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Distinct effects of different adjuvants 
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Abstract

Background: Allergic asthma was typically considered as an inflammatory disease mediated by type 2 immunity. How-
ever, recent studies revealed that asthma is a complex disease displaying a variety of phenotypes and endotypes. 

Objective: We examined cellular phenotypes in the mouse model of allergic asthma sensitized with different adjuvants. 
The aim of our study was to determine immunologic cellular characteristics in mouse asthma models induced by oval-
bumin (OVA) and a variety of adjuvants. 

Method: Mice were sensitized intraperitoneally with the admixture of OVA and various adjuvants such as Alhydro-
gel (alum), papain, lipopolysaccharide (LPS), or CpG, and subsequently challenged with OVA intranasally. The cells 
in bronchoalveolar lavage (BAL) fluid, lung, and mediastinal lymph node (mLN) were examined by flow cytometric 
analyses. 

Results: In the lung and BAL fluid, the highest eosinophil levels were observed in the alum group while the highest 
neutrophil levels were detected in the LPS group. Meanwhile, the LPS group exhibited the most elevated levels of both 
RORγt+ innate lymphoid cells (ILCs) and IL-17A+ Th cells in the lung and mediastinal lymph node. In the lung, the 
number of T-bet+ ILCs was highest in the papain group whereas the number of IFN-γ+ Th cells was highest in the CpG 
group. 

Conclusion: Notable variances are found in the composition of immune cells and expression of cytokines at the site of 
pathogenesis among the different mouse models of allergic asthma created by the sensitization with different adjuvants. 
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Introduction
Allergic asthma is an airway inflammatory disease charac-

terized with airway hyperresponsiveness (AHR), eosinophilic 
inflammation, and reversible airway obstruction.1 Classically, 
allergic asthma was considered a disease mediated by T helper 
2 (Th2) cells. This is based on the observations that allergic 
symptoms are often associated with the airway infiltration of 
inflammatory cells, most notably eosinophils, CD4+ T cells, 
and mast cells. Also, Th2 cytokines, like IL-4, IL-5, and IL-13, 
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Materials and Methods
Animals

Female BALB/c mice were purchased from Orient Bio 
(Seongnam, Republic of Korea). Mice were maintained in 
specific pathogen-free facilities of the Department of Labo-
ratory Animal Resources at the Yonsei University College of 
Medicine. Mice were used at 8 to 12 weeks of age in all ex-
periments. Animal care and experiments were carried out hu-
manely according to the guidelines and protocol (#2017-0001) 
approved by the Institutional Animal Care and Use Commit-
tees of the Yonsei University College of Medicine. 

Antibodies and Reagents
Fluorochrome-conjugated monoclonal antibodies (mAbs)  

were purchased from BioLegend (San Diego, CA): PE-Cy7- 
conjugated anti-CD3 (clone 17A2), anti-CD19 (clone 1D3/
CD19), anti-CD49b (clone DX5), anti-IL-4 (clone 11B11); 
Alexa Flour 488-conjugated anti-CD45.2 (clone 104), anti- 
TCR-β chain (clone H57-597); Brilliant Violet 421-conjugated  
anti-CD11b (clone M1/70), anti-CD8 (clone 53-6.7), anti- 
GATA3 (clone 16E10A23); APC-Cy7-conjugated anti-I-A/I-E 
(anti MHC class II, clone M5/114.15.2), anti-IL-7Ra (clone 
A7R34), anti-IL-17A (clone TC11-18H10.1); PerCP/Cy5.5- 
conjugated anti-Ly6G (clone 1A8), anti-CD3 (clone 17A2), 
anti-CD11b (clone M1/70), anti-IFN-γ (clone XMG1.2); 

APC-conjugated anti-CD3 (clone 17A2), anti-T-bet (clone 
4B10), anti-IL-5 (clone TFRK5); PE-conjugated anti-CD11c 
(clone N418), anti-CD4 (clone GK1.5). Isotype control mAbs 
were also purchased from BioLegend: PE-Cy7-, APC-, APC-
Cy7-, PE-, and PerCP/Cy5.5-conjugated rat IgG1/κ isotype 
control mAb (clone RTK2071); APC-conjugated mouse Ig-
G1/κ isotype control mAb (clone MOPC-21); Brilliant Violet 
421-conjugated mouse IgG2b/κ isotype control mAb (clone 
27-35); and PerCP/Cy5.5-conjugated Armenian hamster IgG 
isotype control mAb (clone HTK888). Alexa Flour 647-con-
jugated anti-SiglecF (clone E50-2440) was purchased from BD 
Biosciences (San Jose, CA) and PE-conjugated anti-RORγt 
(clone AFKJS-9) from Thermo Fisher Scientific (Waltham, 
MA). LIVE/DEAD fixable dead cell stain kit was purchased 
from Thermo Fisher Scientific.

