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Abstract

In allergic asthma, aeroallergen exposure of sensitized individuals
mobilizes robust innate and adaptive airway immune responses,
stimulating eosinophilic airway inflammation and the activation and
infiltration of allergen-specific CD4" T cells into the airways. Allergen-
specific CD4" T cells are thought to be central players in the asthmatic
response as they specifically recognize the allergen and initiate and
orchestrate the asthmatic inflammatory response. In this article, we

briefly review the role of allergen-specific CD4 " T cells in the
pathogenesis of human allergic airway inflammation in allergic
individuals, discuss the use of allergen-major histocompatibility complex
class I tetramers to characterize allergen-specific CD4 " T cells, and
highlight current gaps in knowledge and directions for future research
pertaining to the role of allergen-specific CD4 " T cells in human asthma.
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CD4™" T Cells in Subjects with
and without Allergic Asthma

Over the last several decades, the rising
prevalence of allergic diseases and asthma
in the developed world has encouraged
research into the underlying environmental
and immunologic mechanisms responsible
for this common disease. Since the
important dichotomy between CD4 ™ helper
T-cell type 1 (Thl) and Th2 immune
responses was first elucidated (1),
investigators have established that Th2
cells play a critical role in allergic asthma
(2, 3). An atopic milieu and respiratory
infections early in life may predispose
certain individuals to develop asthma later
in life. Prescott and colleagues found that
allergen-specific Th2 immune responses
combined with defective Thl immune
responses during early childhood may
contribute to the persistence of atopy

(4). More recent research suggests that
impaired type I interferon responses to
upper respiratory viruses may lead to

increased production of innate type 2
cytokines, such as thymic stromal
lymphopoietin (TSLP), IL-25, and

IL-33, which can promote allergic airway
inflammation (5). The role of other helper
T subsets in asthma has also been
elucidated: aberrant Th17 or Th2/Th17
immune responses, which promote IL-17A
production and airway neutrophilia (6);
Th9 immune responses, which promote
IL-9 production, facilitating mast cell
proliferation and activation as well as
airway remodeling (7); and impaired
regulatory responses due to inadequate
production of immunoregulatory cytokines
(e.g., transforming growth factor-B and
IL-10), inadequate contact-dependent
immune regulation (e.g., through cytotoxic
T-lymphocyte antigen-4), or conversion

of regulatory T cells (Tregs) to Th2 effector
cells (8) may exacerbate the development
and persistence of type 2 inflammation.
The role of these various T-cell subsets
and their interactions with structural,
innate, and regulatory cells are summarized
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in Figure 1 and have been reviewed by
Lambrecht and Hammad (9).

Studies in humans have demonstrated
that levels of Th2 cytokines, including
IL-4, IL-5, and IL-13, are elevated in
the airways of subjects with asthma at
baseline and after allergen challenge (10).
Increased expression of Th2 transcription
factors STAT6 (signal transducer and
activator of transcription-6) and GATA3
(GATA-binding protein-3) is detected in
bronchial biopsies of patients with asthma
(11, 12). Allergen challenge of human
subjects with allergic asthma induces
airway inflammation characterized by
enhanced eosinophil activity (13), mast
cell activation (14), and leukotriene
release (15). Elevation of Th2-associated
cytokines also correlates with disease
activity and bronchial hyperresponsiveness
(16). Subjects with allergic asthma typically
exhibit enhanced Th2 immune responses
compared with healthy control subjects
(3, 17-20), allergic subjects without asthma
(17, 18, 20), or subjects with nonallergic
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Figure 1. Allergen-specific CD4" T-cell subsets and their interactions with structural, innate, and regulatory cells in the asthmatic airway. In response
to epithelial barrier injury, airway epithelial cells release innate type 2 cytokines, including thymic stromal lymphopoietin (TSLP), IL-33, and/or IL-25,
which promotes allergic airway inflammation by acting on helper T type 2 (Th2) cells, type 2 innate lymphoid cells (ILC2s), and antigen-presenting cells
(APCs), including dendritic cells (DCs) and macrophages. Activated mast cells release numerous mediators, including prostaglandin D, (PGD,), which
promotes airway hyperresponsiveness (AHR) and facilitates the migration and activation of Th2 cells, ILC2s, and other cells. Allergen that breaches
the damaged epithelium can be processed and presented by APCs to prime allergen-specific CD4™ T cells. Depending on the cytokine milieu,
allergen-specific CD4™ T cells may become Th2-polarized or may proceed down other differentiation pathways: Th1, Th17, Th9, or regulatory T cell (Treg).
Allergen-specific CD4™ T cells can be identified with peptide-MHC class Il tetramers, which consist of four MHC class || molecules associated with
an antigenic peptide bound to streptavidin linked to phycoerythrin (PE). Activated allergen-specific CD4™ T cells produce IL-2, which acts as a growth
factor for T cells and ILC2s. Th2 cells specifically produce IL-4, which promotes the generation of more Th2 cells in a positive feedback loop and class
switching in B cells to produce allergen-specific IgE, IL-5, which stimulates eosinophil activation and survival, and IL-13, which promotes AHR, goblet cell
metaplasia, mucus production, and may also up-regulate epithelial IL-33 and IL-33 receptor (IL-33R) on other cells. Th1 cells produce IFN-vy, which
can counteract Th2-cell differentiation. Th17 cells produce IL-17A, which promotes the production of cytokines and chemokines that recruit neutrophils to

