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Introduction

Summary

Asthma and obesity present rising incidence, and their concomitance is a
reason for concern, as obese individuals are usually resistant to conven-
tional asthma treatments and have more exacerbation episodes. Obesity
affects several features in the lungs during asthma onset, shifting the T
helper type 2 (Th2)/eosinophilic response towards a Th17/neutrophilic
profile. Moreover, those individuals can present reduced atopy and
delayed cytokine production. However, the impact of obesity on follicular
helper T (Tth) cells and B cells that could potentially result in antibody
production disturbances are still unclear. Therefore, we aimed to assess
the peripheral response to ovalbumin (OVA) in a concomitant model of
obesity and asthma. Pulmonary allergy was induced, in both lean and
obese female BALB/c mice, through OVA sensitizations and challenges.
Mediastinal lymph nodes (MLNs) and spleen were processed for
immunophenotyping. Lung was used for standard allergy analysis. Obese-
allergic mice produced less anti-OVA IgE and more IgG2a than lean-aller-
gic mice. Dendritic cells (CD11c" MHCIThigh) expressed less CD86 and
more PDLI in obese-allergic mice compared with lean-allergic mice, in
the MLNs. Meanwhile, B cells (CD19" CD40") were more frequent and
the amount of PDL1/PD1" cells was diminished by obesity, with the
opposite effects in the spleen. Tfh cells (CD3" CD4"™ CXCR5" PD1%)
expressing FoxP3 were more frequent in obese mice, associated with the
predominance of Th (CD3" CD4") cells expressing interleukin-4/GATA3
in the MLNs and interleukin-17A/RORyT in the spleen. Those modifica-
tions to the main components of the germinal centers could be resulting
in the increased IgG2a production, which — associated with the Th17/neu-
trophilic profile — contributes to asthma worsening and represents an
important target for future treatment strategies.

Keywords: asthma; follicular T cells; obesity; peripheral organs lymphoid.

hypersecretion and inflammatory process, triggered by
exposure to the allergen, results in the most common

Asthma is a highly debilitating chronic inflammatory dis-
ease of the airways, affecting >300 million people world-
wide. There are several asthma phenotypes, among which
allergic asthma can be highlighted as the most frequent.’
The variable degrees of bronchoconstriction, mucus

symptoms — coughing, wheezing and shortness of breath.”

The allergic immune response begins with allergen con-
tact with the epithelium in the lungs, promoting its acti-
vation and the release of thymic stromal lymphopoietin
(TSLP), interleukin-25 (IL-25) and IL-33.> These

Abbreviations: DCs, dendritic cells; EPO, eosinophilic peroxidase; HFD, high-fat diet; MHCII, major histocompatibility complex
II; MLNs, mediastinal lymph nodes; MPO, myeloperoxidase; NLRP3, NOD like receptor protein 3; OVA, ovalbumin; PD1, pro-
grammed death-1; PDL1, programmed death ligand 1; Tth, follicular T cells; Tfr, follicular regulatory T cell; Thl, T helper type

1; TSLP, thymic stromal lymphopoietin
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cytokines trigger activation and migration to the periph-
eral lymphoid organs of dendritic cells (DCs), where they
prime T cells to polarize to T helper type 2 (Th2)*® and
follicular helper T (Tfh) profiles.” The cooperative inter-
action between DCs, T cells and cognate B cells promotes
Tth cell differentiation and migration to germinal centers,
in which they induce IgE production, by activating B cells
and differentiating them into plasma cells.® Altogether,
the antibody production and T-cell release of IL-4, IL-5
and IL-13 result in mast cell activation, and eosinophil
recruitment, which are the main effector cells of the clas-
sical Th2 allergic asthma.

Allergic asthma is heterogeneous, exhibiting several dis-
tinct immunological patterns according to the age, sex
and obesity status of the patient.”'" In that regard, obe-
sity, associated with hyperplasia and hypertrophy of the
adipose tissue, sustains a low-grade systemic inflamma-
tion, which interferes in many other tissues, such as the
lungs.'! Therefore, the increasing rates of obese asthmatic
individuals have become a serious burden, as obesity—
asthma coexistence is related to resistance to conventional
treatments and more frequent exacerbation episodes.'*'?
This profile develops due to an increased neutrophil
influx, overcoming the classic asthmatic eosinophilia.'* It
is already established that neutrophils are more resistant
to glucocorticoids, contributing to the severity of the dis-
ease.” Several mechanisms have been associated with this
shift, as increased NLRP3 inflammasome activation,'® DC
activation failure,'”” macrophage profile modification'®
and lower TSLP levels."

