells expressing the LysM promoter
(such as neutrophils, macrophages and dendritic cells) in
an OVA-model showed an equally strong increase in aller-
gen evoked ILC2 cells compared to wild-type mice [32].
Our data indicate explicitly that C5 blockade during the
effector phase hampers the differentiation of TH2 cells,
resulting in reduced IL-4 production in mLN with un-
altered IL-5 and IL-13 BALF levels. This discrepancy in
TH2 cytokines has also been observed in previous studies
in which C5aR was blocked during the effector phase in a
murine asthma model [13, 18]. While the exact

Fig. 7 C5 inhibition does not alter lung pathology and vascular permeability following HDM challenge. (a) Total pathology score of hematoxylin
and eosin (H&E) stained lung sections (× 4 magnification) from control (black bar) and BB5.1 (white bar) treated mice and (b) total mucus score of
PAS-D stained lung sections(× 4 magnification) (n = 6–8 per group). Protein leakage was assessed using (c) total protein and (d) IgM in BALF (n =
6–8 per group). **P < 0.01 and ***P < 0.001 for comparison between NaCl and HDM within control or anti-C5 mice

Fig. 8 C5 inhibition attenuates AHR following HDM challenge.
Airway hypersensitivity (AHR) expressed as enhanced pause (PenH)
after dose-response to methacholine (Mch) exposure on day 19.
Data are presented as means ± SEM (n = 6–8 per group). **P < 0.01
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mechanism remains enigmatic, our data suggest that ILC2
derived IL-5 and IL-13 may have compensated a presum-
able lower IL-5 and IL-13 release from reduced TH2 cells
numbers. Indeed, several studies reported enhanced IL-5
and IL-13 secretion by expanding ILC2s [33, 34], while
ILC2s are generally considered either not to produce IL-4
[20, 22] or produce it in negligible amounts [35]. We
found that C5 inhibition impeded IL-4 production in
mLN which was associated with decreased plasma IgE
and HDM-specific IgG1 responses. This finding is corrob-
orated by a study which prevented C5 activation during
the effector phase in an OVA-induced asthma model [19].
Conversely, abrogating C5 activation prior to sensitization
yielded enhanced IgE production [14], emphasizing the
time dependent dual character of C5a signaling during al-
lergic inflammation. Remarkably, previous investigations
demonstrated decreased eosinophil numbers without af-
fecting IL-5 release in the airways following C5a signaling
blockade [13, 18, 19]. The mechanism behind this dispar-
ity was not addressed. In our study, the absence of an ef-
fect on IL-5 and the eosinophil attractant CCL11 (data
not shown) by anti-C5 treatment corresponded with a
lack of differences in total leukocyte, especially eosinophil,
influx in the airways. The unaltered airway leukocyte re-
cruitment is in contrast to studies that likewise investi-
gated C5a signaling in established asthma. Different
allergens (i.e. OVA [19] or Aspergillus fumigatus [18])
used in these studies may have contributed. C5aR an-
tagonists appeared to be potent to mitigate allergen
induced leukocytes infiltration, including eosinophils,
neutrophils and lymphocytes [13, 18] while blocking
the anaphylatoxin C5a only limits neutrophil influx
[19] or fails to affect leukocyte influx as shown by
this study. Beside eosinophils, neutrophils express
C5aR (CD88) on their cell membrane making direct
C5a signaling possible [31]. C5a has been shown to
be chemotactic for neutrophils and to promote re-
lease of neutrophil intracellular content [36]. None-
theless, data from present study contradict an effect
of C5a on neutrophil recruitment and neutrophil
degranulation in HDM induced lung inflammation.
Consistent with earlier studies eliminating C5a/C5aR

signaling during the effector phase [13, 18, 19], we ob-
served an attenuated AHR in sensitized anti-C5 treated
mice. Multiple factors may have contributed to this find-
ing. First, a decreased total IgE concentration due to C5
inhibition could impair mast cell degranulation and con-
sequently mast cell derived histamine induced broncho-
constriction. As C5a is an activator of mast cells,
inhibited C5a activity could also influence AHR in a
mast cell dependent manner [15]. Alternatively, C5a
might aggravate AHR directly via activation of the C5aR
on bronchial smooth muscle cells [37]. Our data argue
against TH2 cytokine mediated attenuation of AHR,

