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IL-4 Is a Key Requirement for IL-4-
and IL-4/IL-13-Expressing CD4 Th2
Subsets in Lung and Skin

Melanie Sarah Prout, Ryan L. Kyle?, Franca Ronchese and Graham Le Gros*

Malaghan Institute of Medical Research, Wellington, New Zealand

Although IL-4 is long associated with CD4 Th2 immune responses, its role in Th2 subset
development in non-lymphoid tissues is less clear. We sought to better define IL-4's
role in CD4 Th2 responses by using transgenic mice that express a dual IL-4 AmCyan/
IL-13 DsRed (IL-4AC/IL-13DR) fluorescent reporter on an IL-4-sufficient or IL-4-deficient
background. Using primary Th2 immune response models against house dust mite or
Nippostrongylus brasiliensis (Nb) allergens, we examined the requirement for IL-4 by
each of the defined Th2 subsets in the antigen draining lymph node, skin, and lung
tissues. In the lymph node, a CXCR5+*PD-1+ T follicular helper (Tfh) and a CXCR5°PD-1'"°
Th2 subset could be detected that expressed only IL-4AC but no IL-13DR. The number
of IL-4AC* Tth cells was not affected by IL-4 deficiency whereas the number of [L-4AC+
Th2 cells was significantly reduced. In the non-lymphoid dermal or lung tissues of allergen
primed or Nb-infected mice, three strikingly distinct T cell subsets could be detected that
were IL-4AC, or IL-4AC/IL-13DR, or IL-13DR CD4. The IL-4- and IL-4/IL-13-expressing
subsets were significantly reduced in IL-4-deficient mice, while the numbers of IL-
13-expressing CD4 T cells were not affected by IL-4 deficiency indicating that other
factors can play a role in directing the development of this Th2 subtype. Taken together,
these data indicate that the appearance of IL-4-expressing Tth cells in the lymph node
is not dependent on IL-4 while the appearance of IL-4-expressing Th2 subsets in the
lymph node and IL-4, IL-4/IL-13-expressing Th2 subsets in skin and lung tissues of
antigen primed mice is significantly IL-4 dependent.
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INTRODUCTION

The cytokine IL-4 is understood to be key to the development of type 2 immune responses that
underlie allergic disease pathologies and immunity to parasites; however, the specific role IL-4 plays
in CD4 T cell differentiation is less clear. Early investigations using in vitro culture systems revealed
the dominant role that IL-4 plays in driving and shaping CD4 Th2 subset differentiation toward
expression of the canonical type 2 cytokines IL-4, IL-5,and IL-13 (1, 2). Although in vivo studies have
indicated a role for IL-4 directing Th2 development in the lymph node (3, 4), further studies revealed
a more subtle role for IL-4 with IL-4-expressing Th2 cells appearing in the draining lymph nodes of
immunized mice seemingly independent of IL-4 or STAT6 signaling (5, 6). Other studies have shown
that the level of TCR activation can play a role in Th2 differentiation (7), while recent studies even
support the view that Th2 development occurs in the tissues and is fully regulated by tissue-specific
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checkpoints (8). In addition, TSLP elicited basophils have been
shown to promote epicutaneous sensitization to food antigens
and subsequent IgE mediated food allergy through IL-4 (9).

We took the opportunity to clarify the role of IL-4 in in vivo
CD4 Th2 subset differentiation by asking whether certain specific
Th2 subsets are more sensitive to the influence of IL-4 and whether
IL-4-is required for Th2 subset development at non-lymphoid
tissue sites such as the skin and lung. For the in vivo immune
response studies, we used our recently developed antigen priming
ear model (10) to quantitatively analyze the character, kinetics
and magnitude of the IL-4- and IL-13-producing Th2 subsets
that appear in the ear and ear draining lymph node following
allergen priming (11, 12). To examine the appearance Th2 subsets
in the lung, we used Nippostrongylus brasiliensis infection model
which involves a lung migration stage in its infection cycle (13).
In following the appearance of IL-4- and IL-13-expressing Th2
subsets, we were concerned to reduce artifact and bias inherent
in restimulation and intracellular cytokine staining techniques
and previously reported reporter IL-4 knockout mice (14-16).
Therefore, we used the validated sensitivity of the recently deve-
loped 114 and Il13 transcriptional reporter 4C13R mice (17) to
investigate the appearance of IL-4-AmCyan (IL-4AC)- and
IL-13-DsRed (IL-13DR)-expressing CD4* T cells arising in both
the lymphoid and non-lymphoid tissues responding to house
dust mite (HDM) or Nippostrongylus brasiliensis (Nb) allergens
in either an IL-4-sufficient or -deficient environment. The II[4AC/
I113DR reporter BAC transgene construct is independent of the
endogenous 114/1113 locus in the mouse and appears able to faith-
fully report the commitment of CD4 T cells to the expression of
the canonical type 2 cytokine gene expression pattern (17-19)
under the appropriate tissue culture and relevant in vivo immuni-
zation protocols without affecting normal type 2 immune effector
functions (20). We were able to detect both IL-4-expressing Tth
and Th2 cells in the draining lymph nodes of HDM challenged
mice and while the small number of IL-4AC Th2 cells was signifi-
cantly reduced by removal of IL-4, the Tth cells were independent
of the need for IL-4. Strikingly, analysis of the CD4 T cells that
migrated to the skin 7 days after the allergen challenge revealed
three functionally distinct Th2 subsets that could be defined by
their cytokine expression patterns, IL-4AC, IL-4AC/IL-13DR,
and IL-13DR only. The appearance of the IL-4AC- and IL-4AC/
IL-13DR-expressing Th2 cell subsets was highly dependent
on IL-4 while the IL-13DR Th2 subset was not affected by the
IL-4-deficient background. Taken together, our findings reveal
the fundamental role that IL-4 plays in the development of
functionally diverse effector Th2 subsets in tissues and lymph
node. We also identify a novel IL-13-producing CD4* Th2 subset
that appears in the skin following allergen challenge and does not
require IL-4 for expression of IL-13.

MATERIALS AND METHODS

Mice

4C13R (17) reporter mice were bred and maintained on a C57BL/6
background in the Malaghan Institute of Medical Research
Biomedical Research Unit. The II#4AmCyan/Il13DsRed construct
does not interfere with normal immune function with similar

levels of T cells, B cell, immunoglobulin, and inflammatory
cells being induced by immunization compared with wild-type
C57BL/6 mice. To generate IL-4-deficient reporter strains,
4C13R mice were crossed with IL-4%¥%* mice (6) to generate
4C13R x IL-4%Y* (IL-4*~) mice and 4CI3R X IL-4Y* mice
were crossed with IL-45Y* mice to generate 4C13R X IL-47¢
(IL-47-) mice. All animal procedures were approved by the
Victoria University of Wellington Animal Ethics committee and
performed in accordance with institutional guidelines.

Ear Immunizations

Mice were anesthetized using xylazine and ketamine (Phoenix,
New Zealand). 30 ul of a solution containing 200 pg HDM (Greer
Laboratories, Lenoir, NC, USA) or 600 dead L3 Nb was injected
into the ear pinnae as described (10).

Nb Infection

Mice were inoculated with 550 L3 Nb larvae by s.c. injection.