We have previously demonstrated that obesity dampens
the allergic response in mice at the epithelium by dimin-
ishing TSLP production; this shift was associated with the
development of a delayed allergic immune response and
lower allergen-specific IgE titers.'"® However, there is still
some controversy about the role of obesity in antibody
production during the allergic process. Clinical and exper-
imental studies have demonstrated both the intensification
and the reduction of IgE titers in obese asthmatic individ-
uals.'>'®2% Despite the recent attention to the concomi-
tance of obesity and asthma, there is still a lack of studies
addressing the changes in lymphoid organs, mainly involv-
ing Tth cells and antibody-producing B cells.

Better comprehension of the particular events in the
obese response to allergenic stimulus, can contribute to
the development of new treatment strategies, suitable for
patients that are usually resistant to conventional treat-
ments.

Material and methods

Animals

Four- to six-week-old female BALB/c mice, obtained from
the Federal University of Juiz de Fora, were maintained
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in a temperature-controlled facility with 12/12-hr light/
dark cycle and were fed ad libitum. Mice were allowed
1 week of acclimation before the beginning of the proto-
col. The experiments were performed in accordance with
the Brazilian Code for the Use of Laboratory Animals
and approved by the UFJF Ethics Committee for the Use
of Laboratory Animals (CEEA-UFJF No. 019/2017).

Induction of obesity and pulmonary allergy

Mice were randomly divided into four groups, according
to their diet and asthma model induction. Obese groups
(HFD and HFD-OVA) were fed a high-fat diet
(HFD — 60% calories from fat; Prag Solugoes Ind. Co.
Ltd Jau, SP, Brazil), while the lean groups (CN and
OVA) were fed a standard diet (10% calories from fat,
Nuvilab-CR1VR; Nuvital Nutrientes Ltd, Colombo, Bra-
zil). Allergy induction was performed on the OVA and
HFD-OVA groups according to the following procedures.
After 10 and 12 weeks of diet, mice were intraperitoneally
sensitized with 3 pg of ovalbumin (OVA) (grade V;
Sigma-Aldrich Corp., St Louis, MO) in 1 mg alumen
(Sigma-Aldrich), and the challenges with aerosolized
OVA 1% for 20 min were performed on the 21st, 23rd,
25th, 27th and 29th days after the first sensitization.
Euthanasia occurred 24 hr and 48 hr after the last chal-
lenge (Fig. 1a).

Anti-OVA-specific antibodies evaluation

Serum was separated from blood samples obtained 24 hr
and 48 hr after the last challenge. Anti-OVA-specific IgE
and IgG2a were determined on serum, by optical density
measurement at 492 nm in a microplate reader (Spec-
traMax 190; Molecular Devices, Sunnyvale, CA), as
described elsewhere.”!

Eosinophil quantification

Direct Red 80 (Sigma-Aldrich) staining was used for eosi-
nophil quantification per 100-um” field in the peribron-
chovascular area. Slides were examined in blinded
manner under an optical microscope (Zeiss, Hall-
bergmoos, Germany) at x1000 magnification.

Measurement of cytokine and chemokine levels in the
lungs

The lung tissue homogenate was prepared as described pre-
viously®' and the pellets were used in eosinophil peroxidase
(EPO) and myeloperoxidase (MPO) activity assays. Cytoki-
nes and chemokine were detected using commercially avail-
able ELISA kits: IL-4, IL-5 (BD OptEIA; BD Biosciences,
EUA); IL-13, IL-25, TSLP, eotaxin (CCL11) (R&D Systems,
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Figure 1. Experimental design and obesity establishment by high fat feeding. Experimental design, obesity induced by high-fat diet (HED) (60%
of calories from fat). Pulmonary allergy induced by ovalbumin (OVA) on female BALB/c mice (a). Weight gain during the 14 weeks of the obe-

sity protocol, significant differences between control (CN) and HFD groups are shown as #, and * for comparisons between OVA and HFD-

OVA groups (two-way analysis of variance) (b). Weight gain was expressed as percentage of gained weight over the initial weight (c), weight by

the end of the protocol (d) and perigonadal fat pad weight (e). Values are expressed as mean £ SEM. Different means are indicated as *, for

P < 0-05. n = 6 for each group (analysis of variance).

