Received: 16 July 2018 | Revised: 29 December 2018

Accepted: 17 January 2019

DOI: 10.1111/cea.13351

ORIGINAL ARTICLE

Basic Mechanisms in Allergic Disease

WILEY

Impaired immunoregulatory network of the CD4 T
lymphocytes in refractory asthma

Jamille S. Fernandes'?® | Maria llma Araujo® | Tarcisio V. V. S. de Almeida®* |

Lorena S. Andrade? | Diego M. Lopes? | Luane M. de Mello®” | Edgar M. Carvalho®%’

Alvaro A. Cruz® | Luciana S. Cardoso

1Centro de Ciéncias Bioldgicas e da Saude,
Universidade Federal do Oeste da Bahia,
Barreiras, Bahia, Brazil

2Servico de Imunologia, Hospital
Universitario Professor Edgard Santos,
Universidade Federal da Bahia (UFBA),
Salvador, Bahia, Brazil

3ProAR - Nucleo de Exceléncia em Asma,
UFBA, Salvador, Bahia, Brazil

“Escola Bahiana de Medicina e Saude
Publica, Salvador, Bahia, Brazil

5Departamento de Medicina Social,
Faculdade de Medicina de Ribeirdo Preto,
USP, Ribeirdo Preto, Sdo Paulo, Brazil

SLaboratério de Pesquisas Clinicas, Instituto
Gongalo Moniz, FIOCRUZ, Salvador, Bahia,
Brazil

7Instituto Nacional de Ciéncia e Tecnologia
em Doencas Tropicais (INCT -DT/CNPq),
Distrito Federal, Brasilia, Brazil

8Departamento de Analises Clinicas e
Toxicologicas, Faculdade de Farmacia,
UFBA, Salvador, Bahia, Brazil

Correspondence
Luciana S. Cardoso, Departamento de
Andlises Clinicas e Toxicoldgicas, Faculdade

de Farmdcia, Universidade Federal da Bahia,

Salvador, BA, Brazil.
Emails: lucianac@ufba.br;
luciana.imuno@gmail.com

Present address

Luane M. de Mello, Departamento de
Medicina Social, Faculdade de Medicina de
Ribeirdo Preto, USP, Ribeirdo Preto, Sdo
Paulo, Brazil.

Luciana S. Cardoso, Departamento de
Andlises Clinicas e Toxicoldgicas, Faculdade
de Farmacia, UFBA, Salvador, Bahia, Brazil.

Funding information
Alvaro A. Cruz was awarded a grant to
constitute Center for Excellence in Asthma,

2,7,8

Summary

Background: The immunopathogenesis of severe asthma has been associated with
an inefficient regulatory response. There are a few studies about the CD4 T cells
profile among individuals with severe asthma refractory to treatment.

Objective: To evaluate the CD4 T lymphocyte profile from individuals with severe
asthma according to their response to treatment, relating to their atopy status and
age of asthma onset.

Methods: We evaluated nineteen individuals with severe asthma refractory to treat-
ment (SAR), 21 with well-controlled or partly controlled severe asthma (CSA) and 23
with mild-to-moderate asthma (MMA). Lymphocytes were obtained from PBMC, and
the frequency of expression of different molecules in this population was assessed
using the flow cytometry.

Results: We observed the frequency of CD4*IFN-y*T cells was higher in atopic indi-
viduals with SAR than with CSA. In addition, among the atopic and early-onset
asthma (EOA), the frequency of CD4"CTLA-4'T cells was lower in the SAR group
than the CSA group. In relation to non-atopic and late-onset asthma (LOA) pheno-
types, we noted the frequency of CD4"FoxP3*T cells was lower in individuals with
SAR than with CSA. We also observed among the LOA patients, the frequency of
CD4'TGF-p* T cells was decreased in SAR group than the in CSA group.

Conclusion and Clinical Relevance: Our data suggest that refractoriness to treat-
ment in asthma is associated with a lower expression of distinct regulatory mole-
cules by CD4 T cells between those who are atopic and have EOA and those who
are non-atopic and have LOA. Thus, these results may contribute to the identifica-

tion of new regulatory strategies to treat asthma according to their phenotypes.
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1 | INTRODUCTION

Asthma affects more than 358 million people world-wide.* The dis-
ease is usually characterized by chronic inflammation of the lower
airways and recurrent episodes of wheezing, dyspnoea, chest tight-
ness and cough, which vary over time, together with variable expira-
tory airflow limitation.?