Cell Isolation

All tissues were isolated 7 days posttreatment. Auricular draining
lymph nodes were pressed through 70-pm cell strainers into
complete media [IMDM (GIBCO) supplemented with 5% FBS
(Sigma), 100 U/ml penicillin/100 pg/ml streptomycin (Invitrogen),
and 55 UM B-mercaptoethanol (Invitrogen)] to make a single-
cell suspension. Dorsal and ventral ear sheets were separated and
minced into very fine pieces using scissors. Each ear was digested
by incubating for 30 min at 37°C with shaking, in ear diges-
tion mix [IMDM (GIBCO) containing 1.2 mg/ml Collagenase
IV (Sigma) and 120 pg/ml DNAse I (Roche)]. Solution was
pipetted up and down and passed through 70-pm cell strainers
into Ear wash buffer [PBS containing 1% BSA (Sigma), 5 mM
EDTA (Invitrogen), and 120 pg/ml DNAse I (Roche)]. Cells
were washed once more in Ear wash buffer before resuspension
in cIMDM. Bronchoalveolar lavage (BAL) was performed by
cannulation of mice and washing airways three times with PBS.
Lungs were finely minced and digested in lung digestion mix
[IMDM (GIBCO) containing 2.4 mg/ml Collagenase I (GIBCO)
and 120 pg/ml DNAse I (Roche)] for 1 h at 37°C. Live cell counts
performed using a hemocytometer and trypan blue (Invitrogen)
exclusion.

In Vitro Restimulation

Day 7 ear lymph node cells (1 X 10%well) were cultured for
19 h on plates coated with 1 pg/ml anti-CD3 (145-2C11) with
cIMDM, 100 U/ml rIL-2, and 1/50 dilution of anti-CD28 (37.51)
supernatant corresponding to 5 pg/ml.

FACS Analysis

Cells were resuspended in a buffer containing 0.01% NaN; (Sigma),
2% FBS, and 2 mM EDTA (Life Technologies) in PBS then incu-
bated with anti-CD16/32 antibody (clone 2.4G2) before staining
with fluorophore-conjugated antibodies. Cells were stained with
antibodies against the following molecules (clone, conjugate;
source): CD45 (30-F11, APC-Cy7, BD), CD3 (145-2C11, BV786;
BD), CD3 (145-2C11, BUV395; BD), CD4 (RM4-5, BV605; BD),
CD4 (GK1.5, APC-Cy7; BD), CD8 (53-6.7, AF700; BioLegend),

Frontiers in Immunology | www.frontiersin.org

June 2018 | Volume 9 | Article 1211


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive

Prout et al.

Skin Th2 Subsets Require IL-4

TCRyd (GL3, PE-Cy7; BioLegend), CD44 (IM7, APC; BD),
CXCR5 (2G8, Biotin; BD), and PD-1 (RMP1-30, PerCP-ef710;
eBioscience). Streptavidin-BV605 (BD) was also used. Stained
cells were resuspended in viability dye DAPI to exclude dead cells.
IL-4 and IL-13 were detected by the IL-4AC and IL-13DR report-
ers in 4CI13R mice. Data were acquired on a BD LSRFortessa
SORP flow cytometer (Becton Dickinson, San Jose, CA, USA).
Flow data were analyzed using Flow]Jo software (Treestar).

Statistical Analysis and Graphics
Statistical analyses were performed using GraphPad Prism soft-
ware (GraphPad Software Inc., San Diego, CA, USA). Statistical
comparisons used are specified in figure legends.

RESULTS

Priming With HDM Allergen Induces the
Development of Th2 Subsets Producing
Only IL-4AC in the Lymph Node and
Distinct IL-4AC+, IL-4AC*IL-13DR*,

or IL-13DR* Expression Profiles

in the Ear Tissue

To follow the activation, differentiation, and migration patterns
of allergen-induced Th2 subsets, 4C13R mice were primed intra-
dermally (i.d.) in the ear pinnae with HDM. The kinetic studies
showed IL-4AC* CD4 T cells to be maximally elevated in the
ear draining lymph node on days 5-9 after priming (Figures
S1A,B in Supplementary Material), therefore ear lymph nodes
and ear tissue were examined on day 7 for the appearance of
IL-4AC- and IL-13DR-expressing CD4 T cells. CD4 T cells
were defined as CD45*CD3*CD4*CD8 TCRyd™ cells (Figures
S2A,B in Supplementary Material), thus excluding any TCRyd*
intraepithelial lymphocytes found in the ear tissue. HDM prim-
ing resulted in significant infiltration of CD4 T cells into these
sites over the 7-day period, with a sixfold increase in the lymph
node to 2.6 X 10° CD4 cells, while immunized ears had 2.9 X 10*
CD4 cells compared with very few in naive mice (Figures 1A,C).
The lymph node and ear tissue CD4* T cells displayed distinctly
different Th2 cytokine profiles, which we could observe using the
Il4 and 1113 gene locus directed expression of the AmCyan and
DsRed fluorescent reporters, respectively (Figures 1B,D-F). In
the ear draining lymph node, only IL-4AC-expressing CD4 Th2
cells could be detected, whereas in the ear tissue three distinct
CD4 T cell subpopulations were found; IL-4AC single positives,
IL-4AC/IL-13DR double positives and IL-13DR single positives.
Comparison of the reporter median fluorescent intensities
(MFIs) for each of these ear tissue-derived CD4 T cell subsets
reveals that the double-positive CD4 Th2 cells have a higher
MFI for both IL-4AC and IL-13DR reporters than do the single
positives (Figure 1G), reflecting a higher degree of activation and
the potential for producing a greater amount of cytokine on a
per cell basis. As reported previously (6) in vivo generated IL-4
reporter positive cells expressed high levels of CD44, interestingly
the IL-13DR single-positive CD4 T cells demonstrated the high-
est MFI level for CD44 expression (Figure 1H), indicating they
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FIGURE 1 | Priming with house dust mite (HDM) allergen induces the
development of Th2 subsets producing only IL-4AC in the lymph node and
distinct IL-4AC, IL-4AC/IL-13DR, or IL-13DR expression profiles in the ear
tissue. 4C13R transgenic mice were challenged with 200 pg HDM i.d. in the
ear. Ear draining lymph nodes and ear tissue were harvested 7 days later,
and the presence of IL-4AC- and IL-13DR-expressing CD4 Th2 cells
examined by flow cytometry. (A,C) Number of CD4 T cells in ear lymph node
and ear tissue. (B,D) Concatenated FACS plots of CD4 T cells from naive
and HDM primed 4C13R transgenic mice showing IL-4AC*+ and IL-13DR*
cells. (E) Proportions and (F) numbers of IL-4AC*, IL-4AC*/IL-13DR*, and
IL-13DR* subsets in the ear lymph node and ear tissue. (G) Median
fluorescent intensity (MFI) of IL-4AC and IL-13DR reporters expressed in
single reporter* vs double reportert CD4 Th2 cells in the ear tissue (relative to
MFI of single-positive cells). (H) MFI of CD44 expression on IL-4ACH,
IL-4AC*/IL-13DR*, and IL-13DR*CD4* Th2 cells in the ear tissue. 96-98% of
the reporter positive Th2 cells were CD44+ (1) MFI of IL-4AC expression in
IL-4AC* CD4 cells from ear lymph node and ear tissue. (A=G,l) Data from an
experiment (n = 3-5) representative of nine lymph node experiments and
seven ear tissue experiments. (H) Results from a single experiment (n = 3),
representative of three experiments. Data show mean + SEM (*p < 0.01 and
****p < 0.0001 two-tailed t-test).
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had a greater degree of activation than the IL-4AC- or IL-4AC/
IL-13DR-expressing cells. Interestingly the tissue sourced
IL-4AC* CD4 cells have a greater MFI of IL-4AC potentially
reflecting their potential for higher levels of gene expression from
the Il4locus than those CD4 T cells sourced from the lymph node
(Figure 1I). Priming of mice with dead L3 Nb larvae in the ear
stimulated a similar pattern of IL-4AC and IL-13DR expression
by CD4 T cells in lymph node and tissues to that seen in HDM
primed mice (Figures S3A-G in Supplementary Material).