Minneapolis, MN); and IL-17A (eBioscience, San Diego,
CA). Assays were performed according to the manufac-
turer’s instructions.

Eosinophil peroxidase and myeloperoxidase activity

Eosinophil peroxidase activity in lung homogenates was
determined as described elsewhere.’! To evaluate MPO,
activity equal parts of homogenate supernatant and O-
phenylenediamine solution in 10 mm citrate (pH 5-5),
followed by the addition of H,O, (20%). The reaction
was stopped with H,SO,, and the absorbance was mea-
sured at 492 nm on a microplate reader (SpectraMax
190).

Flow cytometry

Lungs, spleen and mediastinal lymph nodes (MLNs) were
macerated on extraction buffer (RPMI-1640 medium sup-
plemented with 5% fetal bovine serum and 0-075%
EDTA) on cell strainers. Cells were counted after red
blood cell lysis and plated at 2 x 10° cells/well. Fc recep-
tor blockage was performed with FcBlock solution
(1:100), followed by permeabilization, for intracellular
staining. Anti-CD19 (fluorescein isothiocyanate clone:
1D3), anti-CD40 (allophycocyanin clone: 3/23), anti-
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CXCR5 (phycoerythrin clone: 2G8); anti-programmed
death 1 (PD1) (BV 421 clone: J43); anti-programmed
death ligand 1 (PDL1) (phycoerythrin clone: MIHS5),
CD4 (Percep clone: RM4-5), anti-GATA3 (Alexa Fluor
647 clone: 150-823), anti-RORyT (BV 421 clone: Q31-
878); anti-IL-4 (BV 421 clone: 11B11), anti-interferon-y
(phycoerythrin-Cy7 clone: XMGI1.2), anti-IL-17 (Alexa
488 clone: TC11-18H10); anti-FOXP3 (Alexa Fluor 488
clone: MF23), anti-CD11c¢c (BV 510 clone: HL3), anti-
MHC-II (allophycocyanin clone: AMS 321), anti-CD80
(fluorescein isothiocyanate clone: 16-10A1). Samples were
fixed in paraformaldehyde after labeling. Data acquisition
was performed in FACS-Canto II (BD) and analyzed on
FrowJo (TreeStar, Ashland, OR).

Statistical analysis

Data were analyzed using GrapH Pap Prism 6.0 (San
Diego, CA). Numerical data were analyzed using Kol-
mogorov—Smirnov normality test. Weight gain analysis
along time was performed with two-way analysis of vari-
ance, coupled with Tukey’s multiple comparison test. For
four-column graphs, parametric data were analyzed with
one-way analysis of variance, followed by Bonferroni
post-test; for non-parametric data a Kruskal-Wallis test
was performed, followed by Dunn’s test. For two-column

© 2019 John Wiley & Sons Ltd, Immunology, 157, 268-279



graphs, parametric data were analyzed using unpaired
Student’s t-test and non-parametric data were analyzed
using Mann—hitney U-test. The threshold significance
level was set at P < 0-05.

Results

HFD efficiently induces obesity

It has already been demonstrated that BALB/c mice are
resistant to obesity induction;,”* however, several studies
have already demonstrated how these animals present
characteristic features of obese status.'®*’ Importantly,
BALB/c mice are prone to develop allergic-like Th2
immune responses,”* being more adequate for asthma
models. In addition, clinical studies have demonstrated
that obesity worsens asthma symptoms in women;'®'*?
therefore the present study was developed in a female
model. We have shown that mice fed an HFD not only
gained more weight than mice fed a standard diet
(Fig. 1b—d), but also presented increased fat pad weight

Peripheral response in obesity—asthma model

(Fig. 1e). Moreover, the asthma model induction, did not
affect mouse weight or fat accumulation (Fig. 1b—e).

