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Innate lymphoid cells (ILCs) are classified into distinct subsets termed ILC1, ILC2, and

ILC3 cells. The existing literature lacks evidence identifying ILCs and their subsets in

the human thymus but already demonstrates that they can exert several functions

in regulating immune responses. Furthermore, it was already described that IgG’s

repertoires could modulate lymphocytes’ maturation in the human thymus. Here we

aimed to identify ILCs subsets in the human thymus and provide insight into the possible

modulatory effect of purified IgG on these cells. Thymic tissues were obtained from 12

infants without an allergic background (non-atopic), and a literature-based peripheral

ILCs staining protocol was used. Purified IgG was obtained from non-atopic individuals

(n-At), atopic individuals reactive to allergens non-related to dust mites (nr-At), and

atopic individuals reactive to the mite Dermatophagoides pteronyssinus (Derp-At). As

with all tissues in which they have already been detected, thymic ILCs are rare, but

we could detect viable ILCs in all tested tissues, which did not occur with the ILC1

subset. ILC2 and ILC3 NKp44+ subsets could be detected in all evaluated thymus,

but ILC3 NKp44- subset could not. Next, we observed that Derp-At IgG could induce

the expression of ILC2 phenotype, higher levels of IL-13, and lower levels of IL-4 when

compared to IgG purified from non-atopic or non-related atopic (atopic to allergens

excluding dust mites) individuals. These results contribute to the elucidation of human

thymic ILCs and corroborate emerging evidence about IgG’s premature effect on allergy

development-related human lymphocytes’ modulation.
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INTRODUCTION

ILCs encompass classic cytotoxic natural killer (NK) cells
and lymphoid tissue inducer (LTi), and non-cytotoxic ILC
populations (1, 2). ILCs can be defined as cell lineage marker-
negative (Lin−) with a typical lymphoid cell morphology (3–5).
The non-cytotoxic ILCs consist of three distinct groups termed
ILC1, ILC2, and ILC3 cells (6–8). In humans, ILC3 can also
distinguish into two subsets based on NKp44 expression (9).
The involvement of ILCs was described in several physiological
and pathological mechanisms, including adaptive immunity (10),
allergy (11), mucosal immunity (12, 13), lung immunity (14),
maternal-fetal compartment (15), and several others (16–24).

Due to its importance in the murine and human immune
system, the development of ILCs had been studied. Given that
ILC derives from the common lymphoid progenitor (CLP) and
adaptive immune system lymphocytes (25), the detection of these
cells in the primary human organ responsible for most adaptive
lymphocytes’ maturation has significant importance.

ILC2 cells can collaborate with allergy induction by producing
IL-13, these cells are enriched at mucosal barriers in the lung,
and their activation is associated with several allergic disorders
(26). In this context, a study has shown increased levels of ILC2s
in house dust mite (HDM) allergic rhinitis patients and that
epithelial cytokine stimulation-induced the production of IL-
5 and IL-13 in PBMCs of those patients (27). The enhanced
IL-13 ILC2-derived output was also described in IgE-mediated
experimental food allergy (28).

HDM is a predominant source of allergens worldwide (29) as
it is estimated that they can sensitize 65 to 130 million people
worldwide and 50% of asthmatic patients (30). The main HDM
species are the Dermatophagoides pteronyssinus (Derp), and the
allergens of groups 1 and 2, termed Derp 1 and Derp 2, stand out
as responsible for∼80% of the reactivity of specific IgE antibodies
(30). For these reasons, we focused our study on the Derp atopic
IgG repertoire.

Previous studies in the literature demonstrated that IgG
antibodies could interact with lymphocytes precursors in the
murine and human thymus, modulating its cytokine production
as recently revised (31). Together, these pieces of evidence
suggest that atopic and non-atopic individuals’ IgG repertoire can
differentially modulate the maturation of thymic TCD4, TCD8,
iNKT B, and γδT cells modulating or inhibiting the development
of allergy (32–42). In those observations, it has become evident
that IgG antibodies can interact with a wide range of clonal or
conserved receptors expressed in several cell populations.

Because of this broad potential of IgG in modulating thymus-
matured cells, we aimed to identify thymic ILC subsets (ILC1,
ILC2, and ILC3) and evaluate the possible modulatory effect of
IgG on the frequency and cytokine production of ILCs. However,
it is noteworthy that in this study, compared to previous studies,
we refined the grouping of IgG donors considering a specific
allergen as cited above. This refinement was shaped because
the mechanism mediating IgG modulatory effect is possibly
dependent on idiotypes sets (Specificity) that can be influenced
according to individuals’ exposition to Ambiental allergens,
including Derp (31).

METHODS

Patient Samples
Thymus tissues were obtained from 12 patients who underwent
corrective cardiac surgery at the Hospital do Coração (HCor) in
São Paulo, Brazil. The evaluated patients exhibited no signs of
immunodeficiency, genetic syndromes, or allergic reactions, and
patient age of fewer than seven days was used as an inclusion
criterion (patient age, mean±standard error (SE): 3.4 ± 0.54
days). Parental allergic backgrounds were evaluated, and only
children with non-atopic mothers were included in this study.

Additionally, blood samples were collected from male and
female subjects ranging in age from 20 to 40 years old, previously
classified into three groups according to their atopic state.
The classification conditions were as follows: (I) non-atopic
individuals (n-At): clinically confirmed by medical consultation,
without significant IgE-specific titers detected for any tested
allergens in an immunoblot assay and without reactivity to any
tested allergens in a skin prick test (SPT); (II) atopic non-related
to Derp individuals (nr-At): clinically allergic as confirmed by
medical consultation, with clinical symptom-related IgE-specific
titers detected for at least two of the non-HDM tested allergens
in an immunoblot assay, and reactivity to at least two of the
non-HDM tested allergens in a skin prick test (SPT); (III) Derp
atopic individuals (Derp-At): clinically allergic, as confirmed by
medical consultation, with clinical symptom-related IgE-specific
titers detected for Derp allergen in an immunoblot assay and
reactivity to Derp allergen in a skin prick test (SPT). We excluded
volunteers with severe eczema or dermographism or used any
of the following within 15 days of the test: antihistamines,
glucocorticosteroids, or other systemic drugs that could influence
the SPT results. After classification, we prepared IgG pools from
tolerant (n-At) and allergic (nr-At and Derp-At) individuals.

