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Abstract

House dust mites provide well-characterized proteins to study
human responses to inhaled antigens. Even in the absence of
allergy they induce a high frequency of T cell precursors. The
healthy response manifests by T cell proliferation and Th1 cytokines
with little antibody. Responses of allergic people include Thl and
Th2 cytokines and IgH, Tg(G1, and [g(G4 antibodies. Regulatory cells
limit effector responses in healthy people. About half the TgE and
IgG antibedies bind the group 1 and 2 allergens and 30% bind the
group 4, 5, and 7 allergens. Although HIL A independent, the recog-
nition of the group 1 allergen shows an immunodominant region and
a T cell receptor bias. The major allergens are not produced in
higher amounts than many of the poorly non-allergenic proteins.
The non-allergenic mite ferritin antigen shows high T cell prolifer-
ative responses with mixed cytokine production.
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House Dust Mite Allergens

A major requirement for the mucosal
immune system is to make harmless responses
to imnocuous inhaled antigens. House dust
mites (HDM) are traditionally studied for their
allergenicity, but they are also a well-charac-
terized source of antigens that can be investi-
gated for insights into the immunoregulatory
processes. Dermatophagoides pteronyssinus 1s
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the most widespread species while D. farinae
predominates in regions with low relative
humidity. Mixed populations occur, for exam-
ple, in some regions of the US {/,2) and Japan
{3). The allergens of the different species typ-
ically have 80-85% sequence identity and
show antibody cross-reactivity (4). In general,
most important sources of allergens have one
or two specificities that dominate the response.
Birch pollen allergy is the best example with
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80% of the IgE antibody in 90% of subjects
binding Bet v 1 with titers of about 50 ng/ml..
Major allergens from other sources bind about
50% of the IgE antibody with titers of about 50
ng/mL except for those to the cat allergen Fel
d 1, which are often low (5). Groups 1 and 2
are the major HDM allergens. Combined they
typically bind about 50 ng/ml of IgE (6,7)
constituting about 50% of IgE binding to all
the HDM allergens regardless of whether the
total titers are high or low (7).

The group 1 allergens are cysteine pro-
teases (§8) found in the gut and dung balls (9).
Mice injected with enzymatically active Der p
1 produce more IgE antibody than mice
imjected with inactivated Der p 1 providing evi-
dence for a Th2 promoting effect of the pro-
tease activity (/0,{1). The mechanism might be
related to its ability to cleave a number of
immunologically related (/2) and protease-
activated receptors (/3). In vitro studies have
shown that Der p 1 can increase the perme-
ability of intercellular junctions (/4), activate
antigen-presenting cells (75), and induce the
release of dendritic-cell-attracting chemokines
from respiratory epithelium (76). The role of
the protease activity, however, 1s not resolved.
Most allergens are not proteases, and the
mouse experiments were reliant on alum adju-
vant to induce the Th2 responses. Indeed for
dogs the most important HDM allergen is a
chitinase (/7-79). The group 2 allergens are
proteins of the ML, domain family, related to
the Toll-like receptor 4 (TLR-4) co-receptor
MD2. (20-22). Tt is possible that they could
have a weak interaction with TLR4 and thus
impart an adjuvant effect but there are signifi-
cant differences in the structures (23).

Antibody Responses

There are now 22 denominated HDM aller-
gens or IgE binding proteins. Some could
drive the sensitization while others could be
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bystander responses. Apart from the high IgE
binding of Der p 1 and 2, Hales et al. have
shown that three allergens, Der p 4, 5, and 7,
each have about 10% of the anti-HDM titer
and that the relative proportions of antibodies
to these specificities were remarkable constant
across a wide range of anti-HDM titers. Their
average IgE binding of 10-15 ng/mL. is higher
than the responses of many people to major
allergens of mites and other sources. Collec-
tively, it would appear that the Derp 1, 2,4, 5,
and 7 allergens elicit 80% of the response. The
IgE binding to the other allergens is low even
when the prevalence is high. This has been
directly demonstrated for the group 3, 8, 10,
and 20 allergens (7} and, because the group 6
and 9 allergens bind even less IgE than Der p
3 (24,25), they are low. Only occasional
people have IgE to the group 13 fatty-acid-
binding-protein allergens (26) and IgE binding
to the group 10 tropomyosin allergen has been
shown to be low in Australia (7), Europe (27),
USA (28), and Singapore (29). High reactiv-
ity has been found in Japan (30) and Africa
{27); the geographical inconsistency suggests
a cross reactivity, which is plausible because
tropomyosin has a very highly conserved
amino acid sequence with 70% and 80% iden-
tity to helminth and seafood allergens (37).
The IgE binding for the group 16, 17 (32} are
also low in comparison to other allergens.
IgG1 and TgG4 antibodies provide a com-
parison of Thl and Th2? biased responses.
Many reports have confirmed early studies
showing that IgG antibodies to HDM extracts
are predominantly found in sera with IgE anti-
body (33 ). Greatly increased IgG1 and IgG4
have been described for Der p 1 (7,34) and
Der p 2 (7,35) as well as pan IgG anti-Der p
1(36). Some studies, however, have reported
that increased titers are confined to the IgG4
subclass (5,37). The reverse of this has also
been reported (38}, but the same group also
reported the opposite result { 39). A study that
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found no difference in the IgGl and [gG4
antibody titers of allergic and non-allergic
children to Der p 2 is more difficult to recon-
cile (40). Overall the IgG1 and IgG4 antibody
responses show that allergic people induce
Thl and Th2 responses (7,34) and both are
higher than in non-allergic subjects.