Obesity affects asthma-related
immunohistopathological parameters

To validate the model, some parameters, previously
demonstrated to be affected by obesity during the asthma
protocol,'® were analyzed in the present study. Initially,
TSLP (Fig. 2a) and IL-25 (Fig. 2b) levels were lower in
lung homogenates of the obese-allergic (HFD-OVA)
group, in comparison to the lean-allergic (HFD) mice,
24 hr after the last challenge. At the same time-point,
HFD-OVA also showed reduced CCLI11 (Fig. 2¢) and a
tendency to reduce IL-5 levels (Fig. 2d). These modifica-
tions were followed by a persistent reduction in eosinophil
counts (Fig. 2e,f), associated with diminished EPO activity
(Fig. 2g), at the 48 hr end point. In contrast, IL-4 (Fig. 2h)
and IL-17A (Fig. 2i) levels were increased in HFD-OVA,
compared with the OVA group, associated with enhanced
MPO activity, at 48 hr after the last challenge (Fig. 2j).
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Figure 2. Experiment validation, obesity promotes greater neutrophil activity and early reduced Th2/eosinophilic response. Levels of the epithelial
cytokines interleukin-25 (IL-25) (a) and thymic stromal lymphopoietin (TSLP) (b), 24 hr after the last OVA-challenge. Eosinophil peroxidase
(EPO) activity (c), and eosinophil counting on Sirius Red stain in peribronchovascular area (d and e), 48 hr after the last challenge. CCL11 (f)
and IL-5 (g) levels 24 hr after the last challenge. IL-4, IL-17A levels and myeloperoxidase (MPO) activity (h), 48 hr after the last challenge. Cyto-
kine and chemokine levels were determined by ELISA and activity assay were used to determine EPO and MPO abundance, in lung homogenates.

Values are expressed as mean = SEM. Different means are indicated as *, for P < 0-05. n = 6 for each group.
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Obesity affects serum OVA-specific antibody titers

Obesity affected the standard allergic response, reducing
and delaying several Th2 features; therefore we have
assessed the anti-OVA IgE and IgG2a serum levels, pre-
dominant on Th2 and Thl immune responses, respec-
tively. In the present work, IgE levels were lower in the
HFD-OVA group in comparison to the OVA group, at
24 hr and 48 hr after the last challenge (Fig. 3a). On the
other hand, more IgG2a antibodies were produced in the
HFD-OVA group at both analyzed time-points (Fig. 3b).

Obesity induces regulatory profile on DCs in the
MLNs during pulmonary allergy

T-cell priming in the peripheral lymphoid organs is an
important step towards antibody production. DCs bearing
the allergen trigger the following phases of allergic asthma

(@)

06
* l%
g = o
o 04- 7/ 7
o n.s. / /
w / /
k=3
< / /
5 02 T / /
é al
oLl Z Z
é Q s s v s
(@) Qg QA Q'O\\ OA Q'OA
K £
24 hr 48 hr
®) 45—
& 101 .
(g’ | —
<
>
Q
£ 05
<< X —l_ _
%7
0-0 T i 4 IA
Q \s \s \s s
> L & & & o
& &
24 hr 48 hr

Figure 3. Obesity affects antibody production in response to allergen
stimulation. ELISA-determined anti-ovalbumin (OVA) IgE (a) and
IgG2a (b) levels, in the serum, 24 and 48 hr after the last challenge.
Values are expressed as mean = SEM. Different means are indicated
as *, for P < 0-05. n = 6 for each group.
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onset.”® We have investigated DC activation in both lymph
nodes and spleen, by measuring the expression of the acti-
vation and regulation markers, CD86 and PDLI, respec-
tively. In the MLNs, DCs (CD11c” MHCII™®") from the
HFD-OVA group presented diminished CD86 expression,
in comparison to the OVA group (Fig. 4a). In addition,
the HFD-OVA group also presented higher PDL1 expres-
sion (Figs. 4b and S2). However, no difference was
observed between the compared groups, regarding the
expression of these markers, in the spleen (Fig. 4c,d).

Obesity affects B-cell regulatory and activation
markers in peripheral lymphoid organs during
pulmonary allergy

Besides its well-known role on antibody production, dif-
ferent B-cell subtypes can also act as regulatory cells, neg-
atively modulating T-cell activation.”” Therefore we have
investigated the expression of the regulatory markers PD1
and PDLI, in B cells at MLNs and spleen. Although the
total cell count was similar between the OVA and HFD-
OVA groups (see Supplementary material, Fig. S1), B-cell
(CD19" CD40") frequency was higher in the HFD-OVA
MLNs and diminished in the spleen, in comparison to
the OVA group (Fig. 5a,d). In addition, the frequency of
B cells (CD19" CD40") expressing high levels of the regu-
lation marker PDL1 (PDL1"™) was diminished in the
MLNs (Fig. 5b). In contrast, the HFD-OVA group pre-
sented increased PDL1™&" and PD1" frequency in the
spleen, when compared with OVA group (Fig. 5e,f).