Additional information about these individuals is shown in
Supplementary Table 1. A different donor provided each thymus
sample, and six independent experiments were performed to
obtain the presented results. The ethics committees at the
HCor and the School of Medicine at USP approved this study
(CAAE: 15507613.4.0000.0060).

SPT, Serum Anti-allergen IgE
Determination, and Collection of Blood
Samples
SPTs were performed following European standards (43) using an
adapted panel of allergens, including a Brazilian allergens profile
described in Supplementary Table 1.

According to the manufacturer’s instructions, serum-specific
IgE antibodies were measured with a multiplex immunoblot
assay (EUROLINE Inhalation 2–EUROIMMUN AG, Lubek,
Germany). The extracts that were tested are also described
in Supplementary Table 1. The strips were incubated with
patient sera, washed, and incubated with alkaline phosphatase-
conjugated anti-human IgE. After the second washing step, the
strips were incubated with the chromogen/substrate solution.
The reaction was stopped by washing, and the strips were
evaluated with EUROLineScan software (EUROIMMUN, Lubek,
Germany) to obtain semiquantitative results.
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Purification of IgG
IgG was purified from the previously-stored pooled serum
according to the Melon Gel IgG Spin Purification Kit protocol
(Thermo, USA), which according to the manufacturer, ensures
the production purities more significant than 90% for human
IgG and as was already confirmed in previous studies of
our group (36, 38, 40–42). Purified IgG was then collected,
sterilized using 0.20-micron filters (Corning, Germany), and
stored at −80◦C for cell culture experiments. According
to the manufacturer’s instructions, IgG concentrations were
determined using Coomassie Protein Assay Reagent (Pierce,
USA). Also, we confirmed that the frequencies of IgG subclasses
in all three purified IgG pools were similar by performing
an ELISA assay using the IgG Subclass Human ELISA Kit
(Thermo Scientific, USA). We also submitted purified IgG
samples to anti-allergen IgE detection described above to confirm
undetectable IgE levels in all tested pools. Total IgA and IgM
levels were analyzed in purified IgG samples according to the
specifications of the BINDARID Radial Immunodiffusion Kit
(RID–Binding Site, UK), and both isotypes were undetectable in
all tested samples.

Thymic Tissue Dissociation and Cell
Isolation
Thymocytes were released from the tissue samples using
enzymatic dissociation, as described recently by our group (34–
38, 42, 44). The thymus was cut into small fragments and
placed in 50-mL propylene conical centrifuge tubes. Next, an
enzymatic solution (10mL) consisting of RPMI medium pre-
warmed to 37◦C, 0.5 mg/mL collagenase A, 0.02 mg/mL DNase I
(Roche Diagnostics, Mannheim, Germany), and 5% fetal bovine
serum (FBS) was added, and the sample incubated for 10min
at 37◦C under continuous agitation. The digested fragments
were homogenized gently and filtered through a plastic sieve
with a 70-µM mesh screen (Cell Strainer, BD Falcon, CA, USA)
to remove aggregates and stromal material. The resultant cell
suspensions were washed with 50mL of RPMI medium (Gibco–
Life Technologies, Grand Island, NY, USA) pre-warmed to 37◦C
and containing 0.1 mg/mL collagenase A and 0.02 mg/mL DNase
I (Roche Diagnostics, Mannheim, Germany). Next, the pelleted
cells were resuspended in 50mL of cold PBS containing 5mM
EDTA (Sigma-Aldrich, Saint Louis, MO, USA), 0.02 mg/mL
DNase I, and 5% FBS (Gibco, Life Technologies, USA), followed
by centrifugation at 540g for 5min. The pelleted cells were
resuspended in RPMI medium, and the low-density fraction
was collected following centrifugation through Ficoll-Paque (GE
Healthcare BioScience, Uppsala, Sweden) at 540g for 20min. The
cells were washed twice with RPMI medium and centrifuged at
540g for 10 min.

Freezing and Thawing of Thymic Cells
Suspension
After the washing step, the cells were resuspended in a freezing
solution (10% Dimethylsulfoxide [DMSO–Synth, Brazil] + 90%
Bovine Fetal Serum), and a maximum concentration of 25 ×

106 cells/mL was placed on each cryopreservation tube. The cells

were frozen with the help of slow freezing boxes (Freezing Box–
Nalgene Nunc) containing isopropyl alcohol (Synth, Brazil) at
the bottom stored at −80◦C for up to 3 days, and then stored
in liquid nitrogen.

For thawing, cryopreservation tubes containing the thymocyte
suspension were removed from liquid nitrogen and immediately
placed in a water bath at 37◦C. Vials were gently twirled for
<1min until just a small bit of ice was observed in the vial.
Into a laminar flow hood, vials were wiped with 70% ethanol.
Pre-warmed RPMI medium was dropwise into the thawed cells
suspension and, after the centrifugation, the supernatant was
aseptically decanted without disturbing the cell pellet. Cells were
gently resuspended in RPMI 1640 medium containing 10% FC-
III (HyClone, Logan, UT, USA), and a small sample was diluted
1:2 in Trypan Blue (Sigma, USA) to evaluate cell viability and
perform cell counting using a Neubauer chamber under an
optical microscope (Labor Optik, Germany). Only vials that yield
thawed cells with viability more significant than 75% were used
on cell culture experiments, and cell counting to adjust cell
concentration was performed considering only viable cells.

Cell Culture
1 × 106 viable thymocytes were placed in each well of a 48-well-
culture plate (CoStar, USA) along with the purified IgG samples
previously described in a concentration of 100 ug andmaintained
in RPMI 1640 medium containing 10% FBS in a total volume
of 400 µL at 37◦C in 5% CO2 for incubation for 3 days. In
the last 24 h, 10µg/mL Brefeldin A (Sigma, Israel) was added
only to the wells dedicated to evaluating intracellular cytokine
production. This protocol was previously standardized using
positive (Phorbol 12-myristate 13-acetate—PMA) and negative
controls (mock condition), and due to the absence of polyclonal
stimulation, we could maintain Brefeldin A for 24 h without
decreasing cell viability (32, 34, 35, 37, 38, 42).