Asthma is a heterogeneous disease characterized by a variety of
phenotypes related to age of onset, triggering factors, comorbidities,
response to treatment, as well as the pattern of inflammatory cells
involved in the pathophysiology of the disease. This heterogeneity
makes it difficult to choose a treatment tailored to the patients’
endophenotype, unless one searches for biomarkers. In most patients,
the disease can be controlled by the combined use of inhaled corticos-
teroids (ICS), short- and/or long-acting 2 adrenergic agonist bron-
chodilators. However, it is estimated that 5%-10% of asthmatic
individuals have severe asthma,®* which requires treatment with high-
dose ICS plus a second controller (and/or systemic corticosteroids) to
prevent or which remains “uncontrolled” despite this therapy.®

In addition of the atopic (AT) and non-atopic (NA) phenotypes that
are well known and defined, the age of asthma onset is another pheno-
type that has been widely used to characterize asthma. Usually, early-
onset asthma (EOA) refers to asthma that begins before adolescence
and persists in adulthood, besides being characterized by having allergic
symptoms, atopy and consequently high levels of IgE.® Late-onset
asthma (LOA\), in turn, is defined as asthma that begins in adolescence 7
or in adulthood and seems to be less associated with the atopic profile.®

The immunopathogenesis of asthma has been linked to activation
of a Type 2 response with production mainly of IL-4, IL-5 and IL-13 by
Th2 cells® and innate immune cells (ILCs).# These cytokines are respon-

19 and eosino-

sible for recruiting and activating cells such as mast cells
phils* and stimulating the production of IgE by B lymphocytes,'?
contributing to the inflammatory process observed in the disease. Fur-
thermore, Th1- and Th17-type responses have been associated with
asthma severity. Studies have shown that the Th1 response, mainly
through the production of IFN-y, can cause smooth muscle contraction

1314 \while the Th17 response,

and apoptosis of bronchial epithelial cells,
with IL-17A production, contributes to bronchial remodelling!® and to
the resistance to corticosteroid treatment.® The regulatory T cells,
which are well known by modulating the immune response, are in lower
numbers in blood and sputum of patients with severe asthma refractory
to treatment and present impaired suppressive activities.}”*®

The aim of this study was to evaluate the CD4 T lymphocyte
phenotypic profile in patients with severe asthma according to atopy

status and age of asthma onset. Investigating the immunological
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markers in different phenotypes in the clinical context will help
understanding the mechanism involved in the pathogenesis of the
disease and clarify essential questions that may improve the treat-

ment of asthma patients.

2 | METHODS

2.1 | Characteristics of the studied subjects

This study evaluated 73 individuals: 19 subjects with severe asthma
refractory to treatment (SAR), 21 with well-controlled/partially con-
trolled severe asthma (CSA), 23 with mild-to-moderate asthma
(MMA) and 10 individuals without asthma (WA). Severe asthma (SA)
patients should have been followed up in the Program for the Con-
trol of Asthma of Bahia—ProAR, for at least six months. They were
classified as CSA by the Global Initiative for Asthma (GINA, 2006)
criterial? and as SAR by American Thoracic Society (ATS)® major and
minor criteria. At the time of blood harvest, all subjects with SA
were using medium or high dose of ICS (800-1600mcg budesonide
or equivalent) combined to long-acting 2 agonist (12-24 mcg of for-
moterol or 100 mcg of salmeterol). The subjects were not included if
they had >1 exacerbation episode in the previous month.

The control groups (MMA and WA) were recruited consecutively
from the same communities where patients with SA live. They were
invited to volunteer by public advertisement in health facilities and
public transportation. Individuals with MMA were identified based on
their history of asthma. Their diagnosis was validated by an expert on
asthma, and they were not included if they were using ICS.

All individuals were older than 18 years, and we did not include
smokers, pregnant women and those with serum positive for Chagas
disease, HIV, HTLV-1, hepatitis B and C virus, diabetes and autoim-
mune diseases, or any other conditions that might interfere with the
immune response.

The study was approved by Ethics Committee of Maternity Cli-
mério of Oliveira, Federal University of Bahia (License Number:
CONEP n°15782, CEP 095/2009 and 095/2012). All individuals who
were recruited and agreed to participate in the study signed an

informed consent form.

2.2 | Atopy status and age of asthma onset

The atopy status was defined by a positive skin prick test (SPT) and/or
presence of specific IgE to at least one aeroallergen in serum. The
response to Aspergillus flavus, Aspergillus fumigatus, Aspergillus niger,

Alternaria alternata, Cladosporium herbarum, Dermatophagoides farinae,
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Dermatophagoides pteronyssinus, Blomia tropicalis, cat epithelium, dog
epithelium, Blatella germanica, Periplaneta americana, Paspalum nota-
tum and Cynodon dactolon was assessed by SPT, and specific IgE to
Dermatophagoides pteronyssinus and Blomia tropicalis was quantified by
solid-phase fluorescence immunoassay (ImmunoCAP"™) (Thermo Fisher
Scientific, Uppsala, Sweden) considering the cut-off of 0.70 KU/L.
Regarding the age of asthma onset, we choose the age limit of
12 years to define the two phenotypes: EOA (<12 years) and LOA

(>12 years).”?°

2.3 | Obtaining peripheral blood mononuclear cells
(PBMC) and flow cytometry assay

The PBMC were obtained through separation by Ficoll-Hypaque gradi-
ent and adjusted to a concentration of 3 x 10° cells/mL in RPMI 1640
medium containing 10% normal human AB serum, 100 U/mL of peni-
cillin, 100 mg/mL of streptomycin, 2 mmol/L of L-glutamine and
30 mmol/L of HEPES (Life technologies GIBCO BRL, Gaithersburg, MD).