since IL-13 is essential for the regulation of AHR [38]
and unaffected by C5 inhibition. IL-4 and IL-13 express
high resemblance and transmit signals via shared func-
tional receptor complexes (IL-4Rα/IL-13Rα1) [38]. Des-
pite these similarities, a number of in vivo functional
experiments have shown that IL-4 and IL-13 facilitate
different features of allergic asthma. Specifically, IL-4 is
regarded a regulator of TH2 cell proliferation and IgE
synthesis [39–41] while IL-13 is thought to mediate
AHR, mucus production, airway smooth muscle thicken-
ing and sub-epithelial fibrosis [42–45]. In accordance
with the unaltered IL-13 concentration in BAL fluid, C5
inhibition did not modulate HDM induced mucus
production. Although activation of C5 has been shown
to enhance vascular permeability [46], C5 inhibition did
not modulate vascular permeability in our HDM in-
duced asthma model.
As result of C5 inhibition we observed reduced C5a

levels which implies a simultaneously reduced formation
of the membrane attack complex (MAC), since the
assembly of the MAC occurs after cleavage of C5 into
C5a and C5b [4]. While MAC drives numerous proin-
flammatory events and regulates cell signaling, its role in
asthma has not been studied and the contribution of
MAC in HDM-induced responses remains to be
elucidated.
We used unrestrained whole body plethysmography

(PenH) as measure for AHR. The use of this tool to
measure airway resistance is under debate. However,
the merit of this technique has been shown in various
mouse models in which PenH results correlate well
with results from invasive measurement techniques
[47–49]. A close correlation between invasive mea-
surements and whole body plethysmography has been
validated in a comparable HDM induced asthma
mouse model [48]. Moreover, AHR, measured by in-
vasive methods, is enhanced following HDM challenge
in models resembling ours [50, 51]. Nonetheless, in-
terpretation of our Penh data without validation by
invasive measurements is a limitation of this study.

Conclusion
In conclusion, our data demonstrate that comple-
ment C5 activation during the challenge phase drives
TH2 responses via TH2 cells but not ILC2s and ag-
gravates allergen induced AHR. Further research is
warranted to elucidate the underlying mechanisms of
the C5a mediated effect on IL-4 production. Despite
the promising beneficial effect of C5 inhibition on
airway inflammation and AHR in murine asthma
models, clinical investigations are needed to evaluate
the therapeutic potential of C5 inhibition in asthma
patients.
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Additional files

Additional file 1: Figure S1. Gating strategy for ILCs and ILC2s. Flow
cytometry plots of lung tissue from (A) NaCl or (B) HDM challenged mice.
From left to right; within the lymphocyte gate, single CD45 positive and
viable cells expressing CD3−CD49b−Lin−CD90+ were defined as ILCs. Cells
expressing ST2 positivity within the ILC population were defined as ILC2s.
(PDF 206 kb)

Additional file 2: Figure S2. Gating strategy for CD4 T-cells and TH2
cells. Flow cytometry plots of lung tissue from (A) NaCl or (B) HDM
challenged mice. From left to right; within the lymphocyte gate, single
CD45 positive and viable cells expressing CD4 positivity were defined as
CD4 T-cells. Cells expressing GATA-3 positivity within the CD4 population
were defined as TH2 cells. (PDF 229 kb)

Abbreviations
AHR: Airway hyperresponsiveness; BAL: Bronchoalveolar lavage; C5aR: C5a
receptor; DC: Dendritic cells; H&E: Hematoxylin and Eosin; HDM: House dust
mite; ILC: Innate lymphoid cell; ILC2: Proliferation or group 2 ILC;
mAb: Murine antibody; mLN: Mediastinal lymph nodes; PenH: Enhanced
pause; TH2: T-helper type 2

Acknowledgements
Not applicable.

Authors’ contributions
(JY, IRM and RdB performed the experiments, JY and JR analysed results, JY,
PBM and TvdP designed the study, JY, CvtV, AdV, PBM and TvdP wrote and
reviewed the paper. All authors read and approved the final manuscript”).

Funding
Jack Yang was supported by ZonMw and the Netherlands Lung Foundation
(project: 95104011).

Availability of data and materials
The datasets used and/or analysed during the current study are available
from the corresponding author on reasonable request.

Ethics approval and consent to participate
All experiments were approved by the Animal Care and Use Committee of
the Academic Medical Center.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Center of Experimental and Molecular Medicine, Amsterdam UMC,
University of Amsterdam, Amsterdam, The Netherlands. 2Department of
Pathology, Amsterdam UMC, University of Amsterdam, Amsterdam, The
Netherlands. 3Division of Infectious Diseases, Amsterdam UMC, University of
Amsterdam, Amsterdam, The Netherlands. 4Division of Infection and
Immunity, School of Medicine, Cardiff University, Cardiff, UK.

