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Altered T-cell receptor signaling in the pathogenesis

of allergic disease

Shrimati Datta, PhD, and Joshua D. Milner, MD Bethesda, Md

Mounting evidence from animal models has demonstrated that
alterations in T-cell receptor (TCR) signaling alone can lead to
dramatically skewed differentiation of naive T cells into Ty2
cells, to T2 effector functions, and to Ty2-related diseases.
There is significant potential relevance of these observations to
human disease. Specifically, a number of immunodeficiencies
associated with atopic disease might have atopy as a
manifestation because of aberrant TCR signaling. It is therefore
important to attempt to identify a role for defects in TCR
signaling in the pathogenesis of common atopic diseases.

(J Allergy Clin Immunol 2011;127:351-4.)
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“A little learning is a dangerous thing; drink deep, or taste not
the Pierian spring: there shallow draughts intoxicate the brain, and
drinking largely sobers us again.” Alexander Pope made that
statement regarding scholarship, but the truth of the matter is
that same maxim can often be applied in biological systems as
well. In particular, T-cell receptor (TCR) signaling might provide
an instructive example of this, and understanding this example
might go a long way toward understanding the pathophysiology
of atopic disease and, to some extent, immunodeficiency.

Nearly 15 years ago, Bottomly, O’Garra, and others began an
area of work showing that weak signaling through a TCR could
lead an undifferentiated naive CD4™ T cell to acquire a Ty2 phe-
notype independent of the exogenous cytokines present at the
time of priming. Since then, other pieces of evidence have been
added to paint a picture in which a weak TCR signal might be
worse than no signal at all. Most of this work has largely been
done in murine models. It is therefore of significant interest to de-
termine the extent to which the phenomenon of attenuated signals
through the TCR might predispose patients to atopic disease.

Tw2 PHENOTYPES CAUSED BY ALTERED PEPTIDE-
MHC/TCR INTERACTIONS

Peptides that interact strongly with the TCRs of naive CD4
T cells favor Tyl and Tyl17 cell differentiation, whereas low-
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affinity peptide-MHC/TCR interactions favor Ty2 effector
T-cell differentiation.' In addition, increased antigen dose, mim-
icking increased receptor occupancy, has been shown to lead to
IFN-y—producing cells, whereas lower antigen dose elicits
GATA-3 expression and IL-4—producing cells.* The well-
described Ty2 responses to schistosome egg antigen (SEA)
have recently been demonstrated to be in part due to the ability
of the SEA component omega-1 to decrease the capacity for
TCR-dendritic cell interactions by affecting actin polymerization
and thereby weakening cell adherence and synapse formation
without affecting MHC expression. Importantly, the T2 induc-
tion was independent of exogenous IL-4.5¢ Finally, poor antigen
processing of a cognate antigen can lead transgenic T cells spe-
cific for that antigen to cause T2 autoimmune gastritis.’

There is also evidence that within polyclonal populations, TCR
affinity contributes to effector fate as well. It has been suggested
that longer complementarity-determining region (CDR) 3 regions
in the TCR[ chain predispose polyclonal naive T cells to differ-
entiate into Ty2 cells under polarizing conditions because of
bulkier CDR3 loops, which effectively weaken the interactions
of the TCR with other critical binding regions in the MHC class
II—peptide complex.® We have recently demonstrated that within
a polyclonal population, removal of cells with high affinity for a
given antigen allows lower-affinity cells to proliferate, resulting
in the generation of a Ty2 response. In the same system IL-4—
producing antigen-specific clones generated from a polyclonal
population tended to have fewer ideal CDR3 motifs (and hence
less presumed functional avidity) specific for the antigen than
those that made less IL-4.° These studies argue that weak TCR
specificities for a given antigen can lead responding cells to ac-
quire a Ty2 phenotype when higher-affinity cells are absent.
The low receptor occupancy caused by weak TCR affinity for
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peptide-MHC complexes leads to the same responses seen with
weak agonists, low peptide doses, or both.