Mouse models of allergic airway inflammation and cell iso-
lation

Mice were sensitized by intraperitoneal (i.p.) administra-
tion of 100 μg11-14 of soluble ovalbumin (OVA, Grade V, Sig-
ma-Aldrich, St. Louis, MO)15-18 and, after 30 min, by another 
i.p. injection of control PBS or an adjuvant listed as follows: 
200 µg of Alhydrogel (alum; InvivoGen, San Diego, CA),19 
100 µg of papain (Sigma-Aldrich),20 10 µg of LPS (Sigma-Al-
drich),14,21 or 50 µg of CpG (Enzo Life Sciences, Farmingdale, 
NY).22 For allergen challenge, 100 µg of OVA in 20 µl PBS was 
administrated intranasally (i.n.) once a day for 5 days (from 
day 10 to day 14 after sensitization).23 All mice in experiments 
were sacrificed for analysis at day 15 (Figure 1). Each mouse 
was euthanized by CO2 and BAL fluid was collected with 1 ml 
HBSS without calcium and magnesium. On the same day, me-
diastinal LNs (mLNs) were harvested and single cell suspen-
sions were prepared by homogenizing through 100 μm cell 
strainers before wash and resuspension in HBSS. For analysis 
of the lung, mice were perfused gently with a syringe contain-
ing 10 ml of HBSS prior to harvesting lungs. After incubation 
at 37°C for 30 min in collagenase D (Roche, Basel, Switzer-
land) followed by treatment of 20 mM of EDTA for 5 min, 
single cell suspensions were prepared by homogenizing lung 
tissues through 100 μm cell strainers. Then, cells from lung 
tissues were subjected to lysis of erythrocytes with ACK lysis 
buffer (BioLegend) before wash and resuspension in HBSS. 

Flow cytometry 
Flow cytometric analyses were carried out as described 

previously.24-27 In brief, samples of single cell suspension from 
BAL fluid, mLN, and lung were treated with an Fc blocking 
reagent containing the culture supernatant of 2.4G2 (anti- 
CD16/32) mAb hybridoma for 20 min at 4°C. Then, the sam-
ples were washed with FACS buffer (2% fetal calf serum, 2 
mM EDTA, 0.1% sodium azide) followed by incubation with 
the mixture of fluorochrome-conjugated mAbs and live/dead 
dye for 20 min at 4°C. After wash with FACS buffer, each 
sample was analyzed with FACSVerse™ flow cytometer (BD 
Biosciences, San Jose, CA). The mixture of anti-lineage (Lin) 
markers consisting of anti-CD3, anti-CD19, and anti-CD49b 
was used to exclude T cells, B cells, and NK cells prior to gat-
ing on eosinophils, neutrophils, and dendritic cells (DCs). 

are expressed by infiltrating CD4+ T cells in the sites of patho-
genesis.2 However, recent evidences have suggested that al-
lergic asthma is a heterogeneous disease. In addition to Th2 
cells, Th17 cells are indicated to involve in complicated aller-
gic asthma. Th17 cells are found in AHR, steroid resistance, 
and neutrophilic inflammation,3,4 where the severity of dis-
ease correlates with Th17 cell activity and neutrophil recruit-
ment.5,6 

Innate lymphoid cells (ILCs), recently discovered lym-
phoid effector cells, consist of 3 functionally distinct groups, 
i.e., ILC1s, ILC2s, and ILC3s. The relationship between ILC2s 
that produce Th2 cytokines and asthmatic inflammation is 
well documented. When sensitized with allergen and adju-
vant papain, ILC2s prompted an eosinophilic inflammation 
in RAG2-deficient mice.7 Besides, mice lacking ILC2s were 
shown to exhibit the compromised responses of Th2 cells 
to allergens, underlining the crosstalk between ILC2s and T 
cells.8 IL-17A-producing ILC3s have been observed in obese 
mice that spontaneously developed AHR and in the broncho-
alveolar lavage (BAL) fluid of asthma patients.9 Similarly, the 
number of ILC3s increased in the BAL fluid from mice chal-
lenged with organic swine barn dust extract.10 