To determine if the IL-4AC-expressing Th2 cells in the ear
lymph node have the potential to produce IL-13DR upon in vitro
restimulation, ear lymph node cells were harvested 7 days post
HDM priming, and the whole lymph node cell population was
cultured on anti-CD3 for 19 h. Stimulated CD4 cells expressed a
similar proportion of IL-4AC as they did ex vivo (2.7%), while the
percentage of CD4 T cells expressing IL-4AC cultured without
anti-CD3 reduced over the time of culture (1.5%). Restimulation
of the CD4 T cell subsets did not induce any further IL-13DR
expression above background levels, indicating that the failure
to detect IL-13DR expression in the lymph node was not due
to lack of activation but rather the level of differentiation of
the IL-4AC* CD4 T cells (Figures S4A-C in Supplementary
Material).

These data demonstrate that following allergen priming in the
ear tissue, distinct Th2 subsets develop in the draining lymph
node and tissues. Specifically, CD4 T cells become committed
to IL-4AC expression in both lymph node and tissues while the
commitment of CD4 T cells to IL-13DR expression only occurs
in the tissue.

Both Tfh Cells and Th2 Cells Contribute to
IL-4 Expression in the Lymph Node

After HDM Challenge

As many studies have shown T follicular helper (Tfh) cells to be
a dominant source of IL-4 in the lymph node (21-23), we sought
to clarify the identity of the IL-4-expressing CD4 T cells observed
in the ear lymph nodes of HDM primed mice. In analyzing the
lymph node-derived IL-4AC* CD4 T cells, we identified both
CXCR5*PD-1*CD4* (Tth) and CXCR5°PD-1"°, CXCR5*PD-1",
and CXCR5°PD-1*CD4" (Th2) populations (Figure 2A). App-
roximately 40% of the IL-4AC* cells were Tth cells as defined by
PD-1 and CXCRS5 expression while the remaining were Th2 cells
(Figure 2B). Gating on IL-4AC* Tth and IL-4AC* Th2 cells as
shown in Figure 2C allowed us to compare these two populations,
showing the IL-4AC* Tth cells to have a higher level of IL-4AC
expression compared with the IL-4AC* Th2 cells (Figure 2D). In
addition, the IL-4AC* Tth cells showed a higher level of CD44
expression than the IL-4AC* Th2 cells (Figure 2E). The biological
impact of this statistically significant difference is unclear.

Thus, it would appear from these data that following HDM
introduction to the skin, CD4 T cells in the draining lymph node
become committed to activated Tth and Th2 phenotypes some
of which express IL-4 and contribute to IL-4 production in the
ear draining lymph node. Interestingly, Tth cells also expressed
higher levels of the IL-4AC reporter, perhaps suggesting a higher
capacity to secrete IL-4.

IL-4 Plays a Role in the Development of
IL-4AC-Expressing Lymph Node Th2 Cells
but Not IL-4AC-Expressing Tfh Cells

We next sought to investigate the role of IL-4 in the development of
IL-4AC-expressing CD4 T cell populations in the draining lymph
nodes of mice primed i.d. with HDM allergen. CD4 T cells from
HDM primed IL-4~'~ mice had a reduced proportion of IL-4AC-
expressing CD4 cells compared with IL-4** mice (Figure 3A).
Distinguishing Tth and Th2 populations within the IL-4AC* cell
subset reveals a shift in the proportion of these two subsets in the
absence of IL-4, with a decrease of IL-4AC* Th2 cells and a cor-
responding increase in IL-4AC* Tth cells (Figure 3B). Analysis
of overall numbers shows that while the numbers of IL-4AC* Tth
cells are not compromised by the lack of IL-4, the development
of IL-4AC* Th2 cells was inhibited by 50% in IL-4-deficient mice,
illustrating partial dependence of this subset on IL-4 (Figure 3C).
The MFI of IL-4AC expression was reduced in both IL-4AC* Tth
and Th2 subsets from the IL-4~~ mice (Figure 3D), suggesting
that IL-4 positively regulates I/4 expression in CD4* T cells. By
contrast, the IL-4AC- Tth and IL-4AC- non-Tth populations
survived better in IL-4-deficient conditions (Figures S5A,B in
Supplementary Material).

Thus, it appears that the number of IL-4AC* Tth cells in the
lymph node is independent of IL-4, while Th2 CD4 cells in the ear
lymph node are partially dependent on IL-4 for their development.

IL-4 Is Required for the Development of
IL-4AC- and IL-4AC/IL-13DR-Expressing
Th2 Subsets, but Not IL-13DR-Expressing

CD4* T Cell Subset, in Ear Tissue

We next studied the role of IL-4 in the development of Th2
subsets in the ear tissue following priming with either HDM or
Nb allergens. As observed in Figure 1, three subsets of IL-4AC-
or IL-13DR-expressing Th2 cells were identified in the ear after
priming with HDM (Figures 4A,B) or dead Nb (Figures 4E,G).
In both primary immunization models, the number of IL-13DR
single-positive Th2 cells was not affected by the absence of IL-4
(Figures 4C,H), nor was there a reduction in the amount of
IL-13DR they expressed as determined by MFI (Figures 4E,J).
Although the proportion of IL-13DR Th2 cells was higher in
IL-47~ mice primed with non-viable Nb compared with IL-4-
sufficient controls (Figure 4G), analysis of the total cell numbers
revealed no difference (Figure 4H), due to the reduced overall
numbers of CD4* T cells present in the IL-47~ mouse (data
not shown), suggesting that the higher proportion was simply
due to the lack of other cell subsets in the IL-47"~ ear tissue. By
contrast, the number of IL-4AC single-positive CD4 cells that
appeared in the allergen primed ear tissue was reduced 8-fold in
HDM immunized and an even greater 16-fold in Nb immunized
4C13R-IL-47"~ mice (Figures4C,H). The IL-4AC/IL-13DR double
reporter-expressing Th2 subset was also dependent on IL-4, with
a threefold reduction in their levels observed in 4C13R-IL-47~
mice in both models. Even though similar proportions of these
cells were found in dead Nb immunized IL-4** and IL-4~"~ mice
(Figure 4G), their numbers were reduced in the IL-4-deficient
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FIGURE 2 | Both T follicular helper (Tth) cells and Th2 cells contribute to IL-4AC expression in the lymph node after house dust mite (HDM) challenge. 4C13R
transgenic mice were treated with 200 pg HDM i.d. in the ear. The ear draining lymph nodes were harvested 7 days posttreatment and analyzed by flow cytometry.
(A) FACS plots showing the proportion of IL-4AC* CD4 T cells and then the proportion of CXCR5*PD-1+ Tfh and CXCR5°PD-1°, CXCR5*PD-1°, and CXCR5°PD-1+*
Th2 cells within this population. (B) Numbers of IL-4AC* Tfh and IL-4AC* Th2 CD4 T cells. (C) FACS plots showing the proportion of CXCR5*PD-1+ Tfh and
CXCR5°PD-1°, CXCR5*PD-1"°, and CXCR5°PD-1+ non-Tfh CD4 T cells and then the proportion of IL-4AC* CD4 T cells within these populations. Median
fluorescent intensity (MFI) of IL-4AC (D) and CD44 (E) expression on IL-4AC* Tfh and IL-4AC* Th2 CD4 T cells. (A,C-E) Data from a representative experiment
(n = 6) of four experiments. (B) Data pooled from four experiments (n = 23). Data show mean + SEM (*p < 0.05, **p < 0.01, and **p < 0.001 two-tailed t-test).

mice due to the reduced level of CD4 T cells in these mice as men-
tioned earlier. Furthermore, the MFI of IL-4AC in the IL-4AC*
and IL-4AC*/IL-13DR* Th2 cells was reduced by twofold in
IL-4-deficient reporter mice (Figures 4D,I). Thus, as well as a
significant reduction in the numbers of IL-4AC-expressing Th2
cells being detected in IL-4-deficient 4C13R-IL-47'~ mice, the
gene expression from the Il4 locus, as determined by examin-
ing reporter expression, was also reduced. As previously noted
with IL-4-sufficient mice (Figure 1G), dual reporter IL-4AC*/
IL-13DR* Th2 cells from 4C13R-IL-47~ mice also expressed
greater levels of IL-4AC and IL-13DR reporters than the single
reporter positive cells (Figures 4D,E,L]).