Whether because of weak peptide agonists, low peptide
concentration, or low affinity of the naive TCR for a given
antigen, the mechanism that leads these primed cells to develop a
Ty2 response is not fully understood. It does appear that the
strength of the TCR signal influences downstream signaling
events, which in turn dictate transcription factor and cytokine
gene transcription.'® Presumably, the association of TCR affinity
with the T2 phenotype is due to both the active induction of Ty2
cytokines, which can occur in the absence of exogenous IL-4, and
the failure to inhibit production of Ty2 cytokines. This effect can
occur both directly within the cell and indirectly by failing to pro-
duce cytokines that might inhibit T2 differentiation. Any early
IL-4 production can then amplify T2 differentiation states in
an autocrine fashion. In altered peptide ligand—stimulated cells,
a lack of { chain—associated protein kinase (Zap) 70, linker of ac-
tivated T cells (LAT), and phospholipase Cyl phosphorylation
and weak calcium mobilization is believed to lead to T2 gener-
ation. Decreased calcium signaling has been shown to lead to in-
creased NFATc/NFATp ratios that induce IL-4 transcription and
subsequently amplify Ty2 effector cell development through
IL-4 receptor—mediated signal transducer and activator of tran-
scription (STAT) 6 activation and GATA-3 expression.l It has
also been observed that low-concentration peptide stimulation
in mice fails to induce phosphorylation of extracellular signal-
regulated kinase (ERK),'" whereas at high peptide concentra-
tions, cells treated with an inhibitor of ERK phosphorylation
have upregulated GATA-3 and IL-4 expression, implying that
ERK activation normally represses GATA-3 transcription with
TCR activation.* In addition to decreased calcium flux and
ERK phosphorylation, Ty2 responses have also been associated
with diminished c-Jun N-terminal kinase and nuclear factor kB
(NE-kB) activation.'? It should be noted that IL-2 is required
for GATA-3 induction, and therefore weak signals might not al-
ways lead to Ty2 induction when, because of the weak TCR sig-
nal, insufficient IL-2 is produced.”

IN VIVO EVIDENCE FOR ATOPIC PHENOTYPES
CAUSED BY ALTERED SIGNALING DOWNSTREAM
FROM THE TCR

In addition to these TCR-transgenic and antigen-specific
models of TCR signaling strength, further support for the
connection between weak TCR signals and T2 responses comes
from TCR-signaling molecular mutants that lead to marked Ty2
phenotypes. Spontaneous mutants and mutants derived from mu-
rine colonies exposed to the mutagen N-ethyl-N-nitrosourea dur-
ing breeding have been generated that are associated with striking
Tw2 phenotypes, including increased IgE levels, atopic dermati-
tis, eosinophilia, and Ty2 cytokine production. In a number
of these strains, T2 skewing appears to be caused by mutations
in TCR-signaling molecules, including ZAP70, LAT, and caspase
recruitment domain-containing membrane-associated guanylate
kinase (Carmal). These mutations do not generally lead to ab-
sence of the protein but rather altered or hypomorphic (decreased
activity) functioning. It would be expected that these mutations
resulting in a partial defect in TCR signaling would lead to de-
creased TCR activity, but actually, cytokine production is aberrant
instead of absent. Interestingly, mutations in these proteins in
which signaling is completely lost do not lead to the same disease
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state, thus suggesting that weak signaling as a result of a partial
loss-of-function allele can be more pathogenic than absent signal-
ing caused by a null allele.'*"”

For example, early activation through the TCR involves Zap70
phosphorylation. Two separate reports identify hypomorphic
point mutations in ZAP70 that lead to increased plasma IgE
concentrations. Interestingly, a single point mutation in the
C-terminal SH2 domain can lead to autoimmune arthritis,
whereas a point mutation in the kinase domain associates with
T-cell deficiency along with increased IgE production, suggesting
that the location and type of mutation determines the resulting
phenotype.'*'®!* The observed phenotypic differences might
be due to differing degrees or forms of Zap70 functional impair-
ment, which permit varying degrees of Ty 1 or T2 activation. It is
not entirely clear whether these differences are simply in the
quantity of signal propagated by Zap70 or whether there are qual-
itative differences in signaling as well, which lead to such dispar-
ate phenotypes. The Ty2 phenotype in the hypomorphic mutation
in ZAP70 might result from TCR stimulation because of defective
activation of inhibitory pathways,'” whereas partially compro-
mised TCR signaling leading to non-Ty2 autoimmune disease
can be due to both compromised negative selection and regulatory
T (Treg) cell differentiation. In contrast to these hypomorphic
mutants, ZAP70 null mutants have normal levels of IgE but are
characterized by severe immunodeficiency. This fine line between
lack of function, hypomorphic function leading to Ty2 disease,
hypomorphic disease leading to other types of immunodysregula-
tion, and a balanced T-cell response shows that signals need to be
in just the right range to lead to T2 pathology. It also speaks to
the complexity of effector and regulatory networks and how mu-
tations can affect both types with complex results.