After separation, the cells were stained with fluorochrome-conju-
gated antibody and acquired by flow cytometry. Briefly, in

suspensions of 3 x 10 cells/mL were added brefeldin A (10 pg/mL;
Sigma, St. Louis, MO), in 96-well plates for 4 hours at 37°C, 5%
CO,. Next, we performed the staining of surface markers with mon-
oclonal antibodies specific for CD4 T lymphocytes: CD3 FITC (clone
OKT3), CD4 PerCPCy5.5 (clone OKT4), CD28 PECy7 (clone CD28.2)
and CTLA-4 PE (clone 14D3). After that, the plates were incubated
with 150 pl/well of permeabilization buffer for 10 minutes at room
temperature. The intracellular staining was performed using mono-
clonal antibodies such as IL-5, IFN-y and IL-10 PE (clones TRFKS5,
45.B3 and JES3-9D7, respectively), IL-17A PECy7 (clone eBio64-
DEC17), FoxP3 APC (clone 236A/E7), IL-13 FITC (clone PVM13-1)
and TGF-p APC (clone 9016, R&D System), except TGF-g, all other
antibodies are from eBioscience. The acquisition was performed
using FACSCanto (Becton Dickinson) in a total of 100,000 events.
The isotype controls were used to define background staining.

The lymphocytes were analysed according to the frequency of
the cell surface markers using the FlowJo™ software (Tree Star,
Ashland, OR). Lymphocyte region was defined by non-specific fluo-
rescence from the forward scatter (FSC) and side scatter (SSC) (Fig-
ure 1A). The CD4 T lymphocytes were selected through CD3 marker
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FIGURE 1 Densitometric image of non-specific fluorescence from the forward scatter (FSC) and side scatter (SSC), identifying the
lymphocyte population and then selection of T lymphocyte population with CD3 marker and the subpopulation CD4* gated within the T
lymphocytes (A). Representative plots of CD4 T cells expressing CTLA-4, TGF-p, IL-5, IFN-y and IL-17A from a patient of each group (B) and
their corresponding isotype controls (C). Representative graphs of one experiment. Legends: WA (without asthma), MMA (mild-to-moderate
asthma), CSA (well-controlled/partially controlled severe asthma), SAR (severe asthma refractory to treatment)
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and then the CD4" marker (Figure 1A). After this selection, we eval-
uated the expression of surface markers and intracellular cytokines.

2.4 | Vitamin D analysis

Vitamin D was evaluated in serum by the chemiluminescence
method (Architect i1000, ABBOTT, lllinois, USA).

2.5 | Statistical analysis

Most of the statistical analysis and graphical representation were
performed using the GraphPad PRISM 5.0 software (La Jolla, CA),
and linear regression analysis was performed using the SPSS Statis-
tics Software (version 17.0, SPSS Inc, Chicago, IL). Comparisons of
continuous variables between 2 or more groups were performed
using nonparametric methods, such as Mann-Whitney test and Krus-
kal-Wallis test, respectively. For categorical data and correlation
analysis were used the chi-squared test and Spearman correlation,
respectively. The results are expressed in median (first and third
quartiles). All statistical tests were two-tailed, and the value P < 0.05
was considered statistically significant.

3 | RESULTS

3.1 | Characteristics of study population

Table 1 shows the characteristics of the population. The mean age
of the SAR group was higher than the MMA group (P < 0.05). We

TABLE 1 Characteristics of the study population

WA (n = 10) MMA (n = 23)
Age (years)*® 46 (37.5-56.2) 36 (28-50)
Female sex n (%)f 10 (100) 18 (78.3)
Positive SPT n (%) 3(30) 12 (52.2)
Positive specific IgE n (%)° 2 (20) 14 (60.8)
Age of asthma onset (y) ©& NA 7 (1-25)

IgE total (Ul/mL) ©8
Pre-BD FEV; (%)%®
Post-BD FEV1 (%)%®
BMI &

192 (31-832)
89.8 (86.9-110.7)
99 (91.6-109.3)
25 (24.3-29.3)
148 (102.3-313)
4093 (3424-4317)
32.5 (22.1-39.9)

Eosinophils/mm?3 &8
Neutrophils/mm?® ©&

Vitamin D (ng/mL)

163 (44.3-675.6)
85.1 (79.1-90.9)
88.5 (81.2-92.9)
27.8 (25-29.3)
271 (119-433)
3730 (2883-5345)
29.1 (26.7-36.4)

WILEY——

also observed a significant difference in relation to the frequency of
female sex. The pre- and post-bronchodilator FEV, percentage was
lower in the SAR and CSA groups compared to the WA group, and
it was also decreased in the SAR group in relation to the MMA
group. The BMI was higher in patients with SAR compared to
patients with CSA, MMA and WA, and in the CSA group in relation
to WA group. We did not observe differences among groups related
to the positivity of SPT and/or specific IgE, age of asthma onset,
total IgE levels, eosinophil and neutrophil count in peripheral blood
nor serum vitamin D.