A comparison of g responses to a range
of purified HDM allergens showed that both
IgG1 and Ig(G4 antibodies are associated with
the ability of the allergens to induce IgE (7).
Der p 1 and 2 frequently bound both sub-
classes, the mid potency Der p 4, 5, and 7
bound them to a lesser degree, and the weak
allergens had little activity. Studies with West-
ern blotting also failed to reveal consistent
Ig(G-binding components other than the major
allergens (4/,42). A caveat of the antibody
binding results is other important allergens
may exist. One is paramyosin (group 11)
{43,44) reported to bind IgE with high fre-
quency in Taiwan and another is the group 14
apolipophorin protein shown to bind IgE from
sera of Japanese population with high fre-
quency and potency (32,4546). Both these
allergens are labile in extracts and difficult to
produce as recombinant proteins. Other
potential major allergens are the group 15 and
18 chitinase allergens that are the most impor-
tant allergens for dogs (/7-19). The fre-
quency of binding of recombinant chitinase
polypeptides 1s 60-70% (17,19,47), which is
high but quantitative measurements have yet
to be accomplished.

T Cell Responses

T cell cloning has provided definitive evi-
dence that non-allergic subjects make T cell
responses to HDM allergens (48-5(7). Some
reports have shown that PBMC from allergic
and non-allergic subjects proliferate equally
well to HDM extracts or major allergens
{51,52) but most have shown that PBMC from
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allergic subjects produce higher responses to
HDM extracts (55-56). The increased prolif-
eration has also been demonstrated for the
major allergens Derp 1 (57), Derp 2(57), Der
f1(58) and Der f 2 (592). An early study
(60) reported that Der p 1 could not stimulate
proliferation of T cells from HDM-allergic
asthmatics, but this 1s inconsistent with con-
temporary evidence including studies from the
same laboratory (67 ). The precursor frequen-
cles of T cells responding to defined allergens
have not been examined, but extracts have
been studied. Limiting dilution assays have
reported frequencies of 0.05% in mite allergic
and 0.01% for non-allergic subjects (62);
0.02% i both allergic and non-allergic (57);
(0.01% for non-allergic and 0.04-0.09% for
allergic subjects {63): and 0.2% and 0.8 %
(64). Limiting dilution analyses of exotic anti-
gens in naive people show frequencies of
0.001% {65—67) and the frequencies found
after vaccinations are about 0.02% (67). By
comparison it must be concluded that the anti-
HDM precursor frequencies are high even in
the non-allergic people. Similar high frequen-
cles have been found for responses to birch
and grass pollen allergens (65).

Anti-HDM reactive T cell clones provided
some of the first evidence that Thl and Th2
cytokine polarization occurred in humans
(49,50). However, it is now known that HDM
allergens induce similar quantities of IFN-y
from the PBMC of both allergic and non-
allergic subjects (34,54,69—74). The cloning
probably shows the strong in vitro polarizing
activity of IL-4 produced by cells from aller-
gic but not non-allergic subjects. Some
observers have reported that the Thl release
can be induced by higher doses (75), but
others have found that increased doses
increase both Th1 and Th2 cytokines (7/—74).
The induction of IFN-y has been demon-
strated with purified Der p 1 and Der p 2 aller-
gens as well as extracts (34,69-71,73,74,76).
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Similar findings for IFN-y release have also
been found for pollen allergens (73,77), but it
is possible that the TFN-y is reduced in severe
long-term allergy (69,78,79).