the airway and may also promote AHR by enhancing smooth muscle cell contractility. Th9 cells produce IL-9, which facilitates mast cell proliferation
and activation, facilitates ILC2 survival, and may also promote mucus production and airway remodeling. Tregs produce IL-10, which can dampen
inflamsmation, and transforming growth factor (TGF)-B, which can suppress inflammation and, along with ILC2-derived amphiregulin, may promote airway
remodeling. Impaired regulatory responses may exacerbate the development and persistence of type 2 inflammation. Thick blue arrows indicate the
production of a cytokine or mediator by a particular cell; thin dotted black lines indicate the activity of a cytokine or mediator on a particular cell.

asthma (2, 18, 19). However, some studies
have identified increased Th2 immune
responses in all subjects with asthma
regardless of atopic status (21-23). This
divergence in findings is not contradictory;
it merely highlights the complexity of
asthma due to the existence of various
asthma phenotypes/endotypes (24), and
the limitation of assessing immune
responses in human asthma because of
the heterogeneity in subjects, study end
points, and time points.

The pathophysiologic and
immunologic mechanisms that distinguish
subjects with allergic asthma from
allergic subjects without asthma remain
incompletely elucidated. Airway
hyperresponsiveness (AHR) represents
a key difference between subjects with
allergic asthma and allergic subjects without

S26

asthma (25), and serves as an objective
criterion for defining asthma. Patients with
allergic rhinitis have a greater than twofold
risk of developing AHR (26); indeed, there
may be a “continuum” of AHR whereby
nonatopic subjects have no AHR, those
with allergic rhinitis have minimal or only
nasal reactivity, and subjects with asthma
have marked AHR (27), and this AHR
continuum may correlate with levels of
airway inflammation (i.e., those with
allergic rhinitis have minimal or
intermediate airway inflammation; those
with asthma have more marked airway
inflammation) (28). This suggests that Th2
immune responses may play an important
role in mediating an “atopic march” to
asthma. Because AHR is a defining feature
of asthma, the airway epithelium and its
interaction with innate and adaptive

immune cells and airway structural cells
have become an important focus of
research. Impaired airway epithelial
barrier function or damage to the airway
epithelium may lead to the release of
innate type 2 cytokines, including

TSLP, IL-25, and IL-33, which in turn
enhances IL-4, IL-5, and IL-13 production
from CD4" T cells and ILCs, promotes
the activation and survival of B cells,
eosinophils, mast cells, ILCs, and basophils,
and increases goblet cell hyperplasia,
mucus hypersecretion, and airway smooth
muscle cell reactivity (29). Thus, in
allergic asthma, epithelial and innate
immune responses potentiate activation
of the adaptive immune system, which is
likely propagated in an allergen-specific
manner by CD4" T cells, and these
responses eventually result in persistent
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structural changes due to airway
remodeling and variable airflow
obstruction.

Understanding the differences in
CD4" T-cell immune responses between
subjects with allergic asthma and allergic
subjects without asthma, and how they
interact with the airway epithelium and
innate immune cells, may shed light on the
fundamental immunologic factors that
underlie asthma.