Flow Cytometry
Cell staining was performed to evaluate cell labeling via flow
cytometry. For cell viability analysis, the cells were incubated
with 0.04 µL of LIVE/DEAD R© Fixable Red Dead Cell Stain
(ThermoFisher, USA) diluted in 1mL of 1X PBS. The cells
were incubated at room temperature for 30min while protected
from light, washed, and resuspended in 250 µL of 1X PBS. All
extracellular analyses were performed using viable cells.

Extracellular staining was performed by adding 1 µg of each
antibody to the cells (except the unlabelled tubes). Then, the
samples were incubated for 30min at 4◦C while protected from
light. After that, 500 µL of 1X PBS solution was added, and the
tubes were centrifuged at 400g for 5min. The supernatant was
discarded by inverting each tube. Then, 300 µL of 1X PBS was
added, followed by fixation in 200 µL of 1% formaldehyde for at
least 10min. Thymocytes were stained with mouse anti-human
CD45 (APC-Cy7; clone 2D1), Lin (FITC; CD3: clone SK7; CD16:
clone 3G8; CD19: clone SJ25C1; CD20: clone L27; CD14: clone
MφP9; CD56: clone NCAM16.2), CD127 (PerCP-Cy 5.5; clone
HIL-7R-M21), CRTH2 (BV421; clone BM16), CD117 (CV650;
clone 104D2), NKp44 (Alexa 647; clone p44-8) and CD161
(BV510; clone DX12), all provided by BD Biosciences (USA).
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For intracellular determination of cytokines, extracellular
stained cells were centrifuged at 400g for 5min, the supernatant
discarded and added 1 µL of each mouse anti-human antibody
following the list: IFN-γ (4S.B3), anti-IL-4 (8D4-8), anti-
IL−13 (JES10-5A2), anti-IL-17 (N49-653) labeled with APC, PE,
V450, Alexa Fluor 700 (BD Biosciences, USA) and anti-IL−22
(22URTI) labeled with PE-Cy7 (eBioscience, USA). Then, 100µL
of 1x PBS containing 0.05% saponin was added, and the tubes
stored at 4◦C for 30min, protected from light. Subsequently, 500
µL of PBS 1% was added and centrifuged for 400g for 5min, and
the supernatant was discarded. The cells were resuspended in 300
µL of 1x PBS and fixed with 200 µL of 1% formaldehyde.

Using an LSR II Fortessa flow cytometer (BD Biosciences,
USA), 500,000 events per sample were acquired in the
lymphocyte’s quadrant (as determined by their relative
size/granularity). Additional information about the
equipment configuration is shown in Supplementary Table 2.
Compensation was performed using adsorbed microspheres
(CompBeads, BD Biosciences, USA) treated with the same
antibodies used for extra and intracellular staining. All antibodies
were titrated to define 1 µg as an optimal concentration for
specific staining. Cell gating was determined using the isotype
control values or the fluorochrome minus 1 (FMO) setting to
all parameters as illustrated in Supplementary Figures 1, 2.
Based on these observations, we determined a gating strategy to
identify ILC1, ILC2, ILC3 NKp44+, and ILC3 NKp44- subsets,
as demonstrated in Figure 1A. ILCs subsets were identified with
the following phenotypes: ILC1 = Single cells with a lymphocyte
morphology that were alive and CD45+, LIN-, CD127+,
CRTH2-, CD117- and CD161+; ILC2 = Single cells with a
lymphocyte morphology that were alive and CD45+, LIN-,
CD127+, and CRTH2+; ILC3 = Single cells with a lymphocyte
morphology that were alive and CD45+, LIN-, CD127+,
CRTH2- and CD117+ with or without NKp44 expression (ILC3
NKp44+ or ILC3 NKp44- cells). As an additional control, we
tested the gating strategy in human peripheral cells, as illustrated
in Supplementary Figure 3.

Statistical Analysis
Statistical analysis was performed with GraphPad Prism 5.0
(GraphPad Software Inc., La Jolla, CA). Data from in vitro studies
were taken from 3 to 5 separate experiments with 12 different
thymus donors or 10 n-At, 15 nr-At, or 12 Derp-At individuals.
Differences were considered significant at P ≤ 0.05, as assessed
by one-way ANOVA (Kruskal-Wallis test, comparisons among
three groups).

RESULTS

Identification of Non-atopic Neonatal
Thymic ILCs Subsets
To perform the deep immune-phenotyping of ILCs and their
subsets in the human thymus, we consider the previous
observation that demonstrates the presence of ILCs in a
single human thymus (45) and the deep immunophenotyping
of its subsets in a pathological process (46). Furthermore,

thymocytes were incubated before staining to re-establish
phenotypical properties.

Next, we applied the gating strategy previously described in
the Methods section to 12 health neonatal human thymus, and
we could observe that total ILCs could be detected in all tested
tissues in frequencies ranging from 0.59 to 6.57% of CD45+LIN-
cells (Figure 1B). After applying subsets identification gating
strategies, we could observe that ILC1s could not be detected
in 3 of 12 tested thymi ranging from undetectable to 9.14% of
total ILCs. Furthermore, ILC2s could be detected in all evaluated
thymus ranging from 4.10 to 53.30% of total ILCs, and, finally,
ILC3s NKp44+ could be detected ranging from 0.58 to 26.70%
and ILC3s NKp44- ranging from undetectable to 19.40% of
total ILCs (Figure 1C).

Modulatory Effect of Derp-At IgG on
Non-atopic Thymic ILCs
Non-atopic newborns thymocytes were cultured with purified
IgG from the n-AT, nr-At, or Derp-At groups for 3 days. The
frequencies and viabilities of ILCs were evaluated and revealed
a similar profile between IgG from n-At and nr-At individuals
(Figure 2A). In the same experiments, Derp-At’s presence on the
cultured thymocytes has shown an increased percentage of the
ILC2 subset compared to n-At and nr-At conditions suggesting
that Derp-At IgG may favor the expression of ILC2 markers in
these cells.