The increase in CD40 expression is crucial for B-cell
activity and proliferation; therefore we have evaluated its
expression in B-cell populations expressing different levels
of PDLL. In the MLNs, CDI19" CD40" PDLI" and
CD19" CD40" PDL1" populations from HFD-OVA ani-
mals expressed more CD40 (mean fluorescence intensity)
than the OVA group (Fig. 5h,j), in accordance with the
higher B-cell frequency in these lymph nodes (Fig. 5d).
In contrast, the splenic CD40 expression in all PDLI
levels was low in the HFD-OVA groups when compared
with HFD mice (Fig. 5k-m), in agreement with the
diminished B-cell frequency in that organ.

Obesity affects the populations of both Th and Tfh
cells in the peripheral lymphoid organs during
pulmonary allergy

Tth cells directly interact with B cells at germinal centers,
promoting class switch and inducing antibody produc-
tion. Nevertheless, Tth can also express Foxp3 transcrip-
tion factor, exhibiting regulatory effects over B cells.”®?
Therefore, we have evaluated the frequency of Tth
(CD3" CD4" CXCR5" PD1%) and T follicular regulatory
(Tfr) cells (CD3" CD4" CXCR5" PD1" Foxp3™) in both

MLNs and spleen. OVA and HFD-OVA groups presented

© 2019 John Wiley & Sons Ltd, Immunology, 157, 268-279
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similar Tfh frequencies in the MLNs (Figs. 6a and S3).
However, the HFD-OVA group displayed an increased pop-
ulation of Tfr cells (Figs. 6¢ and S3). In addition, HFD-
OVA group splenic Tth population was higher when com-
pared with the OVA group (Figs. 6d and S4), whereas PD1
expression (mean fluorescence intensity) was reduced by
obesity (Fig. 6e). Interestingly, obesity itself led to an
increased splenic Tfr cell frequency, in comparison to the
control animals (Fig. 6f), demonstrating the effects of obe-
sity itself on the differentiation of these cells.

Besides their direct effect on allergy establishment, Th
cells and their cytokines can also affect antibody produc-
tion,>*! therefore we have evaluated the Th population
in the peripheral lymphoid organs. In the MLNs there
was a higher frequency of cells expressing the transcrip-
tion factor GATA3 and producing IL-4 in the HFD-OVA
group, when compared with the OVA group (Figs. 6g,h
and S5). Although there was no difference between the
groups regarding the splenic population of IL-4-produc-
ing Th cells, there were more cells expressing GATA3 in
the HFD-OVA group, compared with the OVA group
(Fig. 5k,1). Regarding the RORyT-expressing and IL-17A-
producing Th cells, there was no difference between the
OVA and HFD-OVA groups, in the MLNs (Figs. 6i,j and
S5). Nonetheless, those populations were increased in the
HFD-OVA group when compared with OVA animals, in
the spleen. Still, this difference was already present in the
HFD group compared with CN animals (Fig. 6m,n).

Obesity reduces Tth population in peripheral
lymphoid organs from the sensitization

To evaluate if obesity already affected allergy establishment
from sensitization, we evaluated T-cell populations 72 hr
after the last sensitization. However, most of the parame-
ters were similar between the HFD-OVA and OVA groups

© 2019 John Wiley & Sons Ltd, Immunology, 157, 268-279
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(data not shown), except for the Tth populations. Both
conventional Tfh cells (CD3" CD4" CXCR5" PD1") and
Tir cells were more frequent in the OVA than in the HFD-
OVA group (Fig. 7).