Although allergic asthma has been recognized to possess 
complex characteristics of airway inflammation, it is not clear 
which mouse models can appropriately represent the diverse 
features of this complicated disease. In the present study, 
therefore, we evaluated the mouse models of allergic airway 
inflammation sensitized with different adjuvants. We found 
that the use of different adjuvants in sensitization protocol 
produced distinct cellular composition and cytokine expres-
sion at the site of pathogenesis in the mouse models of aller-
gic airway inflammation. 
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such as alum, papain, LPS, and CpG. After 10 days, mice were 
challenged i.n. with OVA once a day for 5 days before sacri-
ficed (Figure 1). Then, we analyzed those mice by assessing 
the numbers of eosinophils, neutrophils, DCs, Th, Tc, and B 
cells in BAL fluids and lungs. As shown in Figure 2a, the BAL 
fluids from mice sensitized using allergen OVA without adju-
vant, i.e. OVA with PBS, contained much higher numbers of 
immune cell populations than those from control mice with-
out sensitization and challenge. In BAL fluids among mice 
sensitized with a different adjuvant or PBS (Figure 2b), the 
group sensitized with alum exhibited the highest percent-
age of eosinophils whereas those treated with LPS and CpG 
showed the lowest. The population of neutrophils in BAL flu-
ids was significantly augmented in the groups sensitized with 
LPS or CpG. B cell population in the alum group increased 
markedly compared to the PBS group, while the populations 
of DCs, Th, and Tc cells displayed no significant changes be-
tween different adjuvant groups. 

Population changes of eosinophils and neutrophils in lungs 
between mice sensitization with different adjuvants are com-
parable to those in BAL fluids

From mice sensitized with different adjuvants, after col-
lecting BAL fluids, single cell suspensions of lung tissues were 
prepared for analysis by flow cytometry. As illustrated in Fig-
ure 3a, lungs from mice sensitized and challenged with aller-
gen OVA exhibited higher levels of eosinophils and DCs than 
those from control mice without sensitization and challenge. 
In lungs among mice sensitized with a different adjuvant or 
PBS (Figure 3b), the alum group maintained the highest lev-
els of eosinophils whereas the LPS and CpG groups had the 
lowest. Meanwhile, compared to the PBS group, the popula-
tion of neutrophils increased significantly in the LPS group 
while those of DCs and B cells were significantly augmented 
in the CpG group. For T cells, no significant differences were 
noticed in Th cells but the percentage of Tc cells was reduced 
in the lung from the alum and CpG groups. By and large, the 
populations of eosinophils and neutrophils in the lung have 
changed similarly to those in BAL fluids of mice sensitized 
with different adjuvants. 

Figure 1. Schematic view of sensitization and challenge protocols for allergic airway inflammation. 

OVA 
100 μg

+ PBS

+ Alum 200 μg

+ papain 100 μg

+ LPS 10 μg

+ CpG 50 μg

OVA + adjuvant

Day 0 10 11 12 13 14 15

OVA 100 μg analysis

Challenge (i.n.)Sensitization (i.p.)

Eosinophils were defined as CD45.2+Lin-CD11b+SiglecF+ 

Ly6G-; neutrophils as CD45.2+Lin-CD11b+SiglecF-Ly6G+; DCs 
as CD45.2+Lin-CD11c+MHCII+; B cells as CD45.2+CD3-CD19+;  
Th cells as CD45.2+CD3+CD4+; and cytotoxic T (Tc) cells as 
CD45.2+CD3+CD8+. The gating strategies for ILC subsets are 
described previously.28 In brief, each sample was first labeled 
on surface with the mixture of anti-CD45.2, anti-IL7Ra, and 
anti-Lin markers (anti-CD3, anti-CD5, anit-CD11b, anti- 
CD11c, anti-B220); and then intracellularly stained with the 
mixture of anti-CD3, anti-GATA3, anti-T-bet, and anti-RORγt 
using True-NuclearTM Transcription Factor Staining reagents 
and protocol (BioLegend). ILCs were classified into T-bet+ 
ILC1s, GATA3+ ILC2s, and RORγt+ ILC3s after gating on 
CD45.2+Lin-IL-7Ra+. 

Intracellular cytokine assay
Intracellular cytokine assay was performed as described 

previously.29 In brief, each sample of single cell suspension was 
treated with PMA (12 nM), ionomycin (1 μM), and Brefeldin 
A (5 μg/ml) at 37°C for 4 hours. After treatment, the sample 
was incubated with Fc blocking 2.4G2 as described above. 
Then, the sample was labeled on surface with the mixture of 
anti-TCRβ, anti-CD4, and anti-CD8, followed by intracellular 
staining with the mAb cocktail containing anti-IL-4, anti-IL-5, 
anti-IL-17A, and anti-IFN-γ using Fixation/Permeabilization 
solution (BioLegend).