Next, we evaluated the production of cytokines on total ILCs,
and Derp-At IgG could induce higher levels of IL-13 compared to
n-At and nr-At conditions (Figure 2B). Also, Derp-At IgG could
be related to lower IL-4 production levels than other conditions
(Figure 2B). Because many markers are required for detailed
and accurate characterization of ILC, we do not exclude the
possibility of comprised cellular contaminations, which could not
be excluded due to technical limitations.

DISCUSSION

The first detailed characterization of ILC in the thymus
was suggested by a study utilizing several in vivo models
(47). However, essential parameters such as cellular viability,
leucocytes marker expression (CD45), ILCs subset markers
CD161 and NKp44 (45), and sampling to demonstrate an
individual’s variation were not assessed. These observations
demonstrated that the deep immunophenotyping of ILCs in the
human thymus yields the detection of ILCs and their subsets
but not in all evaluated organs. These results are essential in
establishing future approaches to identifying, ontogeny, and
isolating ILCs subsets in the human thymus.

In this context, to compare percentages of ILC subsets between
our study and the first characterization proposed, it is vital
to address that even though there are remarkable anatomical
and physiological similarities between humans and animals,
particularly mammals, not all results obtained on animals can be
directly translated to humans. Even though the characterization
previously mentioned was lacking some parameters, and despite
the particularities of each study, the percentage of ILC subsets

Frontiers in Allergy | www.frontiersin.org 4 April 2021 | Volume 2 | Article 650235

https://www.frontiersin.org/journals/allergy
https://www.frontiersin.org
https://www.frontiersin.org/journals/allergy#articles


de Sousa et al. Thymic ILC Identification and the Effect of IgG

FIGURE 1 | Deep immune-phenotyping of thymic ILCs and their subsets. Upper panels (A) illustrate the complete gate strategy to identify total ILCs and their subsets

(ILC1, ILC2, ILC3 NKp44+, and ILC3 NKp44-). Thymocytes from 12 children <7 days old were evaluated after thymus dissociation and a brief incubation of 3 days

without stimulus. The frequency of total ILCs within CD45+LIN- lymphocytes (B) and each ILC subset’s rate within total ILCs (C) were evaluated by flow cytometry.

The symbols represent individual values with mean and standard error.

is similar, showing an increase of the ILC2 and lower numbers
of ILC3.

The variety of gating strategies that various groups have
used to describe these cells’ populations, summarizing and
comparing the frequencies of ILC subsets described in the
literature is quite difficult. Given this situation, a study using
a mass cytometry panel analyzed all ILC subsets’ frequencies
throughout a range of different human tissues such as blood,
cord blood, tonsils, spleen, and colon specimen simultaneously.
This study has shown that NK cells constituted the main ILC
subsets in internal tissues (blood, cord blood, bone marrow,
spleen) and lungs. However, in mucosal tissues and skin, ILC2
and ILC3 were more prominent and sometimes outnumbered
NK cells (48).

In this study, a critical technical issue was considered and
should be highlighted. Due to the low frequency of thymic
ILCs, our freezing and thawing protocols were performed very
carefully, not allowing thawed cells with viability <75%, an

essential aspect for reproducibility between experiments to allow
the reliable detection of thymic ILCs.

Apart from that, in the past years, some studies have
demonstrated that IgG can play a pivotal role in mediating
complex interactions that result in functional lymphocyte
modulation during maturation in self or offspring primary
lymphoid organs and how this implicates in the context of
allergy (33, 37, 49–51). These studies proposed several IgG
idiotypes interacting with molecules expressed on B- and
T-cell membranes during the maturation process, including
clonal receptors (BCRs and TCRs). These interactions result in
functional modulation of matures cells, the so-called “Hooks
without Bait” theory (31). However, ILCs are a heterogeneous
population of lymphocytes that lack antigen-specific receptors
(52) but can be activated by cytokines and through natural
cytotoxicity receptors (NKp44) (53), so further experiments
would be necessary to uncover the mechanism behind the
possible modulation of this cell population by IgG.
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FIGURE 2 | Effects of purified IgG on non-atopic infant intrathymic ILCs. Purified IgG from atopic or non-atopic adults was pooled. Thymocytes from non-atopic infants

younger than 7 days old. (n = 12) were cultured in the presence of 100µg/mL of purified IgG from non-atopic (n-At), atopic non-related to Derp (nr-At), or atopic to

Derp (Derp-At) individuals. The frequency and viability of each ILC subset within total ILCs (A) and the production of IL-4, IL-13, IL-17 e IL-22 by total thymic ILCs (B)

were evaluated by flow cytometry after 3 days of culture. Data are presented as individual value, mean ± SEM. *p ≤ 0.05 when compared to n-At and nr-At groups.

Between the main HDM species, the literature has presented
information regarding different species of mites’ role in the
immune system’s modulation, including a recent study had
shown that murine and human allergic asthma in response
to Blomia tropicalis involves a lymphocyte population (γδT
cells) that had not description in Derp-related literature (54).
Compilating the suggestion of differential mechanisms regarding
the activation of lymphocytes induced by different HDM species,
our previous observations of IgG modulatory effect, and our
observations of functional human thymic ILCs, we chose to
evaluate if IgG can modulate thymic ILCs according to donors’
reactivity to the HDM Derp.

Performing this approach in our study, we could observe
that Derp-At IgG could favor the ILC2 phenotype and the IL-
13 production with a reduction in IL-4 production in non-
atopic thymocytes. These observations, combined with the
description that ILC2 cells collaborate with allergy induction
(27, 55–58), suggest that the IgG repertoire derived from Derp-
At individuals had the potential to modulate the maturation
of thymic ILCs favoring the acquisition of an allergy-prone
profile. Furthermore, the demonstration that the percentage of
peripheral ILC2s and the release of IL-13 is elevated in HDM-
atopic compared to patients atopic to allergens non-related to
HDM (59) reinforces the importance of our findings. Lastly, it

was also demonstrated that ILC2 cells increase during the grass
pollen season and are inhibited by subcutaneous immunotherapy
(60), suggesting some importance to ILC2 cell maturation in the
therapeutic context.

In the present study, we did not evaluate IgG membrane
binding, but the induction of IgG effects possibly occurs due
to membrane interactions. The proposed interactions (IgG-
ILCs cell membrane) have not been described in the literature,
and several membrane molecules expressed on ILCs can be
recognized by IgG in an idiotypic manner and according to
IgG idiotypes. The absence of elucidative evidence in this
study represents a limitation, but further experiments will be
undertaken to elucidate this hypothesis.