Received: 3 May 2019 Accepted: 16 July 2019

References
1. Fahy JV. Type 2 inflammation in asthma--present in most, absent in many.

Nat Rev Immunol. 2015;15(1):57–65.
2. Reddel HK, Bateman ED, Becker A, Boulet LP, Cruz AA, Drazen JM, et al. A

summary of the new GINA strategy: a roadmap to asthma control.
Eur Respir J. 2015;46(3):622–39.

3. Gregory LG, Lloyd CM. Orchestrating house dust mite-associated allergy in
the lung. Trends Immunol. 2011;32(9):402–11.

4. Merle NS, Church SE, Fremeaux-Bacchi V, Roumenina LT. Complement
system part I - molecular mechanisms of activation and regulation.
Front Immunol. 2015;6:262.

5. Merle NS, Noe R, Halbwachs-Mecarelli L, Fremeaux-Bacchi V, Roumenina
LT. Complement system part II: role in immunity. Front Immunol.
2015;6:257.

6. Laumonnier Y, Wiese AV, Figge J, Karsten C. Regulation and function of
anaphylatoxins and their receptors in allergic asthma. Mol Immunol.
2017;84:51–6.

7. Khan MA, Nicolls MR, Surguladze B, Saadoun I. Complement components as
potential therapeutic targets for asthma treatment. Respir Med.
2014;108(4):543–9.

8. Krug N, Tschernig T, Erpenbeck VJ, Hohlfeld JM, Kohl J. Complement factors
C3a and C5a are increased in bronchoalveolar lavage fluid after segmental
allergen provocation in subjects with asthma. Am J Respir Crit Care Med.
2001;164(10 Pt 1):1841–3.

9. Bautsch W, Hoymann HG, Zhang Q, Meier-Wiedenbach I, Raschke U, Ames
RS, et al. Cutting edge: Guinea pigs with a natural C3a-receptor defect
exhibit decreased bronchoconstriction in allergic airway disease: evidence
for an involvement of the C3a anaphylatoxin in the pathogenesis of
asthma. J Immunol. 2000;165(10):5401–5.

10. Drouin SM, Corry DB, Kildsgaard J, Wetsel RA. Cutting edge: the absence of
C3 demonstrates a role for complement in Th2 effector functions in a
murine model of pulmonary allergy. J Immunol. 2001;167(8):4141–5.

11. Drouin SM, Corry DB, Hollman TJ, Kildsgaard J, Wetsel RA. Absence of
the complement anaphylatoxin C3a receptor suppresses Th2 effector
functions in a murine model of pulmonary allergy. J Immunol.
2002;169(10):5926–33.

12. Zhang X, Lewkowich IP, Kohl G, Clark JR, Wills-Karp M, Kohl J. A protective
role for C5a in the development of allergic asthma associated with altered
levels of B7-H1 and B7-DC on plasmacytoid dendritic cells. J Immunol.
2009;182(8):5123–30.

13. Kohl J, Baelder R, Lewkowich IP, Pandey MK, Hawlisch H, Wang L, et al. A
regulatory role for the C5a anaphylatoxin in type 2 immunity in asthma.
J Clin Invest. 2006;116(3):783–96.

14. Drouin SM, Sinha M, Sfyroera G, Lambris JD, Wetsel RA. A protective role for
the fifth complement component (c5) in allergic airway disease.
Am J Respir Crit Care Med. 2006;173(8):852–7.

15. Zhang X, Kohl J. A complex role for complement in allergic asthma.
Expert Rev Clin Immunol. 2010;6(2):269–77.

16. Wills-Karp M. Complement activation pathways: a bridge between innate
and adaptive immune responses in asthma. Proc Am Thorac Soc.
2007;4(3):247–51.

17. Staab EB, Sanderson SD, Wells SM, Poole JA. Treatment with the C5a
receptor/CD88 antagonist PMX205 reduces inflammation in a murine
model of allergic asthma. Int Immunopharmacol. 2014;21(2):293–300.

18. Baelder R, Fuchs B, Bautsch W, Zwirner J, Kohl J, Hoymann HG, et al.
Pharmacological targeting of anaphylatoxin receptors during the effector
phase of allergic asthma suppresses airway hyperresponsiveness and airway
inflammation. J Immunol. 2005;174(2):783–9.