To determine whether the distinct IL-4AC- and IL-13DR-
expressing Th2 subsets could also develop at other tissue sites
following antigen priming, we examined the Th2 subsets gener-
ated in the lung and BAL of mice responding to a live primary Nb
infection, in which larvae infect the lung before migrating to the
gut. We observed in both lung tissue and airways (BAL) the same
three CD4*IL-4AC-,IL-4AC/IL-13DR-, and IL-13DR-expressing
Th2 subsets (Figures S6A,C in Supplementary Material). The

appearance of the IL-4AC CD4* Th2 subset was found to be
significantly reduced in IL-4-deficient mice compared with IL-
4-sufficient controls, the IL-4AC/IL-13DR and the IL-13DR
CD4* Th2 subset were not significantly affected by IL-4 deficiency
(Figures S6B,D in Supplementary Material).

In summary, The IL-4AC- and IL-13DR-expressing Th2 sub-
sets that appear in ear tissues following antigen priming show
differential requirements for IL-4, with IL-4AC* and IL-4AC*/
IL-13DR* Th2 cells being IL-4 dependent while the IL-13DR-
expressing CD4 Th2 subset was not affected by the absence
of IL-4.

Reduction in IL-4 Availability Through /4
Gene Hemizygosity Has a Partial Effect on
Development of IL-4AC- and IL-4AC/

IL-13DR-Producing T Cell Subsets

The profound effect of complete IL-4 deficiency on the develop-
ment of IL-4AC- and IL-4AC/IL-13DR-expressing Th2 subsets in
the skin tissue and lung, led us to wonder what would be the effect
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FIGURE 3 | IL-4 plays a role in the development of IL-4AC-expressing lymph node Th2 cells but not IL-4AC-expressing T follicular helper (Tfh) cells. 4C13R-IL-4++
and 4C13R-IL-4-"- mice were treated with 200 pg house dust mite (HDM) i.d. in the ear. The ear draining lymph nodes were harvested from mice 7 days
posttreatment, and lymph nodes were analyzed by flow cytometry. (A) FACS plots showing the proportion of IL-4AC* CD4 T cells and then the proportion of
CXCR5*PD-1* Tfh and CXCRE°PD-1°, CXCR5*PD-1"°, and CXCR5°PD-1+ Th2 cells within this population. (B) Proportion of IL-4AC*CD4 T cells that are Tfh or Th2
cells. (C) Numbers of IL-4AC* Tfh and IL-4AC* Th2 CD4 T cells and (D) median fluorescent intensity (MFI) of IL-4AC of IL-4AC* Tfh and IL-4AC* Th2 CD4 T cells.
(A) FACS plots from a representative experiment (n = 6). (B,C) Data pooled from three experiments (n = 18). (D) Data from a representative experiment (n = 6). Data

of a partial /4 gene deletion such as that seen in IL-4 hemizy-
gous mice. IL-4-sufficient (4C13R-IL-4*"*), IL-4 hemizygous
(4C13R-IL-4*"), and IL-4-deficient (4C13R-IL-47~) mice were
primed with HDM and their ear draining lymph nodes and ear
tissue examined after 7 days. As reported in Figure 3, IL-4AC* Tth
cells in the lymph node were not dependent on IL-4, whereas levels
of IL-4AC* Th2 cells were halved when IL-4 was not available
(Figure 5A). Contrary to the IL-4-deficient system, the number of
IL-4AC* Th2 cells in the hemizygous lymph nodes were the same
as those in IL-4 wild-type mice indicating that even with reduced
IL-4 availability the IL-4AC* Th2 cell response to HDM in the
draining lymph node is capable of full development. In the tissue,
however, the hemizygous /4 condition had a far more striking
effect on the development of the IL-4AC* Th2 subset, with a five-
fold reduction in cell numbers to levels only twofold greater than
in the absence of IL-4 (Figure 5B). The reduction of the IL-4AC*/
IL-13DR* Th2 subset in the ear was less pronounced and, as was
seen in Figure 4, the IL-13DR* Th2 cells were independent of
IL-4 for their appearance in ear tissue. The disproportionate
effect that the loss of half the wild-type IL-4 has on the IL-4AC*
and the IL-4AC*/IL-13DR* Th2 subsets in the ear reinforces the
importance of IL-4 in the development of this distinct CD4 Th2
effector subset in the tissue microenvironment of the skin.

DISCUSSION

We sought to clarify the role of IL-4 in the differentiation, migra-
tion, and accumulation of CD4* T cells following a primary

response to allergen. We followed the number of IL-4- and IL-13-
expressing CD4 T cells that appear in the draining lymph node
and subsequent type 2 inflammatory response in the skin or lung
following intradermal priming with allergen or parasite infection,
respectively. We confirm that during the 7-day priming period the
appearance of IL-4-expressing Tth cells in the lymph node is not
dependent on IL-4, while the appearance of IL-4-expressing Th2
cells in the lymph node is partially affected by the absence of IL-4.
We describe for the first time the profound requirement for IL-4
in regulating the appearance of IL-4- and IL-4/IL-13-expressing
Th2 subsets in the skin tissue 7 days following allergen priming.
A similar IL-4 response profile was found for IL-4-producing Th2
cells in the lungs of Nb challenged mice. Surprisingly, we identi-
fied a unique CD4 T cell subset in the skin that was induced by
both allergen priming in the skin and parasite infection in the
lung that was committed solely to IL-13 expression and was com-
pletely independent of IL-4. Although normally IL-13 expression
in CD4 T cells is linked to IL-4 expression and it is viewed as
one of the canonical Th2 cytokines which is regulated by IL-4,
a previous study using IL-4/IL-13 reporter mice identified that
IL-13 expression occurs in lung tissue but not lymph nodes and
that IL-4 and IL-13 expression is not always linked (23). Here,
using our HDM skin priming model, we complement this data
with confirmation in the ear skin tissue and its draining lymph
node of the confinement of IL-13-expressing Th2 cells to the
tissue compartment, while IL-4-expressing Th2 subsets reside
in both lymphoid and non-lymphoid tissues. Furthermore, our
finding that in vitro restimulation did not elicit IL-13 expression
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FIGURE 4 | IL-4 is required for the development of IL-4AC- and IL-4AC/IL-13DR-expressing Th2 subsets but not the IL-13DR-expressing CD4* T cell subset in ear
tissue. 4C13R-IL-4** and 4C13R-IL-4-"- mice were treated with either (A-E) 200 pg house dust mite (HDM) or (F=J) 600 dead L3 Nippostrongylus braziliensis (Nb)
i.d. in the ear pinnae. Ear tissue was harvested 7 days posttreatment. Tissues were analyzed to determine (A,B,F,G) proportion of IL-4AC* and IL-13DR* CD4