Evaluating phenotypes of asthma according to atopy status and
age of asthma onset (Figure 2), we observed that in the MMA group,
14 subjects were AT (eight EOA and six LOA) and nine were NA (six
EOA and three LOA); in the CSA group, 14 were AT (11 EOA and
three LOA) and seven were NA (three EOA and four LOA); and in
the group with SAR, 13 were AT (eight EOA and five LOA) and six
were NA (two EOA and four LOA).

3.2 | The refractoriness in individuals with
early-onset asthma and atopic is associated with a
lower frequency of CD4 T lymphocytes expressing
CTLA-4

The frequency of CD4 T lymphocytes expressing their costimulatory
molecules, CD28 and CTLA-4, are shown in Table 2 and Figure 3.
Regarding the activation molecule CD28, we observed lower num-
bers of CD4*CD28" T lymphocyte in CSA group when compared to

WA group (Table 2). We did not observe difference in the
CSA (n = 21) SAR (n = 19) [
46 (30.5-51) 53 (36-59) <0.05°
11 (52.3) 16 (84.2) <0.05
13 (61.9) 12 (63.1) 0.46
12 (57.1) 10 (52.6) 0.17
6 (1.5-16) 6 (2-27) 0.81
293.4 (73.3-847.3) 261.7 (164.7-480) 0.42
70.7 (63.2-83.6) 64 (55.3-74,73) <0.05%P<
79.3 (68.2-91.9) 72.5 (63.7-79.3) <0.052P¢
27.2 (24-29.4) 30.2 (29.3-34.8) <0.05P4
272 (162.5-368) 185 (96-256) 0.32
3018 (2374-3756) 3581 (2500-4676) 0.27
29.5 (26.8-35.2) 29.6 (19.6-35.6) 0.84

BMI, body mass index; CSA, well-controlled/partially controlled severe asthma; MMA, mild-to-moderate asthma; NA, not applicable; Pre- and Post-BD
FEV4, pre- and post-bronchodilator forced expiratory volume in one-second; SAR, severe asthma refractory to treatment; SPT, skin prick test; WA, with-

out asthma.

3SAR vs MMA,

PSAR vs WA,

“CSA vs WA.

94SAR vs CSA.

®Kruskal-Wallis, Dunn's post-test.
fChi-square.

&Median (1st quartile-3rd quartile).
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expression of this molecule among the groups according to atopy
status and age of asthma onset (Figure 3A,D).

Concerning the CTLA-4, we found a higher expression of this
regulatory molecule by CD4 T lymphocytes from patients with CSA
and MMA when compared to cells from subjects with SAR and WA
(Table 2 and Figure 1B). Furthermore, we also noted that in the ato-
pic group, the frequency of CD4"CTLA-4* T cells was lower in the
SAR patients [0.7% (0.3-1.1)] than in CSA patients [2.03% (0.6-2.4)],
P < 0.05, and in non-atopic asthmatics, the frequency of this marker
was lower in subjects with SAR [0.7% (0.5-0.7)] when compared to
the MMA subjects [1.8% (0.9-2.8)], P < 0.01 (Figure 3B). Similarly,
we also observed a lower frequency of CD4*CTLA-4" T cells in sub-
jects with EOA [0.7% (0.3-0.8)] in the SAR group when compared
with CSA [1.6% (0.7-2.4)] and MMA subjects [1.0% (0.6-1.8)]
(Figure 3E). No significant difference was found in CD4"CTLA-4" T
cells among the individuals with LOA. Moreover, the linear regres-
sion analysis showed that the decrease in frequency of CD4*CTLA-
4" T cells appears to be related to high dose of ICS (Table S1).

To better understand the behaviour of these molecules, we made
a ratio of the frequency of CD4"CD28" T cells and CD4*CTLA-4" T
cells. We noticed a higher ratio in the SAR group compared to the
CSA and MMA groups (Table 2). Regarding the atopy status, we
observed a higher ratio in individuals with SAR, in both atopic [76.3

(45.1-134.7)] and non-atopic individuals [112.7 (92.6-145.4)] when
compared to subjects with CSA [AT 38.7 (27.6-90.6) and NA 58.7
(42.2-106.5)]. We also observed that among non-atopic asthmatics,
this ratio was higher in the SAR group than in the MMA group [35.4
(19.0-89.9)] (Figure 3C). In relation to the age of asthma onset, we
found that among the individuals with EOA, this ratio was higher in
SAR group [99.7 (40.4-144.7)] than in the CSA group [41.2 (28.4-
100.4)] (Figure 3F). No significant difference was observed among
the LOA individuals.