Otherwise, consistent with our proposal, the comparison
of IgG subclasses from atopic and non-atopic individuals
did not reveal differences. Besides, we purified serum IgG
from patients without any secondary inflammatory disease for
which alterations in peripheral IgG glycosylation have been
described (e.g., rheumatoid arthritis or Crohn’s disease) (61).
After excluding these primary biological differences that can
influence the differential modulatory effect of IgG’s observed
between studied groups, our results corroborate with the
literature, indicating that idiotypes can be responsible for the
observed effects.
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In conclusion, our results demonstrated that ILCs
could be identified in neonatal human thymus and that
human IgG can modulate cytokines’ production by ILC2
cells according to the donors’ atopic state. Our pieces of
evidence could not elucidate a possible role of IgG-mediated
modulation of thymic ILCs. Still, they enrich a recent group
of evidence that had been indicated IgG as a potential
ligand on the intra-thymic modulation of cells involved in
allergy development.

DATA AVAILABILITY STATEMENT

The original contributions generated for this study
are included in the article/Supplementary Material,
further inquiries can be directed to the
corresponding author/s.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by The ethics committees at the HCor and the
School of Medicine at USP approved this study (CAAE:
15507613.4.0000.0060). Written informed consent to participate

in this study was provided by the participants’ legal guardian/next
of kin.

AUTHOR CONTRIBUTIONS

TS: methodology and wrote the manuscript. FS: methodology
and validation. BF: methodology. AD: supervision and funding
acquisition. JV: funding acquisition, project administration,
proposed, and wrote the manuscript. All authors contributed to
the article and approved the submitted version.

FUNDING

This study was supported by grants from the Laboratory of
Medical Investigation-56, Medical School, University of São
Paulo, São Paulo, Brazil (LIM-56HC-FMUSP), and the São Paulo
Research Foundation (FAPESP - grant #2018/05181-7).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/falgy.
2021.650235/full#supplementary-material

REFERENCES

1. Mebius RE, Rennert P, Weissman IL. Developing lymph nodes collect
CD4+CD3- LTbeta+ cells that can differentiate to APC, NK cells,
and follicular cells but not T or B cells. Immunity. (1997) 7:493–
504. doi: 10.1016/S1074-7613(00)80371-4

2. Kiessling R, Klein E, Wigzell H. “Natural” killer cells in the mouse. I.
Cytotoxic cells with specificity for mouse Moloney leukemia cells. Specificity
and distribution according to genotype. Eur J Immunol. (1975) 5:112–
7. doi: 10.1002/eji.1830050208

3. Moro K, Yamada T, TanabeM, Takeuchi T, Ikawa T, Kawamoto H, et al. Innate
production of T(H)2 cytokines by adipose tissue-associated c-Kit(+)Sca-1(+)
lymphoid cells. Nature. (2010) 463:540–4. doi: 10.1038/nature08636

4. Neill DR,Wong SH, Bellosi A, Flynn RJ, Daly M, Langford TK, et al. Nuocytes
represent a new innate effector leukocyte that mediates type-2 immunity.
Nature. (2010) 464:1367–70. doi: 10.1038/nature08900

5. Price AE, Liang HE, Sullivan BM, Reinhardt RL, Eisley CJ, Erle DJ, et al.
Systemically dispersed innate IL-13-expressing cells in type 2 immunity. Proc
Natl Acad Sci U S A. (2010) 107:11489–94. doi: 10.1073/pnas.1003988107

6. Klose CSN, FlachM,Möhle L, Rogell L, Hoyler T, Ebert K, et al. Differentiation
of type 1 ILCs from a common progenitor to all helper-like innate lymphoid
cell lineages. Cell. (2014) 157:340–56. doi: 10.1016/j.cell.2014.03.030

7. Constantinides MG, McDonald BD, Verhoef PA, Bendelac A. A
committed precursor to innate lymphoid cells. Nature. (2014)
508:397–401. doi: 10.1038/nature13047

8. Spits H, Artis D, Colonna M, Diefenbach A, Di Santo JP, Eberl G, et al. Innate
lymphoid cells–a proposal for uniform nomenclature. Nat Rev Immunol.
(2013) 13:145–9. doi: 10.1038/nri3365

9. Cella M, Fuchs A, Vermi W, Facchetti F, Otero K, Lennerz JK, et al. A
human natural killer cell subset provides an innate source of IL-22 formucosal
immunity. Nature. (2009) 457:722–5. doi: 10.1038/nature07537

10. Bando JK, Colonna M. Innate lymphoid cell function in the context of
adaptive immunity. Nat Immunol. (2016) 17:783–9. doi: 10.1038/ni.3484

11. Monticelli LA, Sonnenberg GF, Artis D. Innate lymphoid cells: critical
regulators of allergic inflammation and tissue repair in the lung. Curr Opin
Immunol. (2012) 24:284–9. doi: 10.1016/j.coi.2012.03.012

12. Panda SK, Colonna M. Innate lymphoid cells in mucosal
immunity. Front Immunol. (2019) 10:861. doi: 10.3389/fimmu.2019.
00861

13. Kim M, Kim CH. Colonization and effector functions of innate
lymphoid cells in mucosal tissues. Microbes Infect. (2016)
18:604–14. doi: 10.1016/j.micinf.2016.06.005

14. Cheng H, Jin C, Wu J, Zhu S, Liu YJ, Chen J. Guards at the gate: physiological
and pathological roles of tissue-resident innate lymphoid cells in the lung.
Protein Cell. (2017) 8:878–95. doi: 10.1007/s13238-017-0379-5

15. Miller D, Motomura K, Garcia-Flores V, Romero R, Gomez-Lopez N. Innate
lymphoid cells in the maternal and fetal compartments. Front Immunol.
(2018) 9:2396. doi: 10.3389/fimmu.2018.02396

16. O’Sullivan TE, Sun JC. Innate lymphoid cell immunometabolism. J Mol Biol.
(2017) 429:3577–86. doi: 10.1016/j.jmb.2017.08.014