T cells, (C,H) number of IL-4AC* and IL-13DR* CD4 T cells, and (D,E,l,J) median fluorescent intensity (MFI) of IL-4AC and IL-13DR for each of the Th2 cell subsets.
Data representative of seven experiments (n = 35-37) for HDM and two experiments (n = 6) for dead Nb. (A) FACS plots concatenated from a single representative
experiment (n = 6). (B,C) Data pooled from seven experiments (n = 37). (D,E) Data from a single representative experiment (n = 6). (F) FACS plots concatenated
from a single representative experiment (n = 3). (G,H) Data pooled from two experiments (n = 6). (l,J) Data from a single representative experiment (n = 3). Data
show mean + SEM (*p < 0.05, *p < 0.01, **p < 0.001, and “***p < 0.0001 two-tailed t-test).
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FIGURE 5 | Reduction in IL-4 availability by //4 gene hemizygosity has a partial effect on the development of IL-4AC- and IL-4AC/IL-13DR-producing T cell subsets.
4C13R-IL-4*+, 4C13R-IL-4+-, and 4C13R-IL-4-'~ mice were treated with 200 pg house dust mite i.d. in the ear pinnae. Ear draining lymph nodes and ear tissue
were harvested from the mice 7 days posttreatment. (A) Lymph nodes were analyzed to determine the number of IL-4AC* T follicular helper (Tfh) and IL-4AC* Th2
CD4 T cells. (B) Ear tissue was analyzed to determine the number of reportert Th2 CD4+ T cells. (A) Data pooled from three experiments (n = 18) for ear lymph
node and (B) three experiments (n = 15) for ear tissue. Data show mean + SEM ("p < 0.05, “*p < 0.01, and **p < 0.001 two-tailed t-test).

in CD4 T cells derived from the draining lymph node of HDM ear
immunized mice confirms that the failure to detect IL-13 is not
a sensitivity issue of the reporter system but rather whether the

CD4 T cells have received the appropriate signals for activation
of the 1113 gene. The identification in the tissues of primed mice
of a unique subset of CD4 T cells that only expressed IL-13 and
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whose appearance was independent of IL-4 was surprising. When
viewed in the context of recent work by others (8, 24) and our
recent data showing that TSLP can regulate the development of an
IL-13-producing CD4 Th2 subset (25), it becomes clear that other
factors such as tissue alarmins are likely able to regulate or actasa
tissue checkpoint for a IL-13-producing Th2 subset in the tissues.

T follicular helper cells have been shown to be a significant
source of IL-4 in the lymph nodes during the Th2 response (21).
In our studies following HDM priming of the ear skin, we find
that both Tth and Th2 cells contribute to IL-4 expression in the ear
lymph node, although the Tth cells had a greater degree of activa-
tion and made a greater amount of IL-4 than their Th2 counter-
parts, perhaps to aid their role helping B cells to class switch to IgE
and IgG1 production. Tth cells are traditionally thought to reside
in the B cell follicle of the lymph nodes, but recent research has
suggested that additionally Tth cells may be precursors of Th2 cells
subsequently found in the tissues (26, 27). Using a multiple prime
and challenge lung model, Ballesteros et al. showed that HDM
sensitization induced IL-4-committed Tth cells in the lymph node
which developed into IL-4- and IL-13-producing effector Th2 cells
in the lung upon HDM challenge (26). Other research has identi-
fied a subset of Th2 promoting IL-21-expressing Tth cells, distinct
from Th2 cells, found in both the lymph node and lung tissue (27).
Whether or not the Tth cells seen in the ear lymph node in our ear
HDM priming model are distinct from the ear tissue Th2 subsets
remains to be determined. In addition, the link between the IL-4*
Th2 subset seen in the lymph node and those Th2 subsets in the
ear is unclear and subject to further research. It is probable that
IL-4-expressing Th2 cells migrate from the lymph node to the ear
tissue where they produce additional Th2 cytokines such as IL-5
and IL-13 for Th2 effector functions, perhaps under response to
local damage elicited tissue signals (8). Of the IL-4-producing
CD4" subsets in the lymph node, the Th2 subset is more likely
than the Tth cells to be the precursors of the tissue Th2 subsets, as
both the Th2 subsets, but not Tth cells demonstrate a dependence
on IL-4 for their development. It should be noted though that the
MFIs of the IL-4AC reporter were significantly reduced in both
the Tth and Th2 lymph node CD4 T cells subsets indicating that
the levels of IL-4 may be regulated through indirect means such
as signaling by B cells or dendritic cells.

That the development of IL-4-expressing Tth cells is independ-
ent of IL-4 adds to current recognition of Tth cells being a unique
subset distinct from traditional Th2 cells. Development of Tth
cells instead depends on IL-6, IL-21, STAT3, and BCL6 and not
on other cytokine or transcription factors necessary for formation
of other T helper subsets (28-30), and it has been reported that
the Tth cell transcription factor BCL6 can limit the activities of
Th2 cells (31). However, it should be noted that studies by others
show that the IL-4-producing Th2 subset in the lymph node is
not affected by BCL6 deletion indicating that the Tth subset may
not be a precursor for lymph node Th2 (32). Our studies identify
a second IL-4-expressing CD4 T cell subset in the lymph node
that does not express Tfth markers but whose expression of IL-4
appears to be partially IL-4 dependent. In support of our finding,
recent studies have shown that IL-4Ra knockout mice exhibited
a significantly compromised IL-4-expressing Th2 response in the
gut draining mesenteric lymph node of H. polygyrus-infected

mice (33) As IL-4Ra is a component of the receptors via which
both IL-4 and IL-13 act, this could be attributed to the inability
of IL-4 (or IL-13) to act via its receptor. In our studies, generation
of IL-4AC-expressing lymph node Th2 cells was not effected in
mice lacking one IL-4 allele and was only reduced by half in the
complete absence of IL-4, thus showing only a partial requirement
for IL-4. This suggests that although IL-4 contributes to Th2 dif-
ferentiation in the lymph node other factors are likely involved,
such as the quality of the TCR signal and co-stimulation, Th2
promoting miRNAs, signaling pathways that promote GATA3
expression, and other Th2 promoting cytokines like TSLP, IL-33,
and IL-25 (34-39). In contrast to our present findings, previous
research using G4 reporter mice has indicated that IL-4 was not
required to generate IL-4-expressing Th2 cells in the lymph nodes
of Nb-infected mice (6). However, in these studies only G4/IL4
heterozygous mice in which IL-4 was produced from only one
allele could be compared with IL-4-deficient G4/G4 mice in the
various allergen and parasitic models and no difference in num-
bers of GFP-expressing Th2 cells was seen. The use of our dual
IL-4, IL-13 4C13R reporter mice in this study, where the reporters
are inserted into a bacterial artificial chromosome leaving the
endogenous cytokines intact, has enabled a fuller comparison of
the effect of the IL-4-sufficient, IL-4 heterozygous, and the IL-4-
deficient states on IL-4-expressing CD4 T cell development. In
agreement with the previous work, no significant difference was
seen between numbers of Th2-differentiated cells in IL-4*~ and
IL-47"~ mice in the lymph node, but the additional comparison
with the IL-4** mice enabled the conclusion that differentiation
of Th2 cells is in fact partially dependent on IL-4. Other research
comparing NP-OVA/Alum ear immunized IL4**, IL4"~, and
IL-47'~ 4C13R mice also showed IL-4-expressing Th2 cells in the
lymph node to not be dependent on IL-4 (20). In another study
investigating IL-4- and IL-13-expressing cells arising in response
to a model of OVA-induced lung allergy (40), dual reporter Il4+/<G*
I113*/"m mice were used, which due to the insertion of the reporter
constructs, are hemizygous for the IL-4 and IL-13 cytokines. They
found that IL-4eGFP-expressing CD4* T cells were largely absent
from the lung while in the mediastinal lymph node they were
present and major contributors to IL-4 production. This replicates
what we have seen in IL-4 hemizygous mice in our current study
(Figure 5), where IL-4AC* Th2 cells are not sensitive to the partial
loss of IL-4 in the lymph node but in the ear tissue are sensitive to
even the hemizygous IL-4 state, with severely decreased numbers.
The reliance on IL-4-knockin reporter mice fails to achieve an
accurate representation of cytokine expression in a fully IL-4-
sufficient environment, while the 4C13R reporter mice overcome
this limitation. However, it should be noted that studies using gene
expression reporter constructs do not necessarily give any indica-
tion of the protein levels that are produced by these Th2 cells and
further studies would be required to determine whether the gene
expression findings reported here translate into protein expression.