19. Peng T, Hao L, Madri JA, Su X, Elias JA, Stahl GL, et al. Role of C5 in the
development of airway inflammation, airway hyperresponsiveness, and
ongoing airway response. J Clin Invest. 2005;115(6):1590–600.

20. Martinez-Gonzalez I, Steer CA, Takei F. Lung ILC2s link innate and adaptive
responses in allergic inflammation. Trends Immunol. 2015;36(3):189–95.

21. Cosmi L, Liotta F, Maggi L, Annunziato F. Role of type 2 innate lymphoid
cells in allergic diseases. Curr Allergy Asthma Rep. 2017;17(10):66.

22. Kubo M. Innate and adaptive type 2 immunity in lung allergic inflammation.
Immunol Rev. 2017;278(1):162–72.

23. Morita H, Moro K, Koyasu S. Innate lymphoid cells in allergic and nonallergic
inflammation. J Allergy Clin Immunol. 2016;138(5):1253–64.

24. Yang J, Van’t veer C, Roelofs J, Van Heijst JWJ, de vos AF, McCrae KR, et al.
Kininogen deficiency or depletion reduces enhanced pause independent of
pulmonary inflammation in a house dust mite-induced murine asthma
model. Am J Physiol Lung Cell Mol Physiol 2019;316(1):L187-LL96.

25. Copland DA, Hussain K, Baalasubramanian S, Hughes TR, Morgan BP, Xu
H, et al. Systemic and local anti-C5 therapy reduces the disease severity
in experimental autoimmune uveoretinitis. Clin Exp Immunol. 2010;
159(3):303–14.

26. Jose PJ, Forrest MJ, Williams TJ. Human C5a des Arg increases vascular
permeability. J Immunol. 1981;127(6):2376–80.

27. Kawatsu R, Sanderson SD, Blanco I, Kendall N, Finch AM, Taylor SM, et al.
Conformationally biased analogs of human C5a mediate changes in
vascular permeability. J Pharmacol Exp Ther. 1996;278(1):432–40.

Yang et al. Respiratory Research          (2019) 20:165 Page 9 of 10

https://doi.org/10.1186/s12931-019-1136-5
https://doi.org/10.1186/s12931-019-1136-5


28. Martinez FD, Vercelli D. Asthma Lancet. 2013;382(9901):1360–72.
29. Li BW, de Bruijn MJ, Tindemans I, Lukkes M, KleinJan A, Hoogsteden

HC, et al. T cells are necessary for ILC2 activation in house dust mite-
induced allergic airway inflammation in mice. Eur J Immunol.
2016;46(6):1392–403.

30. Ferrini ME, Hong S, Stierle A, Stierle D, Stella N, Roberts K, et al. CB2
receptors regulate natural killer cells that limit allergic airway
inflammation in a murine model of asthma. Allergy. 2017;72(6):937–47.

31. Ender F, Wiese AV, Schmudde I, Sun J, Vollbrandt T, Konig P, et al.
Differential regulation of C5a receptor 1 in innate immune cells during
the allergic asthma effector phase. PLoS One. 2017;12(2):e0172446.

32. Wiese AV, Ender F, Quell KM, Antoniou K, Vollbrandt T, Konig P, et al.
The C5a/C5aR1 axis controls the development of experimental allergic
asthma independent of LysM-expressing pulmonary immune cells.
PLoS One. 2017;12(9):e0184956.

33. McKenzie ANJ, Spits H, Eberl G. Innate lymphoid cells in inflammation and
immunity. Immunity. 2014;41(3):366–74.

34. Lambrecht BN, Hammad H. The immunology of asthma. Nat Immunol.
2015;16(1):45–56.

35. Halim TY, Krauss RH, Sun AC, Takei F. Lung natural helper cells are a
critical source of Th2 cell-type cytokines in protease allergen-induced
airway inflammation. Immunity. 2012;36(3):451–63.

36. Sadik CD, Miyabe Y, Sezin T, Luster AD. The critical role of C5a as an initiator
of neutrophil-mediated autoimmune inflammation of the joint and skin.
Semin Immunol. 2018;37:21–9.

37. Drouin SM, Kildsgaard J, Haviland J, Zabner J, Jia HP, McCray PB Jr, et al.
Expression of the complement anaphylatoxin C3a and C5a receptors on
bronchial epithelial and smooth muscle cells in models of sepsis and
asthma. J Immunol. 2001;166(3):2025–32.