17. Korniotis S, Thornley TB, Kyriazis P, Theodorou E, Ma L, Li LS, et
al. Hematopoietic stem/progenitor cell dependent participation of innate
lymphoid cells in low-intensity sterile inflammation. Front Immunol. (2018)
9:2007. doi: 10.3389/fimmu.2018.02007

18. Hirose S, Wang S, Tormanen K,Wang Y, Tang J, Akbari O, et al. Roles of Type
1, 2, and 3 innate lymphoid cells in herpes simplex virus 1 infection. J Virol.
(2019) 93:e00523–19. doi: 10.1128/JVI.00523-19

19. Bonne-Année S, Nutman TB. Human innate lymphoid
cells (ILCs) in filarial infections. Parasite Immunol. (2018)
40:10.1111/pim.12442. doi: 10.1111/pim.12442

20. Löser S, Smith KA, Maizels RM. Innate lymphoid cells in
helminth infections-obligatory or accessory? Front Immunol. (2019)
10:620. doi: 10.3389/fimmu.2019.00620

21. Abt MC, Lewis BB, Caballero S, Xiong H, Carter RA, Sušac B, et al. Innate
immune defenses mediated by two ILC subsets are critical for protection
against acute clostridium difficile infection. Cell Host Microbe. (2015) 18:27–
37. doi: 10.1016/j.chom.2015.06.011

22. Ducimetière L, Vermeer M, Tugues S. The Interplay between innate
lymphoid cells and the tumor microenvironment. Front Immunol. (2019)
10:2895. doi: 10.3389/fimmu.2019.02895

23. Bruchard M, Ghiringhelli F. Deciphering the roles of innate lymphoid cells in
cancer. Front Immunol. (2019) 10:656. doi: 10.3389/fimmu.2019.00656

Frontiers in Allergy | www.frontiersin.org 7 April 2021 | Volume 2 | Article 650235

https://www.frontiersin.org/articles/10.3389/falgy.2021.650235/full#supplementary-material
https://doi.org/10.1016/S1074-7613(00)80371-4
https://doi.org/10.1002/eji.1830050208
https://doi.org/10.1038/nature08636
https://doi.org/10.1038/nature08900
https://doi.org/10.1073/pnas.1003988107
https://doi.org/10.1016/j.cell.2014.03.030
https://doi.org/10.1038/nature13047
https://doi.org/10.1038/nri3365
https://doi.org/10.1038/nature07537
https://doi.org/10.1038/ni.3484
https://doi.org/10.1016/j.coi.2012.03.012
https://doi.org/10.3389/fimmu.2019.00861
https://doi.org/10.1016/j.micinf.2016.06.005
https://doi.org/10.1007/s13238-017-0379-5
https://doi.org/10.3389/fimmu.2018.02396
https://doi.org/10.1016/j.jmb.2017.08.014
https://doi.org/10.3389/fimmu.2018.02007
https://doi.org/10.1128/JVI.00523-19
https://doi.org/10.1111/pim.12442
https://doi.org/10.3389/fimmu.2019.00620
https://doi.org/10.1016/j.chom.2015.06.011
https://doi.org/10.3389/fimmu.2019.02895
https://doi.org/10.3389/fimmu.2019.00656
https://www.frontiersin.org/journals/allergy
https://www.frontiersin.org
https://www.frontiersin.org/journals/allergy#articles


de Sousa et al. Thymic ILC Identification and the Effect of IgG

24. Carvelli J, Piperoglou C, Bourenne J, Farnarier C, Banzet N, Demerlé C, et al.
Imbalance of circulating innate lymphoid cell subpopulations in patients with
septic shock. Front Immunol. (2019) 10:2179. doi: 10.3389/fimmu.2019.02179

25. Yang Q, Saenz SA, Zlotoff DA, Artis D, Bhandoola A. Cutting edge: natural
helper cells derive from lymphoid progenitors. J Immunol. (2011) 187:5505–
9. doi: 10.4049/jimmunol.1102039

26. Pasha MA, Patel G, Hopp R, Yang Q. Role of innate lymphoid
cells in allergic diseases. Allergy Asthma Proc. (2019) 40:138–
45. doi: 10.2500/aap.2019.40.4217

27. Zhong H, Fan XL, Yu QN, Qin ZL, Chen D, Xu R, et al. Increased innate type
2 immune response in house dust mite-allergic patients with allergic rhinitis.
Clin Immunol. (2017) 183:293–9. doi: 10.1016/j.clim.2017.09.008

28. Lee JB, Chen CY, Liu B, Mugge L, Angkasekwinai P, Facchinetti V, et al.
IL-25 and CD4(+) TH2 cells enhance type 2 innate lymphoid cell-derived
IL-13 production, which promotes IgE-mediated experimental food allergy. J
Allergy Clin Immunol. (2016) 137:1216–25.e5. doi: 10.1016/j.jaci.2015.09.019

29. Yang L, Zhu R. Immunotherapy of house dust mite allergy. Hum Vaccin

Immunother. (2017) 13:2390–6. doi: 10.1080/21645515.2017.1364823
30. Calderón MA, Linneberg A, Kleine-Tebbe J, De Blay F, Hernandez Fernandez

de Rojas D, Virchow JC, et al. Respiratory allergy caused by house dust
mites: what do we really know? J Allergy Clin Immunol. (2015) 136:38–
48. doi: 10.1016/j.jaci.2014.10.012

31. Victor JR. Do different IgG repertoires play a role in B- and T-cell functional
modulation during ontogeny? The “hooks without bait” theory. Immunol Cell

Biol. (2020) 98:540–8. doi: 10.1111/imcb.12335
32. de Sousa TR, da Ressureição Sgnotto F, Oliveira BF, Souza LS, da Silva

Duarte AJ, Victor JR. IgG from atopic individuals can mediate non-
atopic infant thymic and adult peripheral CD8+ TC2 skewing without
influence on TC17 or TC22 cells. Eur Ann Allegy Clin Immunol.
(2020). doi: 10.23822/eurannaci.1764-1489.157

33. Inoue AHS, Lira AAL, de-Oliveira MG, de Sousa TR, Sgnotto FDR, Duarte
AJDS, et al. The potential of IgG to induce murine and human thymic
maturation of IL-10+ B cells (B10) revealed in a pilot study. Cells. (2020)
9:2239. doi: 10.3390/cells9102239