3.3 | The refractoriness in individuals with
late-onset asthma and non-atopic is associated with a
lower frequency of CD4 T lymphocytes expressing
FoxP3

Table 2 and Figure 4 show the frequency of CD4" T cells expressing
regulatory molecules such as IL-10, FoxP3 and TGF-p among asth-
matic groups. We did not observe significant difference in the fre-
quency of CD4*IL-10" T cells among the groups (Table 2) nor even
when we considered the atopy status (Figure 4A). However, among
LOA patients, we observed a lower frequency of CD4*IL-10* T cells
in the SAR group [1.4% (0.7-1.6)] than in the MMA group [2.9%
(1.4-4.2)] (Figure 4D).
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TABLE 2 Frequency of CD4 T cells expressing costimulatory, regulatory, Type 2 and Th1 molecules and ratio of the costimulatory
molecules in individuals with asthma

WA (n = 10) MMA (n = 23) CSA (n = 21) SAR (n = 19) P
T CD4" (%)"® 70.4 (65.2-74.4) 66.7 (56.8-73.4) 73.1 (55.1-77.9) 69.1 (62.5-75.5) 0.53
T CD4*CD28" (%)'® 80.6 (59.9-90.5) 68.9 (46.6-80.8) 62.3 (50.3-76.9) 66.1 (33.4-76.8) <0.05?
T CD4'CTLA-4* (%)"8 0.6 (0.4-0.7) 2 (0.9-2.1) 1.3 (0.7-2.2) 0.7 (0.4-0.9) <0.012bcd
CD28/CTLA-4%¢ 111.8 (77-161.5) 50.3 (31.5-77.5) 43.6 (29.7-93.7) 86.9 (48.5-118.1) <0.05%¢
T CD4*IL-10" (%)"® 1.1 (0.7-1.9) 7 (1.0-3.6) 1.4(0.9-1.9) 1.3 (0.7-1.7) 0.06
T CD4*FoxP3" (%)"8 3.4 (2.8-5.7) 7 (2.2-6.7) 9 (2.9-7.0) 3.5 (2.2-5.5) 0.49
T CD4TGF-p* (%)"® 1.1 (0.6-1.2) 3(1.4-5.1) 1 (1.7-6.6) 1.3 (0.6-2.2) <0.05*b<d
T CD4*IL-5" (%)"8 1.1 (0.7-1.6) 1(1.4-4.2) 6 (1.0-2.1) 1.2 (1.0-2.5) <0.05°¢
T CD4*IL-13" (%)"& 1.3 (0.5-1.7) 3(0.8-1.8) 4(0.7-2.4) 0.9 (0.5-1.7) 0.70
T CD4*IFN-y* (%) 1.2 (0.5-1.7) 6(1.1-2.7) 9 (0.9-3.3) 2.3 (1.6-2.6) <0.05%¢
T CD4*IL-17A" (%)'® 1.3 (0.9-2.8) 6 (1.3-5.3) 5 (1.9-6.5) 2.6 (1.9-6.3) <0.05%*¢

CSA, well-controlled/partially controlled severe asthma; MMA, mild-to-moderate asthma; SAR, severe asthma refractory to treatment; WA, without
asthma.

3CSA vs WA,

PMMA vs WA.

°SAR vs CSA.

9SAR vs MMA.

°SAR vs WA.

fKruskal-Wallis, Dunn's post-test.

&Median (1st quartile-3rd quartile).

T CD4*CD28* T CD4*CTLA-4* CD28/CTLA-4
(A) 400- (B) 5. " © 400- —
V' 1
o = sol F L e T . *» 4 o] *
Evma s et I —
<
» 8 60 Ly © 34 Ny o o
< th [=
2 5 M N = m O 200 * *
g 9 @, oo™ &, g, 8 .
Z a ca) 'S ‘ o] g 3 % A a c1a BN
P 20] ’ °1'§AA-’& o L < 1001 A‘fx‘ B A
-
“P o 9 F48 g o
cn=13n=13 n=13 n=8 n=7 n=6 cn=‘|4n=14 n=13 n=9 n=7 n=6 0n=13n=13n=13 n=8 n=7 n=6
Atopic Non-atopic Atopic Non-atopic Atopic Non-atopic
D E F
o, ®, (F) 400, .
Q A —_
I ‘a ’r B & o 4 0 ¢
o ~ * Q.‘ -4
: +: %g _‘:A_ . m +? - 300 o .
E 8 e m L : <3| g & = 5 20l
£ 0 % & — N = S 200 * *
® Y 40 FYSIN B Oy R B gy & .
© a o} (Y /@ A L d < L 4 a i3] A
« 8 <% . - Ny s @ S 4o da o
© K 20 © 1 - A e & % M
§, I:EJ % 'Q‘ o M _?_ K “ A
cn=13 n=13 n=10 n=8 n=7 n=9 0 n=14 n=14 n= 10 n=9 n=7 n=9 " n=13n=13n=10 n=8 n= 7 n=9
Early-onset Late-onset Early-onset Late-onset Early-onset Late-onset