38. Gour N, Wills-Karp M. IL-4 and IL-13 signaling in allergic airway disease.
Cytokine. 2015;75(1):68–78.

39. Coyle AJ, Le Gros G, Bertrand C, Tsuyuki S, Heusser CH, Kopf M, et al.
Interleukin-4 is required for the induction of lung Th2 mucosal immunity.
Am J Respir Cell Mol Biol. 1995;13(1):54–9.

40. Brusselle G, Kips J, Joos G, Bluethmann H, Pauwels R. Allergen-induced
airway inflammation and bronchial responsiveness in wild-type and
interleukin-4-deficient mice. Am J Respir Cell Mol Biol. 1995;12(3):254–9.

41. Tepper RI, Levinson DA, Stanger BZ, Campos-Torres J, Abbas AK, Leder P. IL-
4 induces allergic-like inflammatory disease and alters T cell development in
transgenic mice. Cell. 1990;62(3):457–67.

42. Wills-Karp M, Luyimbazi J, Xu X, Schofield B, Neben TY, Karp CL, et al.
Interleukin-13: central mediator of allergic asthma. Science. 1998;
282(5397):2258–61.

43. Grunig G, Warnock M, Wakil AE, Venkayya R, Brombacher F, Rennick
DM, et al. Requirement for IL-13 independently of IL-4 in experimental
asthma. Science. 1998;282(5397):2261–3.

44. Zhu Z, Homer RJ, Wang Z, Chen Q, Geba GP, Wang J, et al. Pulmonary
expression of interleukin-13 causes inflammation, mucus hypersecretion,
subepithelial fibrosis, physiologic abnormalities, and eotaxin production.
J Clin Invest. 1999;103(6):779–88.

45. Webb DC, McKenzie AN, Koskinen AM, Yang M, Mattes J, Foster PS.
Integrated signals between IL-13, IL-4, and IL-5 regulate airways
hyperreactivity. J Immunol. 2000;165(1):108–13.

46. Pandey MK. Molecular basis for downregulation of C5a-mediated
inflammation by IgG1 immune complexes in allergy and asthma. Curr
Allergy Asthma Rep. 2013;13(6):596–606.

47. Crosby JR, Guha M, Tung D, Miller DA, Bender B, Condon TP, et al.
Inhaled CD86 antisense oligonucleotide suppresses pulmonary
inflammation and airway hyper-responsiveness in allergic mice. J
Pharmacol Exp Ther.
2007;321(3):938–46.

48. McKnight CG, Jude JA, Zhu Z, Panettieri RA Jr, Finkelman FD. House dust
mite-induced allergic airway disease is independent of IgE and
FcepsilonRIalpha. Am J Respir Cell Mol Biol. 2017;57(6):674–82.

49. Karras JG, Crosby JR, Guha M, Tung D, Miller DA, Gaarde WA, et al.
Anti-inflammatory activity of inhaled IL-4 receptor-alpha antisense
oligonucleotide in mice. Am J Respir Cell Mol Biol. 2007;36(3):276–85.

50. Liu C, Yuan L, Zou Y, Yang M, Chen Y, Qu X, et al. ITGB4 is essential for
containing HDM-induced airway inflammation and airway
hyperresponsiveness. J Leukoc Biol. 2018;103(5):897–908.

51. Yocum GT, Turner DL, Danielsson J, Barajas MB, Zhang Y, Xu D, et al. GABAA
receptor alpha4-subunit knockout enhances lung inflammation and airway
reactivity in a murine asthma model. Am J Physiol Lung Cell Mol Physiol.
2017;313(2):L406–L15.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Yang et al. Respiratory Research          (2019) 20:165 Page 10 of 10


	Abstract
	Background
	Objectives
	Methods
	Results
	Conclusions

	Background
	Material and methods
	Mice
	HDM asthma model
	Measurement of enhanced pause (PenH)
	Flow cytometry
	Assays
	Ex vivo stimulation of mediastinal lymph nodes (mLN)
	Histology
	Statistical analysis

	Results
	C5 inhibition does not modify leukocyte influx in the airways upon HDM challenge
	C5 inhibition reduces TH2 but not ILC2 cell numbers following HDM challenge
	C5 inhibition reduces type 2 responses to HDM
	C5 inhibition does not modify lung pathology following HDM challenge
	C5 inhibition reduces airway hypersensitivity as measured by PenH

	Discussion
	Conclusion
	Additional files
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