Statistics
Group-averaged data were analyzed by one-way ANOVA 

and plotted using Prism 5 (GraphPad Software, La Jolla, CA). 
Statistical significance is indicated by the p values below 0.05 
(*), 0.01 (**), and 0.001 (***). 

Results
Distinct changes in immune cell populations are observed 
between BAL fluids from allergic airway inflammations in-
duced with different adjuvants

To evaluate the populations of various immune cells in 
distinct models of allergic asthma, BALB/c mice were sensi-
tized i.p. with OVA in combination with a different adjuvant 
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Figure 2. Flow cytometric analysis on the levels of immune cells in BAL fluids from the mice sensitized i.p. with OVA and 
different adjuvants and challenged i.n. with OVA as in Figure 1. CD45+ cells in BAL fluids are used to identify immune cells. 
(a) Representative flow cytograms are illustrated with gating strategies used to identify each cell type in BAL fluids on the basis of 
indicative surface markers: Lin (CD3, CD19, CD49b), Eosinophils (Lin-, CD11b+, CD11c-, SiglecF+), Neutrophils (Lin-, CD11b+, 
CD11c-, Ly6G+), DCs (Lin-, CD11c+, MHCII+), B cells (CD3-, CD19+), Th cells (CD3+, CD4+), Tc cells (CD3+, CD8+). Control rep-
resents a result from mice without sensitization and challenge. (b) Histograms depict the levels of total eosinophils, neutrophils, 
DCs, B cells, Th cells, and Tc cells in BAL fluids from mice sensitized and challenged as in Figure 1. * p < 0.05, ** p < 0.01, *** p 
< 0.001, compared with the PBS (OVA without adjuvant but PBS) group; n ≥ 7.
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Figure 2. (Continued)

Figure 3. Flow cytometric analysis on the levels of immune cells in lungs from the mice sensitized i.p. with OVA and different 
adjuvants and challenged i.n. with OVA as in Figure 1. (a) Representative flow cytograms are shown with gating strategies used 
to identify each cell type in lung tissues as in Figure 2. (b) Histograms display the levels of each type of immune cells in lungs  
from the respective groups. * p < 0.05, ** p < 0.01, *** p < 0.001, compared with the PBS group; n ≥ 7.
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(a)

Figure 4. Histograms illustrate the levels of ILCs in tissues from the mice sensitized and challenged as in Figure 1. (a) The 
flow cytometry gating strategies for analyzing ILC subsets. CD45+ cells in lungs (b) and mLNs (c) from mice in each group 
are analyzed flow cytometrically on the basis of indicative surface and intracellular markers for ILCs: Lin (CD3, CD5, CD11b, 
CD11c, B220), ILC1s (Lin-, IL7Ra+, intracellular CD3- and T-bet+), ILC2s (Lin-, IL7Ra+, intracellular CD3- and GATA3+), ILC3s 
(Lin-, IL7Ra+, intracellular CD3- and RORγt+). * p < 0.05, ** p < 0.01, *** p < 0.001,, compared with the PBS group; n ≥ 3.
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Distinct changes in ILC subsets are detected in lungs and 
mLNs from mice sensitized with different adjuvants

Since numerous studies on the involvement of ILCs in al-
lergic asthma have been recently reported,30 we investigated 
to see whether the populations of three ILC subtypes would 
be affected by the sensitization with different adjuvants. 
Each of three ILC subsets was identified as T-bet+ for ILC1s; 
as GATA3+ for ILC2s; and as RORγt+ for ILC3s from Lin-

IL-7Ra+ hematopoietic cells in the lung and mLN. In lungs 
(Figure 4b), the papain and LPS groups showed the signifi-
cant increase of T-bet+ ILC1s. The papain group also exhib-
ited the highest percentage of GATA3+ ILC2s in the lung. In 
mLNs (Figure 4c), the CpG group showed the lowest lev-
els of T-bet+ ILC1s; the alum group had the lowest levels of 
GATA3+ ILC2s; and the LPS group exhibited the highest levels 
of RORγt+ ILC3s. 

Th cells in lung and mLN exhibit the distinct pattern of cyto-
kine expression between different adjuvant groups.