COMMA A CSA & SAR

FIGURE 3 Frequency of CD4 T lymphocytes expressing costimulatory molecules, CD28 and CTLA-4, and the ratio of these molecules,
CD28/CTLA-4, regarding their atopy status (A-C) and age of asthma onset (D-F). Legends: MMA (mild-to-moderate asthma), CSA (well-
controlled/partially controlled severe asthma), SAR (severe asthma refractory). The bars represent the median values of each data set.

*P < 0.05, **P < 0.01. Kruskal-Wallis, Dunn's post-test

In relation to CD4*FoxP3" T cells, we did not observe significant noticed that among NA and LOA individuals, the frequency of these
differences among groups either (Table 2). However, when we anal- cells was lower in SAR group [NA 3.1% (2.1-4.5) and LOA 3.5% (2.1-
ysed according to the atopy status and age of asthma onset, we 4.0)] than in CSA group [NA 6.1% (4.9-8.1) and LOA 5.6% (4.6-8.0)]
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(Figure 4B,E). In addition, we found that in the non-atopic CSA sub-
jects, the frequency of CD4"FoxP3* T cells was higher than in atopic
CSA [3.7% (1.9-5.1)]. No significant difference was found in this pop-
ulation among atopic and EOA individuals.

We also observed that the frequency of CD4'TGF-p* T lym-
phocytes in the group of individuals with CSA and MMA was
higher than in individuals with SAR and WA (Table 2 and Fig-
ure 1B). Moreover, the frequency of CD4'TGF-p* T cells was simi-
lar among AT and NA asthmatics, and lower in individuals with
SAR [AT 0.7% (0.6-2.0) and NA 1.5% (0.7-4.4%)] than in CSA sub-
jects [AT 3.5% (1.4-5.7) and NA 6.9% (4.9-8.7)] (Figure 4C). Among
AT asthmatics, the frequency of these cells was also lower in the
SAR group when compared to the MMA group [2.7% (1.4-6.3)],
and in NA asthmatics, the frequency of CD4"TGF-g* T cells was
increased in subjects with CSA compared to individuals with MMA
[1.6% (0.7-3.6)]. Regarding LOA subjects, the frequency of
CD4"TGF-p* T cells was higher in CSA group [6.9% (5.3-7.6)] when
compared to SAR and MMA groups [1.4% (1.0-2.8) and 3.0% (1.4-
4.1), respectively; P < 0.001]. These cells were also elevated in
CSA individuals with LOA when compared to EOA [1.7% (0.6-5.1),
P < 0.01] (Figure 4F).

After the linear regression analysis, we observed that only the
decrease in frequency of CD4*'TGF-B* T cells appears to be influ-
enced by high doses of ICS (Table S1). Regarding the vitamin D, we
did not observe a significant correlation of serum vitamin D levels
with the frequency of CD4 T lymphocytes expressing TGF-f, IL-10
or FoxP3 (Figure S1A-C).

3.4 | The refractoriness in atopic individuals is
associated with a higher frequency of CD4 T
lymphocytes expressing IFN-y

The frequencies of CD4" T cells expressing Th2 (IL-5 and IL-13), Th1
(IFN-y) and Th17 (IL-17A) cytokines are in Table 2 and Figure 5.

In patients with MMA, the frequency of CD4"IL-5% T cells was
increased when compared to individuals with SAR and WA (Table 2
and Figure 1B). We did not observe a significant difference in these
cells among asthmatics considering their atopy status and age of
asthma onset (Figure 5AE). Furthermore, we found no significant
differences in the frequency of CD4"IL-13* T cells among asthmatics
groups neither (Table 2), not even when considered their atopy sta-
tus (Figure 5B) and age of asthma onset (Figure 5F).

On the other hand, we observed a higher frequency of CD4" T
lymphocytes expressing IFN-y or IL-17A in individuals with SAR and
CSA when compared to WA individuals (Table 2 and Figure 1B).
Although we did not observe a significant difference in correlation
between the frequency of CD4"IL-17A" T and CD4*IFN-y* T cells in
each group (Figure S2A-D), we observed a moderately positive cor-
relation when both severe groups (CSA and SAR) were evaluated
together (Figure S2E). We observed a similar correlation between
the frequency of CD4*IL-17A* T and CD4"IL-5" T cells (Figure S2F-
J). Concerning the atopy status, we observed that among the atopic
patients, individuals with SAR showed a higher frequency of
CD4*IFN-y* T cells [8.1% (2.6-10.5)] than those with CSA [4.3%
(2.9-5.9)] (Figure 5C). We did not observe difference in frequency of
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CD4"IFN-y* T cells among the NA asthmatics. We also did not find
difference in the frequency of CD4*IL-17A" T cells regarding the
atopy status (Figure 5D). In relation to the age of asthma onset, we
did not find any significant difference in the frequency of CD4* T
cells expressing IFN-y or IL-17A among groups (Figure 5G,H) either.
However, we observed that subjects with CSA with LOA phenotype
showed a higher frequency of CD4"IL-17A* T cells [5.0% (4.1-10.8)]
than EOA phenotype subjects [2.2% (1.1-5.0)] (Figure 5H).