There is little definitive data on the T cell
responses elicited by purified allergens other
than the major groups 1 and 2. The stimula-
tion of PBMC with Der p 5 and 7 was shown
to induce lower Th2 cytokine responses than
Der p 1 (80), and there was no relationship
between the IgE antibody and cytokine induc-
tion. A report previous to this described that
a preparation of Der p 7 isolated from mite
extracts induced similar responses to Derp 1
(71), but this is now thought to be the result of
impurities. Proliferative responses of PBMC
to group 14 allergens have been shown to be
similar to those induced by major allergens by
two research groups (59,8f). The group 14
allergens have been difficult to produce or
purify in the quantities required for T cell
studies, so the studies have been limited to
stimulation by peptides. Studies with extracts
have also shown that T cell responses to anti-
gens other than groups 1 and 2 allergens can
be high (82,83).

T Cell Regulatory Responses

Allergen-stimulated PEMC from allergic
subjects have been reported to make higher
levels of I1.-10 than responses of non-allergic
subjects but paradoxically with a negative cor-
relation between the IL-10 responses and the
size of skin prick test of the donors (34,74).
Reports of IL-10 production from allergen-
stimulated PBMC from other laboratories have
similarly found increased IL-10 release for
patients with HDM allergy (84,585 but differ-
ent to the results with skin tests the release was
greater in the more severe asthmatics (84). IL-
10 is also produced by HDM-allergic patients
after in vivo allergen challenge (86) being pro-
duced by both monocytes and T cells. Evi-
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dence for a role of IL-10 in downregulating
responses has been obtained by different types
of analyses. Jutel et al. found that addition of
anti-IL-10 receptor to cultures of PBMC from
non-allergic subjects enhanced proliferative
responses to Der p 1 (39). A follow up showed
that cultures from healthy people had more I1.-
10—producing T-cells than cultures from aller-
gic subjects when measured 12 h after
stimulation with allergen { 73 ). The IL.-10—pro-
ducing cells had poor proliferative activity in
the absence of exogenous cytokines, so they
may not be manifest in increased IL.-10 pro-
duction in the 5-6 d culture periods used by
others. Indeed cytokines produced by the
PBMC of allergic subjects could provide help
for the growth of IL-10-producing cells mea-
sured at later time points.

Suppressive effects of CD4+CD25+T cells
have been demonstrated in in vitro cultures of
PBMC stimulated with cat and pollen allergen
extracts (87). There has not been a direct
study on HDM, but Chang et al. made the
observation that HDM stimulated more
CD4+CD25+cells from cultures from allergic
than non-allergic subjects (54). Similarly
studies of atopic dermatitis showed that HDM
extract stimulated more of the regulatory cell
transcription factor FOXP3 from PBMC from
HDM allergic subjects than PBMC from non-
allergic subjects (88). It 1s possible these
effects are linked to increased IL.-2 production
by the higher responses of allergic subjects.

T Cell Phenotypes

The HDM extract-responsive T cells of
allergic subjects are mainly in the memory
CD45RO+ population {62). Bellinghausen et
al. (52) showed that twice the proliferation
could be induced with CD45RO+ compared
to the CD45RA+ cells and that the prolifera-
tion was similar for cells from both allergic
and non-allergic people. Th2 cytokines were
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released from the CD45RO+ cells of atopic
subjects while the IFN-y was readily produced
by CD45RA+ or CD45RO+ cells in PBMC
from all subjects. The induction of the Th2
transcription factor GATA-3 by HDM extract
has also been shown to be stronger in
CD45RO+ cells (89).

The detection of allergen-responsive cells
into populations with different chemokine
receptors is a measure that reflects T cell
polarization in vivo. The Thl-cell-attracting
chemokines, CXCL10 (IP10y and CXCL9
{MIG), are induced by IFN-y and Th2-
cell-attracting chemokines CCL.11 (eotaxin),
CCL17 (TARC), and CCL22 (MDC) by IL-
4. The Thl cells that respond to the Thl
chemokines preferentially express CXCR3
and Th2 cells preferentially express CCR3
and CCR4 {99). Bronchial challenge of birch
or HDM allergic patients with allergen
extracts induces an infiltration of CCR4+
cells with few CXCR3-bearing Thl cells
{91,92). Airway challenge also induces the
production of the Th2 ligands MDC and
TARC (92-94) to attract these cells. The
chemokine receptor profile of allergen-
responsive PBMC has not been investigated
for mite allergens. CCR4 has however been
shown to be up regulated for grass pollen-
allergic subjects (68,95). It could be detected
on 40% of T cells responding to pollen stim-
ulation compared to undetectable levels on
the allergen responsive cells of healthy
people (68).

The Th2 cytokine and GATA-3 responses of
PBMC (55,89), and the immunohistochemistry
of biopsies of allergic reactions (96), show the
importance of CD4+ cells. CD&8+ cells are nev-
ertheless stimulated as demonstrated by
O’Brien et al. with IL-2 supplemented cultures
stimulated with Der p 1 {70). CD8+ cells from
allergic subjects released IFN-y and the
amounts from cells of allergic subjects were
higher, comparable to the release from unfrac-
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tionated cultures. Th? cytokine production
could not be detected despite stimulating the
cells under a variety of conditions. The Der p
1—specific CD8+ cells have also been detected
by isolating T cells with an MHC class I bind-
ing peptide tetramer (97).