In addition to the IL-4-expressing Tth subset, we have identi-
fied using IL-4AC and IL-13DR expression three subsets of CD4*
T cells that would fall under the definition of a Th2 effector cell
that is primed by allergen (or parasite antigens) in the draining
lymph node and then migrate and expresses functional cytokines
at the original antigen challenged tissue site. The IL-4- and IL-4/
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FIGURE 6 | IL-4- and IL-13-expressing Th2 subsets in the lymph node and ear tissue after allergen priming. Following house dust mite (HDM) priming in the ear
skin, dendritic cells take up allergen and transport it to the ear draining lymph node where they present it to naive CD4 T cells. Naive CD4 T cells differentiate into
either (i) IL-4-expressing Th2 cells in a process that is partially dependent on IL-4 or (i) IL-4 independent IL-4-expressing T follicular helper (Tfh) cells. IL-4 single-
positive CD4 T cell and IL-4/IL-13 double-positive-expressing CD4 T cell subsets in the skin tissue are very dependent on IL-4 while IL-13 single-positive-expressing
Th2 cells are independent of IL-4. The broken line represent the as of yet unproven but potential link between the lymph node Th2 cells and those in the tissue.

IL-13-expressing Th2 subsets are very dependent on IL-4 for
their appearance in the tissues. Although outside the scope of
this study, the requirement for IL-4 may be either to (i) allow dif-
ferentiation/survival of differentiating Th2 subsets to Il4 and 1113
gene expression, (ii) regulate migration and extravasation of CD4
Th2 subsets to antigen challenged tissue sites or (iii) its continued
presence is required when reactivated with antigen at the tissue
site for full differentiation to a IL-4- or IL-4/IL-13-expressing
Th2 effector to occur. Also, our observation that a distinct IL-
13-expressing CD4 T cell subset appears in tissues following anti-
gen challenge that is not regulated by IL-4 may reflect the ability
of specific tissue-derived alarmins to program specific cytokine
expression patterns. Taken together, a picture emerges whereby
the differentiating Th2 cell appears to be regulated by multiple
checkpoints at distinct tissue sites (Figure 6). The lymph node
appears to be a place for antigen priming and activation of naive
T cells to Th2 precursors, some of which sequester to the B cell
areas of the lymph node to drive B cell differentiation and the
others to quickly circulate throughout the body and home to the
tissue sites challenged with priming antigens. IL-4 and specific
tissue-derived alarmins and factors appear able at this point to
direct the further differentiation of the Th2 precursors to distinct
subsets of IL-4-, IL-4/IL-13-, and IL-13-expressing subsets. The
value or relevance of each Th2 effector subset to the process of
antigen/pathogen neutralization, clearance, and repair needs to
be elucidated by further studies.

The development of reagents which can selectively interfere
with the actions of Th2 cytokines is a potential therapeutic
approach in the treatment of allergic disorders, and antibodies
targeting the individual cytokines and their receptors have met
with variable results [reviewed in Ref (41)]. Dupilumab that blocks
IL4Ra, a subunit of both the IL-4 and IL-13 receptors, interferes
with the action of both these cytokines and to date has had success
in treating asthma and atopic dermatitis (42, 43). The ability of
this drug to simultaneously target and block the functions of the
lymph node and tissue Th2 cells, thus inhibiting humoral and cell-
ular aspects of type 2-driven pathology is likely key to its success.
Further insights into the nature of IL-4- and IL-13-producing Th2
subsets generated in response to allergic stimuli will beneficially
further the understanding of the anti-allergic effects of these
agents and contribute to their ongoing development.

ETHICS STATEMENT

All animal procedures were approved by the Victoria University
of Wellington Animal Ethics committee and performed in
accordance with institutional guidelines.

AUTHOR CONTRIBUTIONS

MP carried out the experiments, analyzed the data, and wrote
the manuscript. GG, FR, and RK provided conceptual insights

Frontiers in Immunology | www.frontiersin.org

June 2018 | Volume 9 | Article 1211


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive

Prout et al.

Skin Th2 Subsets Require IL-4

and editing of the manuscript and GLG supervised the project.
All authors provided feedback on the manuscript.

ACKNOWLEDGMENTS

The work described in this manuscript has been an ongoing col-
laboration supported by Dr. William E. Paul for over 30 years.
His enthusiasm for exploring and bringing to light the fascinating
biological processes surrounding IL-4, Th2 differentiation, and
type 2 immunity in its many forms for the benefit of humanity is
an inspiration to us all.

REFERENCES

1. Le Gros G, Ben-Sasson SZ, Seder R, Finkelman FD, Paul WE. Generation
of interleukin 4 (IL-4)-producing cells in vivo and in vitro: IL-2 and IL-4 are
required for in vitro generation of IL-4-producing cells. J Exp Med (1990)
172:921-9. doi:10.1084/jem.172.3.921

2. Zhu J, Paul WE. CD4 T cells: fates, functions, and faults. Blood (2008)
112:1557-69. doi:10.1182/blood-2008-05-078154

3. Kopf M, Le Gros G, Bachmann M, Lamers MC, Bluethmann H, Kéhler G.
Disruption of the murine IL-4 gene blocks Th2 cytokine responses. Nature
(1993) 362:245-8. doi:10.1038/362245a0

4. Kim S, Karasuyama H, Lopez AE, Ouyang W, Li X, Le Gros G, et al. IL-4
derived from non-T cells induces basophil- and IL-3-independent Th2
immune responses. Immune Netw (2013) 13:249-56. doi:10.4110/in.2013.13.
6.249

5. Jankovic D, Kullberg MC, Noben-Trauth N, Caspar P, Paul WE, Sher A.
Single cell analysis reveals that IL-4 receptor/Stat6 signaling is not required
for the in vivo or in vitro development of CD4+ lymphocytes with a Th2
cytokine profile. ] Immunol (2000) 164:3047-55. doi:10.4049/jimmunol.164.
6.3047

6. van Panhuys N, Tang S-C, Prout M, Camberis M, Scarlett D, Roberts J, et al. In
vivo studies fail to reveal a role for IL-4 or STAT6 signaling in Th2 lymphocyte
differentiation. Proc Natl Acad Sci U S A (2008) 105:12423-8. d0i:10.1073/
pnas.0806372105

7. van Panhuys N. TCR signal strength alters T-DC activation and interaction
times and directs the outcome of differentiation. Front Immunol (2016) 7:6.
doi:10.3389/fimmu.2016.00006