4 | DISCUSSION

In this study, we evaluated the phenotypic profile of CD4 T lympho-
cytes of individuals with severe asthma according to their response
to treatment, atopy status and age of asthma onset. Despite the
well-known involvement of eosinophils and/or neutrophils in asthma,
we found no significant difference between the groups. What could
explain our results is that a greater recruitment of these cells locally
in the lower airways may be occurring, whereas one cannot see dif-
ferences in the blood. The sputum may be the ideal sample for
observing these phenomena. Another possible explanation is the
small sample size. One can notice that the interval estimates of eosi-
nophils and neutrophils are overlapping in the groups. Regarding the
expression of costimulatory molecules by T lymphocytes, we evalu-
ated CD28, a positive regulator of T cell activation, and CTLA-4, an
inhibitory signalling molecule that regulates the immune response
and maintains the peripheral tolerance.? In our study, we observed
that individuals with SAR had a lower frequency of CD4*CTLA-4" T
lymphocytes than MMA and CSA groups, mainly in those atopic and
with EOA, and that this decrease seems to be influenced by the high

dose of ICS. Study of Pietruczuk et al?? observed that expression of

CTLA-4 in regulatory T cells was decreased in subjects with SA com-
pared to subjects with MMA. Another study showed that CTLA-4
polymorphisms may play an important role in atopy in asthmatic sub-
jects.®
CD4*CTLA-4* T cells in individuals with SAR may be associated with

a reduced ability to regulate the immune response, suggesting a role

Our study, in turn, shows that the lower frequency of

of this molecule in refractoriness to treatment of asthma. The ratio
of these costimulatory molecules also reinforces this possibility.

Other molecules associated with the regulatory response, such
as IL-10, FoxP3 and TGF-, were also evaluated. Studies have shown
that both inhaled and systemic glucocorticoid treatment, in moderate
and severe asthmatics, increased mRNA expression for Foxp3 and
IL-10 in CD4" T cells from the peripheral blood,?* although TGFp
expression remained unchanged.2>2¢

We did not observe significant differences in IL-10 expression by
CD4" T lymphocytes among groups with different phenotypes asso-
ciated with asthma severity. One possible explanation is that there
are other cellular sources, in addition to lymphocytes, involved in the
expression of this cytokine. A study evaluating the expression and
production of IL-10 by mRNA and ELISA showed that monocytes
but not T or B lymphocytes would be involved in the production of
IL-10 after stimulation with dexamethasone.?”

When evaluating the phenotype subgroups, we found that indi-
viduals with late-onset SAR had less CD4*IL-10" T cells when com-
pared to individuals with MMA. There are no studies addressing the
frequency of expression of IL-10 in these cells considering the age
of asthma onset phenotype in patients with refractory asthma.

There was also no difference in the expression of FoxP3 by
CD4* T lymphocytes in groups with different phenotypes associated
with asthma severity. When we evaluated the expression of FoxP3
in the subgroups of phenotypes, we observed in NA and LOA groups
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a lower frequency of FoxP3 expression in SAR patients. There is a
previous work studying the FoxP3 mRNA expression showing an
increase in the expression of this molecule in asthmatics patients
with severe disease treated with glucocorticoids.?* We described
that in SAR patients, there are less FoxP3* CD4" cells compared
with CSA group, and we concluded that FoxP3 would be a predictor
of treatment refractoriness.

The role of TGF-B remains controversial in asthma, since this
cytokine plays a dual role in the disease, both regulating the immune
response and remodelling of the airways.?®?° In the present study,
we observed that the frequency of CD4*TGF-p* T lymphocytes was
decreased in subjects with SAR when compared to individuals with
CSA and MMA, and this low frequency also appears to be associated
with the high dose of ICS used by these individuals. Moreover, we
also observed a lower frequency of CD4*TGF-B* T cells in atopic,
non-atopic and LOA individuals in the SAR group than in the CSA
group, thus indicating that a lower expression of TGF-p by CD4 T
cells may also contribute to poor response to treatment in severe
asthma.