Several studies comparing subjects
with allergic asthma and allergic subjects
without asthma have revealed key
differences in type 2 immune responses
(17, 18, 30, 31). Studies have revealed that
both subjects with allergic asthma and
allergic subjects without asthma exhibited
enhanced allergen-specific CD4" T-cell
activation and IL-4 production from
stimulated peripheral blood mononuclear
cells (PBMCs) compared with healthy
control subjects (17, 30). However, subjects
with allergic asthma generated more IL-5
from stimulated PBMCs or bronchoalveolar
lavage (BAL) than either allergic subjects
without asthma or healthy control
subjects (17, 31). Tang and colleagues
also found that IL-5 production by CD4*
T cells could be enhanced by alveolar
macrophages from subjects with allergic
asthma but not by those from allergic
subjects without asthma (32, 33). In
another study, healthy individuals with
detectable levels of allergen-specific IgG
had more circulating IL-10-secreting CD4 *
T cells (compared with IL-4"CD4™ or
IFN-y*CD4" T cells), whereas allergic
individuals had more IL-4-secreting CD4 "
T cells (34). These studies highlight
differences in CD4" T-cell immune
responses between those with allergic
asthma, allergic subjects without asthma,
and healthy control subjects.

Studies have diverged regarding
findings related to Tregs. Some have found
that there were similar numbers of
circulating Tregs in subjects with asthma
(whether in exacerbation or not) compared
with healthy control subjects (35), and in
atopic individuals compared with
nonatopic individuals (36). One study
found that allergen-specific Tregs were
detectable and functionally active in the
peripheral blood of both nonatopic control
subjects and subjects with asthma (37);
however, other studies have found that
the total number of airway Tregs was lower
in subjects with asthma (38), and the

suppressive function of Tregs (39)

and IL-10 production (40) may also

be decreased in subjects with asthma
compared with healthy control subjects.
These divergent findings highlight the fact
that there are still unresolved questions
regarding blood and BAL Treg frequency
and function in allergic asthma that
require further investigation to clarify

(1) how regulatory mechanisms may
attenuate Th2-associated allergic airway
inflammation, and (2) whether such
regulatory mechanisms occur in an
allergen-specific manner.

Allergen-Major
Histocompatibility Complex
Class Il Tetramers Identify
Allergen-Specific CD4* T Cells

Before the availability of allergen-major
histocompatibility complex (MHC) class II
tetramers, the identification of allergen-
specific T cells relied on their ex vivo
response to allergen stimulation, such as
T-cell proliferation and cytokine
expression, or induction of activation
markers, such as CD25 or CD40 ligand
(CDA40L). Because of the scarcity of
allergen-specific CD4 " T cells in peripheral
blood or BAL, ex vivo stimulation was
required to induce clonal expansion to
facilitate the detection of these CD4 "

T cells. However, this approach does not
provide precise quantitation of the actual
number of allergen-specific CD4™ T cells in
blood or tissue, nor does it allow for the
phenotypic and functional characterization
of allergen-specific CD4" T cells without
ex vivo stimulation. Bonvalet and colleagues
found that there was no consistent
combination of activation markers (e.g.,
CD25, CD30, CD39, CD69, CD137,
CD154, GITR [glucocorticoid-induced
tumor necrosis factor receptor], HLA-DR
[human leukocyte antigen-DR], and ICOS
[inducible costimulator]) that could be
used to identify the same populations of
allergen-specific CD4" T cells as those
identified using tetramers, suggesting that
bystander (non-allergen-specific) T cells
may be activated after allergen stimulation
and that some tetramer-positive allergen-
specific T cells may not be activated and
may be anergic (41). This finding highlights
the fact that the general insights provided
by any surrogate activation marker
approach may lack the precise
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characterization afforded by tetramer
staining of allergen-specific CD4" T cells.

The availability of allergen-specific
tetramer staining has the potential to greatly
enhance our understanding of allergen-
specific CD4™ T-cell immune responses
within the blood and airways of asthmatics,
providing a unique opportunity to
investigate the in vivo frequency and
phenotype of allergen-specific CD4 " T cells
at baseline and after allergen exposure
while avoiding the possible confounding
factors associated with ex vivo stimulation.
Allergen-MHC class II tetramers are
composed of complexes of four MHC
class II molecules associated with a
specific peptide and bound to a
fluorochrome (42). This is more
challenging than the design of MHC
class I tetramers because the affinity
between CD4" T cells and MHC class II
is lower than that between CD8™" T cells
and MHC class I. One key benefit (and
limitation) of allergen-MHC class II
tetramers is that each tetramer is specific
to only one peptide of an allergen;
furthermore, epitopes recognized by these
tetramers are HLA-restricted, which means
that HLA typing of human subjects is a
necessary component of research that uses
this tool. Evaluation of allergen-specific
CD4" T cells can be streamlined by (1)
identifying the most common allergens
that have an impact on allergic asthma,
including cat allergen, house dust mite
allergen, and cockroach allergen (43-47),
and (2) designing and using tetramers
that incorporate the most common
HLA types.