During asthma exacerbation, not only Th2 and Th17 relat-
ed cytokines but also the level of IFN-γ associated with Th1 
are increased.31 Therefore, we evaluated CD4+ Th cells in the 
lung and mLN from different adjuvant groups for their intra-
cellular expression of four distinct cytokines, i.e., IFN-γ (Th1); 
IL-4, IL-5 (Th2); and IL-17A (Th17) following stimulation 
using PMA and ionomycin with Brefeldin A. In lung tissues 
(Figure 5a), the CpG group exhibited much higher levels of 
IFN-γ+ Th1 cells than the other adjuvant groups. Both the 
LPS and CpG groups possessed statistically the lowest per-
centages of IL-5+ Th2 cells in the lung, while the LPS group 
also had the lowest levels of IL-4+ Th2 cells. In contrast to 
Th2 cells, the LPS group displayed a significant increase of 
IL-17A+ Th17 cells and likewise the CpG group showed some 
increase of IL-17A+ Th17 cells in lungs. In mLNs (Figure 
5b), the population of IFN-γ+ Th1 cells was statically smaller

in the alum group than in the others. Somewhat similar to the 
results of lungs, the percentage of IL-4+ Th2 cells was the low-
est in the LPS group and that of IL-5+ Th2 cells was the lowest 
in the CpG group in mLNs. The levels of IL-17A+ Th17 cells 
in mLNs were detected much higher in the LPS group than 
in the other adjuvant and PBS groups as observed similarly in 
lungs. 

Discussion
Allergic asthma is a complex inflammatory disease of the 

airways accompanied by infiltration of inflammatory cells 
causing AHR, mucus overproduction, and airway remodel-
ing.32 Once thought as a Th2 cell-mediated disease, it is now 
widely considered heterogeneous in nature with many endo-
types. Various endotypes of allergic asthma have been stud-
ied, including the Th2 cell-, Th17 cell-, ILC2-mediated forms 
and more, but a definitive baseline for this disease’s cellular 
and cytokine characteristics is yet to be established.33 In the 
present study, we created 5 different OVA-sensitized airway 
inflammation models using PBS and 4 different adjuvants, 
including alum, papain, LPS, and CpG, and investigated vari-
ances in the profiles of immune cells and cytokines among the 
different models. Of a note, low dose (up to 15μg) of LPS as 
an adjuvant generate boosting effects in allergic response,14,34,35 
while high dose (50 to 100μg) of LPS inhibit HDM-induced 
allergic asthma as well as food allergy.34,35 

In the mice sensitized with OVA and alum followed by 
challenge of OVA, allergic airway inflammation exhibited the 
characteristics of a traditional Th2 cytokine-mediated eosin-
ophilic inflammation in agreement with the previous stud-
ies.1 Meanwhile, the group sensitized with papain revealed 
increases in the populations of T-bet+ ILC1s and GATA3+ 
ILC2s in the lung, in line with the previous finding that ILC2s 
are activated by papain and Alternaria alternate through 
an event in the lung,7 but indicating an endotype different 
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from that of the alum group. In the LPS group, characteris-
tic increases in the populations of neutrophils, RORγt+ ILC3s, 
and IL-17A+ Th17 cells resembled a typical Th-17 cyto-
kine-mediated neutrophilic inflammation. Similar to the LPS 
group, the mouse model sensitized with CpG displayed neu-
trophilic phenotypes in BAL fluids, but not in the lung, with 
the highest levels of DCs and B cells in the lung. Though the 
decreased levels of IL-5+ Th2 cells were detected in both CpG 
and LPS groups, the reduced levels of IL-4+ Th2 cells were ob-
served only in the LPS group. Besides, the augmented levels 
of IFN-γ+ Th1 cells were observed only in the lung of the CpG 
group. We speculate that this distinct endotype of the CpG 
and LPS groups might explain the therapeutic role of CpG 
and LPS in allergic asthma.36,37 It is noticeable that in the lung 
of the CpG group, the percentage of T-bet+ ILC1s did not 
changed, while that of IFN-γ+ Th1 cells increased markedly. 
Therefore, it will be interesting to evaluate the level of IFN-γ 
expression in T-bet+ ILC1s and that of T-bet expression in 
IFN-γ+ Th1 cells from the lung of the CpG group. In addition, 
the examination of the respective levels of T-bet, GATA3, and 
RORγt in IFN-γ+, IL-4+, IL-5+, and IL-17A+ Th cells might 
provide further information on the heterogenous endotypes 
generated by the treatment of distinct adjuvants.

By sensitizing mice with allergen OVA and different adju-
vants we could generate experimental mouse models of aller-
gic airway inflammation with distinct endotypes. Understand-
ing the heterogeneity of allergic asthma and gaining the ability 
to generate appropriate mouse models may further our effort 
to develop more effective therapies that are tailored to specif-
ic cell types and pathophysiological mechanisms. Our study 
indicates that further investigations are required with many 
other types of allergens and adjuvants as well as immune cells 
and cytokines. Besides, we did not evaluate the IL-13+ Th 
cells, although the level of IL-13 was known to be related with 
the severe asthma.38 Nevertheless, our present study lays the 
groundwork into making allergic airway inflammation models 
with complex immunological endotypes.
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