8. Van Dyken §J, Nussbaum JC, Lee ], Molofsky AB, Liang H-E, Pollack JL,
et al. A tissue checkpoint regulates type 2 immunity. Nat Immunol (2016)
17:1381-7. doi:10.1038/ni.3582

9. Hussain M, Borcard L, Walsh KP, Pena Rodriguez M, Mueller C, Kim BS,
et al. Basophil-derived IL-4 promotes epicutaneous antigen sensitization
concomitant with the development of food allergy. J Allergy Clin Immunol
(2018) 141:223-34.5. d0i:10.1016/j.jaci.2017.02.035

10. Camberis M, Prout M, Tang S-C, Forbes-Blom E, Robinson M, Kyle R, et al.
Evaluating the in vivo Th2 priming potential among common allergens.
J Immunol Methods (2013) 394:62-72. doi:10.1016/j.jim.2013.05.004

11. Connor LM, Tang S-C, Camberis M, Le Gros G, Ronchese FE Helminth-
conditioned dendritic cells prime CD4+ T cells to IL-4 production in vivo.
J Immunol (2014) 193:2709-17. doi:10.4049/jimmunol.1400374

12. Connor LM, Tang S-C, Cognard E, Ochiai S, Hilligan KL, OId SI, et al.
Th2 responses are primed by skin dendritic cells with distinct transcriptional
profiles. ] Exp Med (2017) 214:125-42. doi:10.1084/jem.20160470

13. Harvie M, Camberis M, Tang S-C, Delahunt B, Paul W, Le Gros G. The lung
is an important site for priming CD4 T-cell-mediated protective immunity
against gastrointestinal helminth parasites. Infect Immun (2010) 78:3753-62.
doi:10.1128/TAL.00502-09

14. Hu-LiJ, Pannetier C, Guo L, Lohning M, Gu H, Watson C, et al. Regulation of
expression of IL-4 alleles: analysis using a chimeric GFP/IL-4 gene. Immunity
(2001) 14:1-11. doi:10.1016/S1074-7613(01)00084-X

15. Mohrs M, Shinkai K, Mohrs K, Locksley RM. Analysis of type 2 immunity
in vivo with a bicistronic IL-4 reporter. Immunity (2001) 15:303-11.
doi:10.1016/S1074-7613(01)00186-8

FUNDING

This work was funded by Independent Research Organization
funding from the Health Research Council of New Zealand and
the Marjorie Barclay Trust.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at
https://www.frontiersin.org/articles/10.3389/fimmu.2018.01211/
full#supplementary-material.

16. Mohrs K, Wakil AE, Killeen N, Locksley RM, Mohrs M. A two-step process
for cytokine production revealed by IL-4 dual-reporter mice. Immunity (2005)
23:419-29. doi:10.1016/j.immuni.2005.09.006

17. Roediger B, Kyle R, Yip KH, Sumaria N, Guy TV, Kim BS, et al. Cutaneous
immunosurveillance and regulation of inflammation by group 2 innate lym-
phoid cells. Nat Immunol (2013) 14:564-73. doi:10.1038/ni.2584

18. Guo L, Huang Y, Chen X, Hu-Li J, Urban JE, Paul WE. Innate immunological
function of TH2 cells in vivo. Nat Immunol (2015) 16:1051-9. do0i:10.1038/
ni.3244

19. Hachem CE, Hener P, Kirstetter P, Li J, Chan S, Li M. Treatment of
MCPT8DTR mice with high- or low-dose diphtheria toxin leads to differ-
ential depletion of basophils and granulocyte-macrophage progenitors. Eur
J Immunol (2018) 48:861-873. doi:10.1002/eji.201747351

20. Robinson MJ, Prout M, Mearns H, Kyle R, Camberis M, Forbes-Blom EE, et al.
IL-4 haploinsufficiency specifically impairs IgE responses against allergens in
mice. ] Immunol (2017) 198:1815-22. doi:10.4049/jimmunol.1601434

21. King IL, Mohrs M. IL-4-producing CD4+ T cells in reactive lymph nodes
during helminth infection are T follicular helper cells. J Exp Med (2009)
206:1001-7. doi:10.1084/jem.20090313

22. Reinhardt RL, Liang H-E, Locksley RM. Cytokine-secreting follicular T cells
shape the antibody repertoire. Nat Immunol (2009) 10:385-93. doi:10.1038/
ni.1715

23. Liang H-E, Reinhardt RL, Bando JK, Sullivan BM, Ho I-C, Locksley RM.
Divergent expression patterns of IL-4 and IL-13 define unique functions in
allergic immunity. Nat Immunol (2011) 13:58-66. d0i:10.1038/ni.2182

24. Minutti CM, Drube S, Blair N, Schwartz C, McCrae JC, McKenzie AN, et al.
Epidermal growth factor receptor expression licenses type-2 helper T cells to
functionina T cell receptor-independent fashion. Immunity (2017) 47:710-22.
€6. d0i:10.1016/j.immuni.2017.09.013

25. Ochiai S, Jagot E, Kyle RL, Hyde E, White RF, Prout M, et al. Thymic stromal
lymphopoietin drives the development of IL-13+ Th2 cells. Proc Natl Acad
Sci US A (2018) 115(5):1033-8. d0i:10.1073/pnas.1714348115

26. Ballesteros-Tato A, Randall TD, Lund FE, Spolski R, Leonard WJ, Le6n B.
T follicular helper cell plasticity shapes pathogenic T helper 2 cell-mediated
immunity to inhaled house dust mite. Immunity (2016) 44:259-73.
doi:10.1016/j.immuni.2015.11.017

27. Coquet JM, Schuijs MJ, Smyth MJ, Deswarte K, Beyaert R, Braun H, et al.
Interleukin-21-producing CD4(+) T cells promote type 2 immunity to
house dust mites. Immunity (2015) 43:318-30. doi:10.1016/j.immuni.2015.
07.015

28. Nurieva RI, Chung Y, Hwang D, Yang XO, Kang HS, Ma L, et al. Generation
of T follicular helper cells is mediated by interleukin-21 but independent of
T helper 1, 2, or 17 cell lineages. Immunity (2008) 29:138-49. doi:10.1016/
j.immuni.2008.05.009

29. Nurieva RI, Chung Y, Martinez GJ, Yang XO, Tanaka S, Matskevitch TD, et al.
Bcl6 mediates the development of T follicular helper cells. Science (2009)
325:1001-5. doi:10.1126/science.1176676

30. Choi YS, Eto D, Yang JA, Lao C, Crotty S. Cutting edge: STAT1 is required for
IL-6-mediated Bcl6 induction for early follicular helper cell differentiation.
J Immunol (2013) 190:3049-53. doi:10.4049/jimmunol.1203032

31. Kusam S, Toney LM, Sato H, Dent AL. Inhibition of Th2 differentiation and
GATA-3 expression by BCL-6. ] Immunol (2003) 170:2435-41. doi:10.4049/
jimmunol.170.5.2435