Discussion

Due to the increasing prevalence of asthma, recent efforts
have been directed to the investigation of its development
and the occurrence of co-morbidities. Although several
studies have already demonstrated the critical role of obe-
sity in the worsening of allergy-associated diseases,'>?
there are still blanks to be filled when it comes to its
effect on the allergic phenotype of asthma. The present
results and previously published data'® have demon-
strated that obese-allergic mice present a delayed immune
response, as shown by the lower production of traditional
Th2-associated allergic parameters such as IgE, IL-25,
TSLP and CCL11, observed at 24 hr after the last chal-
lenge in obese allergic mice. These modifications could
have led to the reduced eosinophil counting in the lungs
and EPO activity, at 48 hr. Based on our previous data'®
and on the present study, there is a late (48 hr) IL-4 pro-
duction in the obese-allergic group, whereas, at the same
time-point, lean-allergic mice present lower levels of this
cytokine, in contrast with its early (24 hr) higher levels.'®
Another study has already indicated that obesity can trig-
ger a delayed Th2 response during pulmonary allergy, on
C57BL/6 mice.”® On the other hand, there was a late
increase (48 hr) of neutrophil-associated features, IL-17A
and MPO, in obese-allergic mice. This pro-neutrophilic
shift is associated with more exacerbation episodes and
resistance to the conventional corticosteroid treatments.”
® Altogether these data indicated a phenotype observed in
the clinic, that combines the delayed allergic response
with the increased neutrophilia.**
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Figure 5. Obesity impacts B-cell populations in both mediastinal lymph nodes (MLNs) and spleen. CD19" CD40" frequency (a, d),
CD19" CD40" PDL1Ms? frequency in CD19" CD40" (b, e), CD19" CD40* PD1" frequency in CD19" CD40" (q, f), in both MLNs and spleen,
determined by immunophenotyping and flow cytometry. Gating strategy for B cells and their discrimination by PDL1 expression levels, represen-
tative image from the MLNs (g). CD40 MFI in CD19* CD40* PDL1"®" (h,k), CD19* CD40* PDL1™ (i,]) and CD19" CD40* PDL1"" (j,m), in
both MLNs and spleen, determined by immunophenotyping and flow cytometry 48 hr after the last challenge. Values are expressed as
mean + SEM. Different means are indicated as *, for P < 0-05. n = 6 for each group.

We have demonstrated that obesity affects the produc-
tion of the epithelial cytokines (IL-25 and TSLP), impor-
tant inducers of DC activation, that prime them to
trigger the classical Th2 response.”® It is known that in
their absence or reduction, particularly TSLP, DCs will be
more prone to polarize Th cells towards a Thl7 pro-
file.'””* In the present study, the diminished production
of epithelial cytokines could have led to the reduced DC

274

activation observed in the MLNs of obese-allergic mice,
resulting in the events downstream. It has already been
demonstrated how DCs from obese mice present damp-
ened activation in the lungs.36 In the MLNs, the main
draining lymph nodes to the lungs, DCs displayed a regu-
latory profile, as shown by the reduced CD86 expression
and increased PDL-1 intensity. These changes could be
promoting the dampened Th2 response,” characteristic

© 2019 John Wiley & Sons Ltd, Immunology, 157, 268-279
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Figure 6. Obesity impacts follicular helper T (Tfh) cell population, promotes T helper type 2 (Th2) response in the mediastinal lymph nodes
(MLNs) and Th17 profile in the spleen. Tth cell evaluation. CXCR5" PD1" frequency in CD3" CD4" cells (a, d); CXCR5" PD1"* Foxp3" fre-
quency in CD3" CD4" cells (b, e); PD1 MFI in CD3* CD4" CXCR5" PD1" cells (c, f). Th2 cell evaluation. GATA3™ cells (g, k) and IL-4" cells

frequency in CD3* CD4" (h, 1). Th17 cell evaluation. RORyT" cells (i,

m) and IL17A" cells frequency in CD3" CD4", in both MLNs and spleen,

determined by immunophenotyping and flow cytometry. 48 hr after the last challenge. Values are expressed as mean £+ SEM. Different means

are indicated as *, for P < 0-05. n = 6 for each group.

of the obese-allergic mice and could also be creating a
different environment from the lean-allergic individuals
in their peripheral organs.