Studies have identified the major cat
(Fel d 1) T-cell epitopes and have also
compared cat-allergic subjects and healthy
control subjects in terms of their T-cell
responses to Fel d 1 protein and peptides
(48-50). Cat allergen—derived peptides
that do not cross-link IgE are able to
stimulate T-cell proliferation and IL-5
production, which highlights the
importance of MHC class II-restricted
Th2 immune responses in allergen-specific
late asthmatic reactions in sensitized
subjects with asthma (51). Fel d 1-specific
HLA class II tetramers have also been
used to investigate cat allergen-specific
T-cell function (52-54). Using Fel d 1
class II DRB1*0101 tetramers, one group
found that circulating Fel d 1-specific
DRB1*0101-restricted CD4 " T cells from
patients with atopic dermatitis maintain a
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central memory phenotype, expressing
high levels of CCR7, CD62L, CD27, and
CD28, suggesting that this pool of cells may
contribute to persistent atopic disease (55).
Another study investigated DR1-restricted
Fel d 1-specific T cells in a DR1 transgenic
mouse allergic asthma model and found
that peptide immunotherapy led to an
increase in IL-10" T cells and reduced

the recruitment, proliferation, and effector
function of allergen-specific Th2 cells

(52). This highlights the potential
usefulness of immunomodulatory peptide
immunotherapy for the treatment of
allergic asthma and of monitoring allergen-
specific CD4" T cells longitudinally as a
readout of disease activity and control.
Although a similarly detailed
characterization of T cells has not been
performed in humans yet, treatment of
subjects with allergic asthma with low
doses of peptides containing T-cell
epitopes from Fel d 1 did reduce allergic
sensitization and improve surrogate
markers of disease (56). A more recent
study found that more than 90% of

Fel d 1-specific CD4" T cells in cat-allergic
subjects were CD45RO ™", CD28™, CD62L™,
and CCR4"; CRTH2"'~ and CCR7"'";
and mostly CXCR3™ and CCR6™ (as
opposed to influenza-specific CD4" T
cells, which were CXCR3", CCR4", and
CRTH?2"), indicating that Fel d 1-specific
T cells exhibit a distinct Th2 memory
phenotype compared with other lung
antigen-specific T cells (such as virus-
specific T cells) (53). These studies suggest
that cat allergen—specific CD4" T cells
can be identified in subjects with allergic
diseases, produce mediators that promote
allergic inflammation, and may exhibit a
distinct Th2 memory phenotype; however,
further studies are needed to investigate this
in human asthma.

Research has identified major dust mite
(Der p 1) epitopes, and investigated T-cell
immune responses in dust mite-associated
allergy (17, 57-60). DCs from dust
mite-sensitive patients exposed to Der p 1
generated enhanced Th2 immune responses
compared with those from healthy subjects
(59). Th2 cytokines were increased in
PBMCs derived from subjects with allergic
asthma (including children) (58) and
BAL (17) after stimulation with dust mite
allergen when compared with nonatopic
control subjects. Dust mite-specific Th2
cells are increased in the skin and blood
of patients with atopic dermatitis (57) and
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dermatitis can be exacerbated by bacterial
superantigen in an MHC class II-restricted,
IL-4"CD4" T cell-dependent manner
(61). Wambre and colleagues found that
peripheral seasonal allergen-specific CD4 ™"
T cells (e.g., Bet v 1/birch-specific) exhibited
a higher avidity than perennial allergen-
specific CD4™ T cells (e.g., Der p 1/dust-
mite specific); the former exhibited a mix
of effector (CD62L"CCR7") and central
memory (CD62L*CCR7™) phenotypes,
whereas the latter were mostly central
memory (62). In nonallergic subjects, both
birch- and dust-specific T cells produced
IFN-vy and IL-10, whereas in allergic
subjects, birch-specific immune responses
were mainly Th2, while dust-specific
responses varied (Thl, Th2/Thl, or
Th2/Th17) (62). These studies suggest that
dust mite-specific CD4" T cells can be
identified and phenotyped in subjects

with allergic diseases and exhibit a distinct
memory phenotype. However, unlike cat
allergen—specific CD4™" T cells, which
exhibited more of a Th2 memory
phenotype (53), dust mite-specific