LAT is phosphorylated by ZAP70, which initiates the recruit-
ment of signaling molecules for T-cell activation. A single amino
acid substitution in LAT (Y 136F) diminishes the docking and ac-
tivation of phospholipase Cvy but preserves the docking of other
signaling molecules. As a result, calcium signaling is decreased,
but ERK signaling is maintained. The compromised TCR signal-
ing leads to uncontrolled CD4 T-cell proliferation, resulting in in-
creased frequency of Ty2 effectors, tissue eosinophilia, and
increased serum IgE levels. The increased CD4 T-cell prolifera-
tion triggers B-cell activation, resulting in hypergammaglobulin-
emia IgG1 and IgE. Negative regulatory signals are defective in
the Y136F LAT mutation, leading to a loss of proper control of
TCR signaling and an increase in the Ty2 phenotype. Mutation
of LAT only in cells that have left the thymus can lead to potent
Ty2 effector cells as well, indicating the phenotype is not depen-
dent on thymic maturation defects.”® The single amino acid sub-
stitution in LAT leads to autoimmunity as well, presumably
because of a stronger affinity for self and impaired negative selec-
tion, and these mice have decreased Treg cell numbers.?’2? The
LAT mutant mice highlight the importance of determining
whether some defects in TCR signaling that permit a T2 pheno-
type are due to poor Treg cell function because proper TCR acti-
vation is important for Treg cell function.”> Additionally,
forkhead box protein 3 (FOXP3)—deficient mice and human sub-
jects with immunodysregulation, polyendocrinopathy, enteropa-
thy, X-linked syndrome have a strong Ty2 predilection among
effector cells (in addition to aberrant production of other helper
cytokines), as well as prominent T2 pathology, suggesting a crit-
ical role for FOXP3 (and presumably Treg cells) in the suppres-
sion of T2 disease.?*
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Further downstream of LAT activation is the complex contain-
ing a member of the membrane-associated guanylate kinase
family of proteins, Carmal, that leads to NF-kB activation.
A hypomorphic mutation in Carmal alters a conserved leucine in
the coiled-coil domain, leading to high serum levels of IgE and
dermatitis on the ear and neck.'” Carmal plays a role in mediating
the effects of CD28, including upregulation of IL-2 receptors and
promotion of cell division. Proximal TCR signaling is not af-
fected because comparable total tyrosine phosphorylation and
calcium fluxes are observed. Interestingly, both Carmal null
and point mutants have defective c-Jun N-terminal kinase and
NF-kB signaling; however, only the point mutation leads to in-
creased serum IgE levels and atopic dermatitis, presumably be-
cause of the residual function that permits activation of Ty2
cytokines.'*!?

As mentioned above, weak affinity of the TCR repertoire for a
given antigen can also lead to Ty2 phenotypes. Marked altera-
tions of in vivo TCR repertoires might therefore be expected in
some cases to lead to a T2 phenotype, despite otherwise normal
TCR-signaling genes, and indeed, there are a number of examples
of this phenomenon. One of the best examples of this is Omenn
syndrome (OS). OS is a form of severe combined immunodefi-
ciency (SCID) that is characterized by oligoclonal T-cell expan-
sion with marked skewing of the TCR repertoire, multiorgan
histiocytosis, increased IgE levels, eosinophilia, and exfoliative
dermatitis. It can be caused by hypomorphic mutations in genes
that can also cause SCID, but for reasons that are not clear, it
has the additional phenotype of this oligoclonal T-cell expansion
and Ty2 pathology. The reasons for the breakdown in tolerance in
OS might include lack of thymic autoimmune regulator gene
(AIRE) expression®> and decreased FOXP3™ Treg cells, as sug-
gested by recent murine models of OS.?

It should be noted that even with normal thymic development
and normal Treg cell formation, a limited repertoire of CD4
T cells from wild-type mice can lead to a severe multiorgan
lymphopenia-induced Ty2 inflammatory disease.?” One explana-
tion for this finding is that the lymphopenic state might allow for
TCRs with relatively low affinity to interact and respond to anti-
gens that, in more lymphoreplete settings, might never occur be-
cause of competition.” Additionally, the lack of a diverse TCR
repertoire among the FOXP3™ Treg cells appears responsible
for the T2 disease because transfer of FOXP3™ Treg cells with
more diverse TCR repertoires can prevent the disease, whereas
equal numbers of Treg cells derived from a more narrow reper-
toire does not.”’