The first sign of B-cell activation is the increased anti-
body production; in that regard, allergic responses stand
out for their excessive IgE production. Although obese-al-
lergic individuals usually present lower atopy, this reduc-
tion does not reflect in any attenuation of the disease.’®””
In that sense, we have demonstrated reduced IgE titers in
the serum of obese-allergic mice, whereas these animals
presented higher Thl prototype antibody (IgG2a) levels.
This shift, associated with the higher neutrophil counting,
could potentially increase the severity of the disease, as
IgG2a is known to trigger neutrophil-dependent anaphy-
laxis, through FcyRIII engagement.’” The higher IgG2a
titers could be a consequence of obesity-triggered

© 2019 John Wiley & Sons Ltd, Immunology, 157, 268-279

disturbances of the immune response setup on B-cell
populations from the peripheral lymphoid organs.*'

B-cell activation in the lymphoid organs is a critical point
in antibody production, so the evaluation of their frequency
can provide a good insight of how obesity may be affecting
the general allergic response. In this context, the spleen is
the main site for B cells to complete their maturation,** nev-
ertheless obesity itself can impact the splenic leukocyte func-
tion and proliferation, mainly B and T cells."*™
Interestingly, our results demonstrate that OVA itself is not
able to affect B-cell populations in the spleen; however,
when associated with obesity, the allergen affected not only
their frequency, but also their activation status. Hence, the
obese-allergic splenic B-cell population maintains a regula-
tory profile after the challenges, as shown by the high fre-
quency of PDL1* and PD1" cells, associated with the lower
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CD40 expression, in contrast with the profile observed in
the MLNs. This B-cell activation on the MLNs could be sup-
porting the antibody serum levels observed in the obese-al-
lergic animals. It is well established that the expression of
PD1 and its ligand PDLI, on B cells, is an important mark
of immune response regulation.””** In accordance with the
higher B-cell (CD19" CD40") frequency, there was a reduc-
tion of their regulatory profile, as shown by the lower fre-
quency of the PDL1"" B cells. Differently, this regulatory
population  (CD19" CD40" PDLI™®")  frequency ~was
increased in the spleen, leading to the reduced B-cell popula-
tion CD19" CD40".

The above-mentioned results indicate that MLNs and
spleen present contrasting results in obese-allergic mice,
probably due to a strong influence of obesity over the
spleen,”” whereas the allergen preferentially affected the
MLNSs. Despite the lack of studies approaching the influ-
ence of obesity on B cells during the development of
allergic responses, a disturbance of obese splenic B-cell
activation and antibody production has already been
demonstrated in a murine influenza infection model*'
and upon Staphylococcus aureus infection.*”

There is crosstalk between B cells and DCs during anti-
gen presentation and activation of T naive cells, promot-
ing their differentiation into the different T-cell profiles.
Among them, Tfh cells are polarized by IL-21 and IL-6
stimuli, resulting in their increased CXCR5 expression, a
chemokine receptor for CCL13, expressed in the germinal
centers.®*® Tfh cells mutually interact with B cells con-
tributing for high-affinity antibody production in plasma
cells.*” Additionally, recent studies have demonstrated
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*, for P < 0-05. n = 6 for each group.

that specific regulatory B cells dampen Tth differentiation
through their elevated PDLI expression in the B-cell mar-
ginal zone,””*° our data demonstrate this function, as the
higher frequency of PDL1™" B cells was accompanied by
a reduced differentiation of Tth cells in the spleen. How-
ever, in the MLNs the low frequency of regulatory B cells
(CD19" CD40" PDL1"#") did not result in a higher Tth
cell differentiation, possibly due to the regulatory profile
of the interacting-DCs (CD11¢" MHCII® PDL1Y). In fact,
it has already been demonstrated that Tth cell differentia-
tion is dependent on CD86 co-stimulation by DCs.”!

Despite the higher number of splenic Tth cells, they pre-
sented reduced PD1 expression. Although we have not
evaluated the function of these cells, it has already been
demonstrated that Tth cells require PD1 expression to
maintain cytokine production and their normal function.”
Hence, the impaired PD1 expression in Tth cells could be
affecting their interaction with B cells, contributing for
their diminished activation. Moreover, the Tth population
was already reduced from the sensitizations, showing that
their differentiation was already compromised, and may
have contributed to the further response delays.

Recent studies have highlighted the role of Tfr Foxp3"
cells, derived from regulatory T cells, controlling reactions
in the germinal center,” and their reduction or impaired
function is associated with the occurrence of autoantibody
production.”® In that regard, PD1 and PDLI deficiencies
induce the Tfr cell differentiation, but do not affect the con-
ventional Tfh cell population.” Indeed, in the present
work, the lower expression of these markers on B cells
resulted in a greater Tfr cell frequency in the MLNs. In

© 2019 John Wiley & Sons Ltd, Immunology, 157, 268-279



addition, the non-regulatory role of these cells, which can
trigger IL-10-dependent cell proliferation and IgG has been
recently demonstrated.’*>> Hence, the modifications
observed in the antibody profile, with higher IgG2a and
reduced IgE, in obese-allergic animals, could be favored by
the Tfr higher frequency. Meanwhile, the spleen did not
present the same profile, and no difference was observed
between the allergic groups regarding the Tfr.frequency.