It is known that vitamin D induces immunomodulatory
effects.2?3° Although several studies have shown a relationship of
vitamin D with frequencies of IL-10" Treg,** TGF-p* Treg®® and
FoxP3" Treg cells,>® we did not observe a significant correlation of
serum vitamin D levels with frequency of CD4 T lymphocytes
expressing these markers. Therefore, this nutrient does not appear

[*4 also

to be significantly influencing the regulatory cells. Reid et a
observed that in vivo treatment of vitamin D-insufficient asthmatic
patients with vitamin D had no detectable effect on the expression
of regulatory cytokines, as IL-10, as well as expression of IL-4, IFN-y
and IL-17A by CD4" T cells.

Regarding the Th2 cytokines, we found a higher frequency of
CD4*IL-5" T lymphocytes in the MMA group than in the SAR group,

similarly reported by Smith et al®’

but no significant difference was
noted regarding the expression of IL-13. Perhaps in individuals with
MMA, the Th2 response may be more evident, at the same time,
that it appears to be modulated easily by regulatory molecules that
are upregulated in that group. Furthermore, no difference was
observed in the expression of IL-5 and IL-13 by CD4* T cells
according to atopy status and age of asthma onset. Smith et al®®
found that ILCs2 of sputum samples from patients with SA pro-
duced more Th2 cytokines, such as IL-5 and IL-13, than the CD4 T
cells. Another study showed a higher frequency of IL-13*ILCs2 cells
in individuals with uncontrolled and partially controlled asthma
when compared to the individuals with controlled asthma and
healthy controls, and that these cells were more resistant to the
action of glucocorticoids than Th2 cells in vitro.®¢ Although we have
not observed increased expression of Th2 cytokines by CD4 T lym-
phocytes in individuals with SA, we cannot be confident there is no
Th2 response in the disease, since most patients with severe asthma
are atopic according to the positivity of SPT and/or specific IgE.
Therefore, innate cells may be a major driver of Th2 response,
playing a more important role in the severity of asthma than CD4 T
cells.

In relation to the cytokines of the Th1l and Th17 profile, we
found a higher frequency of CD4 T lymphocytes expressing IFN-y or
IL-17A in both the severe asthma groups compared to individuals
WA, suggesting that both

immunopathogenesis of severe asthma, regardless the treatment

cytokines are involved in the
response pattern. Our correlation findings on the frequency of
CD4*IFN-y* T and CD4*IL-17A" T cells reinforce this possibility, as
well as our correlation of the frequencies of CD4*IL-17A* T cells
with CD4*IL-5* T cells. However, Hasegawa et al®” observed that
high serum levels of IL-17A in combination with upregulated Th2, IL-
10 and IFN-y cytokines may indicate the refractory endotype of
asthma. Beside this, Chambers et al®® have also shown high levels of
both cytokines IFN-y and IL-17A in PBMC of patients with corticos-
teroid-resistant severe asthma compared to patients who are sensi-
tive to treatment. Considering the atopy status, we observed in our
study a higher frequency of CD4"IFN-y" T cells in atopic SAR indi-
viduals, confirming that refractoriness to treatment in atopic patients
is associated with increased Thl response. Some authors have also
observed an elevated frequency of IFN-y" T cells in atopic asthmatic
children,®” while others did not observe difference between atopic
asthmatic children and healthy controls.*®

Moreover, though we observed a higher frequency of CD4"IL-
17A" T cells in the CSA group with LOA than in those with EOA, we
also found a higher frequency of CD4*TGF-B* T cells in this same
group, suggesting an attempt to balance the immune response in
these individuals.

Thus, our findings suggest that refractoriness is probably associ-
ated with impaired regulatory functions of CD4 T cells. In atopic and
EOA asthmatics patients, refractoriness seems to be associated with
lower expression of the regulatory molecule CTLA-4 and higher
expression of IFN-y, the latter being only observed among atopic
individuals. In non-atopic and LOA individuals, refractoriness is asso-
ciated with lower expression of FoxP3, whereas lower TGF-$ was
only observed in the LOA phenotype. These data suggest refractori-
ness to treatment is associated with reduced distinct regulatory
molecules by CD4 T cells in those who are atopic and EOA and

those who are non-atopic and LOA.
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Fig S$2: Correlation of the frequency of CD4*IL-17A* T cell with the frequency of CD4*IFN-y* T cell and CD4*IL-5* T cell in individuals WA (A and F), MMA (B and ), CSA (C and H) |
SAR (D and ) and CSA + SAR (E and J). Legends: WA (without asthma), MMA (mild to moderate asthma), CSA (well-controlled/partially controlled severe asthma), SAR (severe

asthma refractory to treatment).



Table S1. Linear regression: Influence of ICS dose on Treg cell populations in
subjects with severe asthma (CSA - Well-controlled/partially controlled severe
asthma and SAR - Severe asthma refractory to treatment).

T reg cells B Cl P value
T CD4'CTLA-4" -0,460 1.453 -2.719 0,003
T CD4'TGF-B* -0,350 3.343 -7.917 0,027
T CD4'FoxP3" -0,20 2.440 — 7.458 0,90
T CD4"IL-10" 0,10’ 0.572 - 1.957 0,52

Cl: Confidence interval
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