34. Santos LS, Sgnotto FDR, Sousa TR, Orfali RL, Aoki V, Duarte AJDS, et al. IgG
from atopic dermatitis patients induces non-atopic infant thymic invariant
natural killer T (iNKT) cells to produce IL-4, IL-17, and IL-10. Int J Dermatol.
(2019) 59:359–64. doi: 10.1111/ijd.14688

35. da Ressureição Sgnotto F, Souza Santos L, Rodrigues de Sousa T, Feitosa de
Lima J, Mara da Silva Oliveira L, Saeed Sanabani S, et al. IgG from HIV-1-
exposed seronegative and HIV-1-infected subjects differently modulates IFN-
γ production by thymic T and B cells. J Acquir Immune Defic Syndr. (2019)
82:e56–60. doi: 10.1097/QAI.0000000000002182

36. de Oliveira MG, de Lima Lira AA, da Ressureição Sgnotto F, Inoue AHS,
Santos LS, Nakamatsu BY, et al. Maternal IgG impairs the maturation of
offspring intrathymic IL-17-producing γδT cells: implications for murine and
human allergies. Clin Exp Allergy. (2019) 49:1000–12. doi: 10.1111/cea.13393

37. Santos LS, Sgnotto FDR, Inoue AHS, Padreca AF, Menghini RP, Duarte
AJDS, et al. IgG from non-atopic individuals induces in vitro IFN-γ
and IL-10 production by human intra-thymic γδT cells: a comparison
with atopic IgG and IVIg. Arch Immunol Ther Exp. (2019) 67:263–
70. doi: 10.1007/s00005-019-00545-6

38. Sgnotto FDR, de Oliveira MG, Lira AAL, Inoue AHS, Titz TO, Orfali RL, et
al. IgG from atopic dermatitis patients induces IL-17 and IL-10 production
in infant intrathymic TCD4 and TCD8 cells. Int J Dermatol. (2018) 57:434–
40. doi: 10.1111/ijd.13907

39. de OliveiraMG, Lira AAL, Sgnotto FDR, Inoue AHS, Beltrame GR, da Silva D,
et al. Maternal immunization downregulates offspring TCD4 regulatory cells
(Tregs) thymic maturation without implications for allergy inhibition. Scand
J Immunol. (2018) 88:e12721. doi: 10.1111/sji.12721

40. de Lima Lira AA, de-Oliveira MG, Sabo Inoue AH, Beltrame GR,
da Silva Duarte AJ, Victor JR. Preconceptional allergen immunization
can induce offspring IL-17 secreting B cells (B17): do they share
similarities with regulatory B10 cells? Allergol Immunopathol. (2018) 46:454–
9. doi: 10.1016/j.aller.2018.04.001

41. de OliveiraMG, Oliveira LM, Lira AAL, Sgnotto FDR, Duarte AJDS, SatoMN,
et al. Preconception allergen sensitization can induce B10 cells in offspring: a
potential main role for maternal IgG. Allergy Asthma Clin Immunol. (2017)
13:22. doi: 10.1186/s13223-017-0195-8

42. Sgnotto FDR, Oliveira MG, Lira AAL, Bento-de-Souza L, Duarte AJDS,
Victor JR. Low doses of IgG from atopic individuals can modulate in
vitro IFN-γ production by human intra-thymic TCD4 and TCD8 cells:
An IVIg comparative approach. Hum Vaccin Immunother. (2017) 13:1563–
72. doi: 10.1080/21645515.2017.1299299

43. Heinzerling L, Mari A, Bergmann KC, Bresciani M, Burbach G, Darsow U,
et al. The skin prick test - European standards. Clin Transl Allergy. (2013)
3:3. doi: 10.1186/2045-7022-3-3

44. Bento-de-Souza L, Victor JR, Bento-de-Souza LC, Arrais-Santos M, Rangel-
Santos AC, Pereira-Costa É, et al. Constitutive expression of genes encoding
notch receptors and ligands in developing lymphocytes, nTreg cells and
dendritic cells in the human thymus. Results Immunol. (2016) 6:15–
20. doi: 10.1016/j.rinim.2016.04.001

45. Trabanelli S, Gomez-Cadena A, Salomé B, Michaud K, Mavilio D,
Landis BN, et al. Human innate lymphoid cells (ILCs): toward a
uniform immune-phenotyping. Cytometry B Clin Cytom. (2018) 94:392–
9. doi: 10.1002/cyto.b.21614

46. Villanova F, Flutter B, Tosi I, Grys K, Sreeneebus H, Perera GK, et
al. characterization of innate lymphoid cells in human skin and blood
demonstrates increase of NKp44+ ILC3 in psoriasis. J Invest Dermatol. (2014)
134:984–91. doi: 10.1038/jid.2013.477

47. Jones R, Cosway EJ, Willis C, White AJ, Jenkinson WE, Fehling HJ, et al.
Dynamic changes in intrathymic ILC populations during murine neonatal
development. Eur J Immunol. (2018) 48:1481–91. doi: 10.1002/eji.201847511

48. Simoni Y, Fehlings M, Kløverpris HN, McGovern N, Koo SL, Loh CY,
et al. Human Innate lymphoid cell subsets possess tissue-type based
heterogeneity in phenotype and frequency. Immunity. (2017) 46:148–
61. doi: 10.1016/j.immuni.2016.11.005

49. Victor JR. Allergen-specific IgG as a mediator of allergy inhibition:
lessons from mother to child. Hum Vacc Immunother. (2017) 13:507–
13. doi: 10.1080/21645515.2016.1244592

50. Victor JR. Influence of maternal immunization with allergens on
the thymic maturation of lymphocytes with regulatory potential in
children: a broad field for further exploration. J Immunol Res. (2014)
2014:780386. doi: 10.1155/2014/780386

51. de Sousa TR, Victor JR. Natural self-ligand gamma delta T cell receptors
(γδTCRs) insight: the potential of induced IgG. Vaccines. (2020)
8:436. doi: 10.3390/vaccines8030436

52. Koues OI, Collins PL, Cella M, Robinette ML, Porter SI, Pyfrom SC, et al.
Distinct gene regulatory pathways for human innate versus adaptive lymphoid
cells. Cell. (2016) 165:1134–46. doi: 10.1016/j.cell.2016.04.014