CD4" T cells exhibited a more
heterogeneous memory phenotype,

which could have important implications
for the impact of these T cells on

different phenotypes of asthma (e.g.,
eosinophilic asthma in the case of more
Th2-predominant T-cell responses or
neutrophilic asthma in the case of Th17).
HLA class II tetramers have emerged as an
important tool for quantitative analysis of
allergen-specific T-cell immune responses
in allergy associated with exposure to
animals (cat, cow, horse), dust mites, trees
(alder, birch), grasses (blue, rye, timothy),
and weeds (mugwort), but further research
is needed to investigate the use of tetramers
to quantitatively assess the function and
phenotype of allergen-specific T cells

in asthma.

Knowledge Gaps and
Directions for Future Research

Allergen-specific CD4" T cells play an
important role in the pathogenesis of
allergic airway inflammation. However,
there are gaps in our current knowledge
of allergen-specific CD4" T cells in how
they interface with the airway epithelium
and other structural cells, mast cells,
ILCs, and B cells to coordinate airway
inflammation and AHR.

While studies have investigated
allergen-specific CD4™ T cells in the
peripheral blood of atopic subjects, to our
knowledge, allergen-specific CD4" T cells
in the airway of human subjects with
asthma have not been characterized using
allergen-MHC class II tetramers. The
combination of tetramer, activation
marker (e.g., CD25, CD154), and memory
marker (CD45RA, CD62L, CCR7, CD27)
staining by flow cytometry will help reveal
whether there are phenotypic differences
that differentiate subjects with allergic
asthma from allergic subjects without
asthma. Similarly, flow cytometry to
determine the expression of IL-25R,
IL-33R, CRTH2 (PGD, receptor), TSLP-R,
and other Th2 markers could provide
insight into how allergen-specific T cells
interface with innate cells, including
mast cells and airway epithelial cells.
Studies by Wambre and colleagues
identified CRTH2"CD27" allergen-specific
CD4" T cells as a “proallergic” T-cell
phenotype found in allergic subjects but
not in healthy control subjects in alder and
timothy grass allergy; these cells decreased
after specific immunotherapy (63, 64).
Thus, allergen-specific CD4" T cells
might be a key target for specific
immunotherapy, and their frequency and
phenotype could be tracked longitudinally
as possible biomarkers of disease activity
and resolution. There is also emerging
interest in the use of immunomodulators
(e.g., Toll-like receptor agonists) and
biologics (e.g., dupilumab [anti-IL-4Ra]
and omalizumab [anti-IgE]) to inhibit
allergic inflammation and how these
might alter the frequency and phenotype
of allergen-specific CD4" T cells (e.g.,
rendering them less sensitive to innate
type 2 cytokines, dampening their
activation, or modifying their effector
function from Th2-polarized to Thl or
T regulatory).

There are few studies looking at
Tregs within the lung in human asthma
(38); they have been better characterized
in at least one study in the nasal epithelium
(65), which contains local Tregs that
increase in frequency after specific
immunotherapy and correlate with
suppression of seasonal allergen-associated
symptoms. Whether lung Tregs play a
similar role as nasal mucosal Tregs in
allergen-specific tolerance remains to be
elucidated.
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Finally, the involvement of allergen-
specific T cells in response to non-allergen-
specific stimuli, including viruses, cold air,
and irritants (e.g., diesel exhaust particles
and cigarette smoke), remains unclear.
Viruses and other noxious stimuli may
result in defects in the airway epithelial
barrier, which may lead to the release of
innate mediators, including IL-25, IL-33,
and TSLP, all of which can promote
allergic airway inflammation. However,

in humans.

the relative contribution of T cells,

ILC2s, and other ILC subsets in response
to these nonspecific stimuli and innate
mediators and how these cells interact
with the airway epithelium during asthma
exacerbations remain unknown and
warrant more detailed characterization

in terms of their frequency and function

To achieve a greater mechanistic
understanding of allergic airway

inflammation in asthma and to develop
novel and more effective preventative
and therapeutic strategies, allergen-MHC
class II tetramers can be used to more
extensively characterize allergen-specific
CD4" T cells and how they interact with
innate, regulatory, and structural cells of
the airway.

Author disclosures are available with the text
of this article at www.atsjournals.org.
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