CLINICAL EVIDENCE FOR ALTERED TCR
SIGNALING IN PATIENTS WITH ATOPIC DISEASE
Despite evidence from hypomorphic mutations of TCR-
signaling molecules in mice characteristic of Ty2 phenotypes,
to date, less observed evidence exists for such a pathogenic path-
way in human subjects. Most human subjects with ZAP70 muta-
tions have an SCID-like phenotype. However, there is a
description of a hypomorphic mutation of ZAP70 associated
with increased IgE levels, lower numbers of CD8 and CD4
T cells, and poorly functional T cells in 1 patient. Despite quan-
titatively compromised TCR signaling, there are no signs of auto-
immunity, as observed in the C-terminal SH2 domain ZAP70
mutant mouse. This patient’s phenotype is similar to that of the
kinase domain ZAP70 murine mutant.'*'® Another patient with

DATTA AND MILNER 353

a ZAP70 mutation but with some residual protein expression
has been reported to have a phenotype similar to that of OS,
with markedly increased IgE levels, histiocytosis, and T-cell lym-
phocytosis. It is not known whether the phenotype observed was
similar to OS pathology in that the limited TCR repertoire leads to
disease or whether this T2 phenotype was due to impaired Zap70
signaling mimicking the murine models of ZAP70 hypomorphic
mutations.?® It should be noted that in contrast to the oligoclonal
expansions seen in patients with OS, the Zap70 mutant mice were
actually lymphopenic, perhaps suggesting a separate pathology.

A number of other immunodeficiencies exist that are often
associated with atopic phenotypes. Wiskott-Aldrich syndrome
and dedicator of cytokinesis 8 deficiency are associated with
increased IgE levels, severe atopic dermatitis, and other allergic
disease.” Both diseases are caused by mutations in proteins
that participate in actin cytoskeletal rearrangement and immune
synapse formation and as such might be anticipated to be involved
in TCR signaling.?**? The association of alterations of cytoskel-
etal rearrangement in these diseases with a T2 response might
well be similar to the effects of omega-1 described earlier. The
only direct study of weakened TCR signaling and Ty2 phenotype
in either disease can be found in the mouse deficient in Wiskott-
Aldrich syndrome protein, which actually showed a defect in T2
responses; however, significant differences in Ty2 phenotypes
between mice and human subjects preclude drawing definitive
conclusions on this issue.

In addition to OS and immunodysregulation, polyendocrinop-
athy, enteropathy, X-linked syndrome, both of which are de-
scribed above, another example of an immunodeficiency
associated with Ty2 pathology is the autosomal dominant
hyper-IgE syndrome, which is caused by STAT3 mutations. Pa-
tients have eczema and markedly increased IgE levels, as well
as fungal and staphylococcal infections and other nonimmuno-
logic phenotypes; however, STAT3 is largely a cytokine-
signaling molecule, and few reports link it directly to TCR
signaling.*

CONCLUSION

In exploring these concepts, a question worth asking is the
following: Why does the immune system have this strange
capacity to produce Ty2 cytokines with weak signals and have
other cytokines depend on stronger signals? One potential hy-
pothesis could be that some pathogens try to evade clearance by
weakening TCR signals, and therefore this alternate cytokine pro-
gram evolved, one that had less tissue destruction capacity than,
for example, IL-17 or IFN-+v but that could eradicate some path-
ogens. The SEA omega-1 example illustrates this concept well.” It
might also be posited that the overwhelming antigen load pre-
sented by large parasites led to the need to have decreased TCR
signal strength when encountering parasites to avoid overwhelm-
ing the immune system. T2 immunity might have evolved as a
result of this adaptation: weak TCR signaling gives rise to T2 re-
sponses and IgE production, which is an effective antibody re-
sponse to eradicate parasites that are too large to be phagocytosed.

Another possibility is that the observation that weakened TCR
signaling leads to Ty2 pathology is not an evolved mechanism
that confers an advantage in some cases. Rather, it is also possi-
ble that primed naive T cells have complicated counterregulatory
networks that are integrated to decide Ty fate. These networks
lead to a system in which naive cells have the capacity to easily
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produce many different types of cytokines, all of which are nor-
mally well suppressed but also relatively easy to induce with the
right external signals, including signal strength. Rare disruptions
of these networks, in this case of T2 cells because of weakened
signal strength, can therefore lead to aberrant absence of
suppression.

Regardless of the evolutionary explanation, naive CD4 T cells
have cell-intrinsic capacities to become Ty2 cells and be predis-
posed to causing atopic pathology. One type of mechanism in-
cludes low peptide-TCR affinity because of poor antigen
presentation, weak TCR—dendritic cell interactions, and skewed
TCR repertoires that leave only lower-affinity clones specific
for given antigens. The second type is poor TCR signaling due
to mutations in TCR-signaling molecules. These phenomena
have yet to be convincingly demonstrated in human disease but
merit exploration in both known immunodeficiencies associated
with atopic disease, as well as more common severe atopic dis-
ease, in the absence of other significant immunopathologies. De-
vising strategies to measure antigen- or allergen-specific TCR
affinity and to screen for hypomorphic TCR-signaling mutations
will be necessary to explore this question.
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