Frontiers in Immunology | www.frontiersin.org

June 2018 | Volume 9 | Article 1211


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1084/jem.172.3.921
https://doi.org/10.1182/blood-2008-05-078154
https://doi.org/10.1038/362245a0
https://doi.org/10.4110/in.2013.13.
6.249
https://doi.org/10.4110/in.2013.13.
6.249
https://doi.org/10.4049/jimmunol.164.
6.3047
https://doi.org/10.4049/jimmunol.164.
6.3047
https://doi.org/10.1073/pnas.0806372105
https://doi.org/10.1073/pnas.0806372105
https://doi.org/10.3389/fimmu.2016.00006
https://doi.org/10.1038/ni.3582
https://doi.org/10.1016/j.jaci.2017.02.035
https://doi.org/10.1016/j.jim.2013.05.004
https://doi.org/10.4049/jimmunol.1400374
https://doi.org/10.1084/jem.20160470
https://doi.org/10.1128/IAI.00502-09
https://doi.org/10.1016/S1074-7613(01)00084-X
https://doi.org/10.1016/S1074-7613(01)00186-8
https://doi.org/10.1016/j.immuni.2005.09.006
https://doi.org/10.1038/ni.2584
https://doi.org/10.1038/ni.3244
https://doi.org/10.1038/ni.3244
https://doi.org/10.1002/eji.201747351
https://doi.org/10.4049/jimmunol.1601434
https://doi.org/10.1084/jem.20090313
https://doi.org/10.1038/ni.1715
https://doi.org/10.1038/ni.1715
https://doi.org/10.1038/ni.2182
https://doi.org/10.1016/j.immuni.2017.09.013
https://doi.org/10.1073/pnas.1714348115
https://doi.org/10.1016/j.immuni.2015.11.017
https://doi.org/10.1016/j.immuni.2015.
07.015
https://doi.org/10.1016/j.immuni.2015.
07.015
https://doi.org/10.1016/
j.immuni.2008.05.009
https://doi.org/10.1016/
j.immuni.2008.05.009
https://doi.org/10.1126/science.1176676
https://doi.org/10.4049/jimmunol.1203032
https://doi.org/10.4049/jimmunol.170.5.2435
https://doi.org/10.4049/jimmunol.170.5.2435
https://www.frontiersin.org/articles/10.3389/fimmu.2018.01211/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2018.01211/full#supplementary-material

Prout et al.

Skin Th2 Subsets Require IL-4

32.

33.

34.

35.

36.

37.

38.

39.

Meli AP, Fontés G, Leung Soo C, King IL. T follicular helper cell-derived IL-4
is required for IgE production during intestinal helminth infection. J Immunol
(2017) 199(1):244-52. doi:10.4049/jimmunol.1700141

King IL, Mohrs K, Meli AP, Downey J, Lanthier P, Tzelepis E et al. Intestinal
helminth infection impacts the systemic distribution and function of the naive
lymphocyte pool. Mucosal Immunol (2017) 10:1160-8. d0i:10.1038/mi.2016.127
van Panhuys N, Klauschen E Germain RN. T-cell-receptor-dependent signal
intensity dominantly controls CD4+ T cell polarization in vivo. Immunity
(2014) 41:63-74. doi:10.1016/j.immuni.2014.06.003

Simpson LJ, Patel S, Bhakta NR, Choy DE Brightbill HD, Ren X, et al.
A microRNA upregulated in asthma airway T cells promotes TH2 cytokine
production. Nat Immunol (2014) 15:1162-70. doi:10.1038/ni.3026

Malmhill C, Alawieh S, Lu Y, Sjostrand M, Bossios A, Eldh M, et al.
MicroRNA-155 is essential for T(H)2-mediated allergen-induced eosinophilic
inflammation in the lung. J Allergy Clin Immunol (2014) 133:1429-38, 1438.
el-7. doi:10.1016/j.jaci.2013.11.008

Fort MM, Cheung J, Yen D, Li ], Zurawski SM, Lo S, et al. IL-25 induces IL-4,
IL-5, and IL-13 and Th2-associated pathologies in vivo. Immunity (2001)
15:985-95. doi:10.1016/S1074-7613(01)00243-6

Schmitz J, Owyang A, Oldham E, Song Y, Murphy E, McClanahan TK, et al.
IL-33, an interleukin-1-like cytokine that signals via the IL-1 receptor-related
protein ST2 and induces T helper type 2-associated cytokines. Immunity
(2005) 23:479-90. doi:10.1016/j.immuni.2005.09.015

Ziegler SE, Roan F, Bell BD, Stoklasek TA, Kitajima M, Han H. The biology
of thymic stromal lymphopoietin (TSLP). Adv Pharmacol (2013) 66:129-55.
doi:10.1016/B978-0-12-404717-4.00004-4

40.

41.

42.

43.

Barlow JL, Bellosi A, Hardman CS, Drynan LE, Wong SH, Cruickshank JP,
etal. Innate IL-13-producing nuocytes arise during allergic lung inflammation
and contribute to airways hyperreactivity. J Allergy Clin Immunol (2012)
129:191-8.e1-4. d0i:10.1016/j.jaci.2011.09.041

Walker JA, McKenzie ANJ. TH2 cell development and function. Nat Rev
Immunol (2017) 18(2):121-33. doi:10.1038/nri.2017.118

Wenzel S, Castro M, Corren ], Maspero ], Wang L, Zhang B, et al. Dupilumab
efficacy and safety in adults with uncontrolled persistent asthma despite use
of medium-to-high-dose inhaled corticosteroids plus a long-acting 2 agonist:
arandomised double-blind placebo-controlled pivotal phase 2b dose-ranging
trial. Lancet (2016) 388:31-44. doi:10.1016/S0140-6736(16)30307-5

Simpson EL, Bieber T, Guttman-Yassky E, Beck LA, Blauvelt A, Cork MJ, et al.
Two phase 3 trials of dupilumab versus placebo in atopic dermatitis. N Engl
] Med (2016) 375:2335-48. doi:10.1056/NEJMoa1610020

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

Copyright © 2018 Prout, Kyle, Ronchese and Le Gros. 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 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 Immunology | www.frontiersin.org

11

June 2018 | Volume 9 | Article 1211


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.4049/jimmunol.1700141
https://doi.org/10.1038/mi.2016.127
https://doi.org/10.1016/j.immuni.2014.06.003
https://doi.org/10.1038/ni.3026
https://doi.org/10.1016/j.jaci.2013.11.008
https://doi.org/10.1016/S1074-7613(01)00243-6
https://doi.org/10.1016/j.immuni.2005.09.015
https://doi.org/10.1016/B978-0-12-404717-4.00004-4
https://doi.org/10.1016/j.jaci.2011.09.041
https://doi.org/10.1038/nri.2017.118
https://doi.org/10.1016/S0140-6736(16)30307-5
https://doi.org/10.1056/NEJMoa1610020
https://creativecommons.org/licenses/by/4.0/

	IL-4 Is a Key Requirement for IL-4- and IL-4/IL-13-Expressing CD4 Th2 Subsets in Lung and Skin
	Introduction
	Materials and Methods
	Mice
	Ear Immunizations
	Nb Infection
	Cell Isolation
	In Vitro Restimulation
	FACS Analysis
	Statistical Analysis and Graphics

	Results
	Priming With HDM Allergen Induces the Development of Th2 Subsets Producing Only IL-4AC in the Lymph Node and Distinct IL-4AC+, IL-4AC+IL-13DR+, 
or IL-13DR+ Expression Profiles 
in the Ear Tissue
	Both Tfh Cells and Th2 Cells Contribute to IL-4 Expression in the Lymph Node 
After HDM Challenge
	IL-4 Plays a Role in the Development of IL-4AC-Expressing Lymph Node Th2 Cells but Not IL-4AC-Expressing Tfh Cells
	IL-4 Is Required for the Development of IL-4AC- and IL-4AC/IL-13DR-Expressing Th2 Subsets, but Not IL-13DR-Expressing CD4+ T Cell Subset, in Ear Tissue
	Reduction in IL-4 Availability Through Il4 Gene Hemizygosity Has a Partial Effect on Development of IL-4AC- and IL-4AC/IL-13DR-Producing T Cell Subsets

	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	Funding
	Supplementary Material
	References