53. Glatzer T, Killig M, Meisig J, Ommert I, Luetke-Eversloh M, Babic M, et al.
RORγt+ innate lymphoid cells acquire a proinflammatory program upon
engagement of the activating receptor NKp44. Immunity. (2013) 38:1223–
35. doi: 10.1016/j.immuni.2013.05.013

54. Belkadi A, Dietrich C, Machavoine F, Victor JR, Leite-de-Moraes M. γδ T
cells amplify Blomia tropicalis-induced allergic airway disease. Allergy. (2019)
74:395–8. doi: 10.1111/all.13618

55. Karta MR, Broide DH, Doherty TA. Insights into group 2 innate
lymphoid cells in human airway disease. Curr Allergy Asthma Rep. (2016)
16:8. doi: 10.1007/s11882-015-0581-6

56. Nagakumar P, Denney L, Fleming L, Bush A, Lloyd CM, Saglani S. Type
2 innate lymphoid cells in induced sputum from children with severe
asthma. J Allergy Clin Immunol. (2016) 137:624–6.e6. doi: 10.1016/j.jaci.2015.
06.038

57. Smith SG, Chen R, Kjarsgaard M, Huang C, Oliveria JP, O’Byrne PM, et al.
Increased numbers of activated group 2 innate lymphoid cells in the airways
of patients with severe asthma and persistent airway eosinophilia. J Allergy
Clin Immunol. (2016) 137:75–86.e8. doi: 10.1016/j.jaci.2015.05.037

58. Bartemes KR, Kephart GM, Fox SJ, Kita H. Enhanced innate type 2 immune
response in peripheral blood from patients with asthma. J Allergy Clin

Immunol. (2014) 134:671–8.e4. doi: 10.1016/j.jaci.2014.06.024
59. Fan D, Wang X, Wang M, Wang Y, Zhang L, Li Y, et al. Allergen-dependent

differences in ILC2s frequencies in patients with allergic rhinitis. Allergy
Asthma Immunol Res. (2016) 8:216–22. doi: 10.4168/aair.2016.8.3.216

60. Lao-Araya M, Steveling E, Scadding GW, Durham SR, Shamji MH. Seasonal
increases in peripheral innate lymphoid type 2 cells are inhibited by
subcutaneous grass pollen immunotherapy. J Allergy Clin Immunol. (2014)
134:1193–5.e4. doi: 10.1016/j.jaci.2014.07.029

Frontiers in Allergy | www.frontiersin.org 8 April 2021 | Volume 2 | Article 650235

https://doi.org/10.3389/fimmu.2019.02179
https://doi.org/10.4049/jimmunol.1102039
https://doi.org/10.2500/aap.2019.40.4217
https://doi.org/10.1016/j.clim.2017.09.008
https://doi.org/10.1016/j.jaci.2015.09.019
https://doi.org/10.1080/21645515.2017.1364823
https://doi.org/10.1016/j.jaci.2014.10.012
https://doi.org/10.1111/imcb.12335
https://doi.org/10.23822/eurannaci.1764-1489.157
https://doi.org/10.3390/cells9102239
https://doi.org/10.1111/ijd.14688
https://doi.org/10.1097/QAI.0000000000002182
https://doi.org/10.1111/cea.13393
https://doi.org/10.1007/s00005-019-00545-6
https://doi.org/10.1111/ijd.13907
https://doi.org/10.1111/sji.12721
https://doi.org/10.1016/j.aller.2018.04.001
https://doi.org/10.1186/s13223-017-0195-8
https://doi.org/10.1080/21645515.2017.1299299
https://doi.org/10.1186/2045-7022-3-3
https://doi.org/10.1016/j.rinim.2016.04.001
https://doi.org/10.1002/cyto.b.21614
https://doi.org/10.1038/jid.2013.477
https://doi.org/10.1002/eji.201847511
https://doi.org/10.1016/j.immuni.2016.11.005
https://doi.org/10.1080/21645515.2016.1244592
https://doi.org/10.1155/2014/780386
https://doi.org/10.3390/vaccines8030436
https://doi.org/10.1016/j.cell.2016.04.014
https://doi.org/10.1016/j.immuni.2013.05.013
https://doi.org/10.1111/all.13618
https://doi.org/10.1007/s11882-015-0581-6
https://doi.org/10.1016/j.jaci.2015.06.038
https://doi.org/10.1016/j.jaci.2015.05.037
https://doi.org/10.1016/j.jaci.2014.06.024
https://doi.org/10.4168/aair.2016.8.3.216
https://doi.org/10.1016/j.jaci.2014.07.029
https://www.frontiersin.org/journals/allergy
https://www.frontiersin.org
https://www.frontiersin.org/journals/allergy#articles


de Sousa et al. Thymic ILC Identification and the Effect of IgG

61. Epp A, Sullivan KC, Herr AB, Strait RT. Immunoglobulin glycosylation
effects in allergy and immunity. Curr Allergy Asthma Rep. (2016)
16:79. doi: 10.1007/s11882-016-0658-x

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 de Sousa, Sgnotto, Fagundes, Duarte and Victor. This is an open-

access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Allergy | www.frontiersin.org 9 April 2021 | Volume 2 | Article 650235

https://doi.org/10.1007/s11882-016-0658-x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/allergy
https://www.frontiersin.org
https://www.frontiersin.org/journals/allergy#articles

	Non-atopic Neonatal Thymic Innate Lymphoid Cell Subsets (ILC1, ILC2, and ILC3) Identification and the Modulatory Effect of IgG From Dermatophagoides Pteronyssinus (Derp)-Atopic Individuals
	Introduction
	Methods
	Patient Samples
	SPT, Serum Anti-allergen IgE Determination, and Collection of Blood Samples
	Purification of IgG
	Thymic Tissue Dissociation and Cell Isolation
	Freezing and Thawing of Thymic Cells Suspension
	Cell Culture
	Flow Cytometry
	Statistical Analysis

	Results
	Identification of Non-atopic Neonatal Thymic ILCs Subsets
	Modulatory Effect of Derp-At IgG on Non-atopic Thymic ILCs

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