T helper activity can also play an important role in
antibody production through cytokine secretion. It is
known that IL-4, released by Th2 cells, can promote IgE
production,”® while IL-17A is among the factors that can
trigger IgG2a synthesis.”® We have observed an increased
frequency of IL4"/GATA3" Th cells in the MLNs, while
IL17A"/RORyT" Th were more frequent in the spleen.
These results suggest the establishment of a splenic Th17
profile, supported by obesity.

Although the above-mentioned results give a good
insight of what happens in terms of peripheral response
during the pulmonary allergy in obese mice, new eutha-
nasia points could give a better understanding of the
kinetics of this response. In addition, the performance of
similar analysis in other models of obesity—asthma,
mainly those that indicate obesity as a booster for IgE
production,””*® could help to elucidate the mechanisms
promoting the difference between distinct groups of
obese—asthmatic patients.

Taken together, our data show that obesity affects the
peripheral response to the allergen, promoting antibody
production disturbances and the differentiated profile of
the main components of the germinal center. In the MLNS,
there was a marked increase in B-cell frequency, accompa-
nied by an impairment of the regulatory profile, and associ-
ated with the higher Tfr cell population, in obese-allergic
mice. Meanwhile, the splenic response was characterized by
a striking increase in IL17A"/RORyT" Th cell population;
but there was an apparent B-cell regulation at this organ, as
shown by the higher frequency of the PDL1"" B-cell popu-
lation and the diminished total B-cell frequency. The afore-
mentioned results can potentially explain the shift to IgG2a,
the diminished IgE production and the pro-neutrophilic
stage observed in the lungs of the obese-allergic group.
However, we did not find which of these organs was the
source of each of the antibody isotype.

Although our data provide a new perspective about the
pulmonary allergic immune response, showing some
changes that support asthma worsening in the pulmonary
tissue in obese individuals, one of its limitations is the
use of an HFD obesity induction, leading to elevated low-
density lipoprotein, cholesterol, and fasting blood glu-
cose.'® Future studies could seek to explain the contribu-
tions of weight gain, glucose tolerance, insulin resistance
and blood lipid levels for the modifications observed in
the immune response in the peripheral lymphoid organs.

Additionally, the Dbetter understanding of the

© 2019 John Wiley & Sons Ltd, Immunology, 157, 268-279
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establishment of non-Th2 features during the allergic
response can help in the development of alternative treat-
ment strategies, including, the use of specific antibodies
that target IgG2a and IL-17A, instead of IgE; gene ther-
apy; and even the use of well-established drugs that are
known to target the neutrophilic/Th17 immune response.
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Figure S1. Obesity does not affect cell counting on

the peripheral lymphoid organs. Cell counting on the
MLNs 48 hr after the last OVA challegenge (a) and 72
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hr after the second sensitization (b). Cell counting on
the spleen 48 hr after the last OVA challegenge (c) and
72 hr after the second sensitization (d). Values are
expressed as mean £ SEM. Different means are indi-
cated as *, for P < 0-05. n = 6 for each group.

Figure S2. Representative flow cytometry gating strat-
egy for DCs phenotyping in MLNs. Population selection,
SSC x FSC (a), CD11c MHCI#" gating (b), representa-
tive histogram for CD86 and PDLI expression.

Figure S3. Representative flow cytometry gating strat-
egy for Tth phenotyping in MLNs. Population selection,
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SSC x FSC (a), CD3"CD4"CXCR5'PD1" Foxp3" gating
strategy (b).

Figure S4. Representative flow cytometry gating strat-
egy for Tth phenotyping in the spleen. Population selec-
tion, SSC x FSC (a), CD3"CD4'CXCR5"PD1" Foxp3"
gating strategy (b).

Figure S5. Representative flow cytometry gating strategy
for Th phenotyping in the MLNs and spleen. Population
selection, SSC x FSC (a). Representative CD3"CD4'1L4"/
GATA3" gating strategy in the MLNs (b). Representative
CD3"CD4'IL17A"/RORYT" gating strategy in the MLNs.

279