HLA and Epitopes

Several studies have indicated an involve-
ment of genes in the HL A class Il region, but
while 1solated studies have demonstrated pos-
itive and negative associations of particular
class II alleles, none have been consistent
between studies. Positive associations have
been found for IgE anti-Der p 1 and 2 and
DRB1 alleles in Korea (98), for DRBI,
DQAL, and DPB1 alleles in Taiwan (99, and
DRBI1 alleles in non-indigenous Australians
(100). High T cell responses reportedly had a
positive association with a DQA1/DQ allele
for responses to Der p 2 (/({) and with a
DPB1 allele to Derp 1 ({02).

T cell cloning has shown a broad HLA
restriction, including restriction by HLA-DQ
and -DP alleles. Expressly Der p 1 has been
shown to be presented by DRB1 (703,104)
and DP (103), Der £ 1 by DRB1, DRB3, and
DQ{1065), Der p 2 by DRBI1 (106-108), and
DQ (108,109) and unidentified allergens of D.
farinae by DRB1, DRB3 and DRBS5 (110,
111). As expected from the diverse HLA
restriction, peptide mapping has revealed a
range of T cell epitopes. There has however
been an interesting pattern for Derp 1 with T
cells preferentially responding to peptides
from a domain-joining loop in the center of
the molecule (103,104,112). Kirchner et al.
confirmed the strong T cell stimulating activ-
ity of the peptide 101-131 and showed that
the responding T cells had a biased use of
VB18.1+ Va2,3+ T cell receptors (76). This
TCR usage pattern had been previously noted
(113). The immunodominance is not due to a
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restricted MHC presentation because the
region contains multiple T cell epitopes
{103,112} and the responses are presented by
multiple MHC class II molecules (/03). This
differs from responses that have MHC-based
gpitope immunodominance as found for Art v
1 from mugwort (//4). The study of the
responses of six subjects to Der f 1 found a
more diverse pattern reported for Der p 1
{/05). This argues against a special role for
the immunodominant region but the number
of patients was small and 3/6 did respond to
the peptides in the domain-connecting region.
Responses to Der p 2 show no immunodomi-
nant region ({01,107,115).

Major mite allergens have highly polymor-
phic amino acid sequences (//6,/17) with
variation in about 5% of their residues. Many
regions also have both D. pteronyssinus and D.
farinage that have a 20% amino acid sequence
disparity in their homologous allergens. The
sequence diversity possibly could aid the
responsiveness by presenting a larger array of
structures for MHC and TCR binding.

Developmental

Children develop aeroallergy over 3-5 yr.
This contrasts with food allergy where IgE
antibodies appear early and then often disap-
pear. There is debate about whether the sen-
sitization has antecedents in ufero. Allergen
can reportedly be detected in the amniotic
fluid (7/8), and there are plausible transport
mechanisms especially via IgG antibody. A
less controversial observation is that cord
blood of subjects who develop allergies con-
tain more activated T and accessory cells
{119} but the specificity of the activation is
not known. A majority of reports show the in
vitro proliferative responses of cord blood
cells to allergens are higher in children who
develop allergy (720) or in high-risk children
(121,122). Some studies have produced con-
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trary results but only used early time points to
categorize disease so they may not be valid
(123,124). Nevertheless, it cannot be con-
cluded that the increased responsiveness
reported is due to priming in utero. Indeed, no
association has been found with the cord
responses and HDM exposure (7/22,125).
Thornton et al. found that allergen-responsive
cord cells had a regulatory phenotype and
apoptose in the absence of anti-apoptotic
cytokines like IL.-7 (126). The cells thus may
not be the precursors of T cell memory, but,
because the anti-apoptotic cytokines are read-
ily found in the placenta, the results may
reflect inadequacy of the culture system. Dev-
ereux et al. did find that 50% of the cells
responding to allergen in the cord were of the
memory CD45RO+ phenotype, indicating
antigenic stimulation {/27). The studies com-
paring the responses of cord blood and the
development of allergy have only been exam-
ined with HDM extracts, so it is not known if
the allergens are responsible for their obser-
vations. However, it has been reported that
CBMC proliferate in response to Der p 1
(128) and Der p 1 and 2 (179).

The cytokine responses of allergen-stimu-
lated CBMC show a Th2 bias for both aller-
gic and non-allergic subjects with very little
IFN-y production (/27,129). The early Th2
cytokine responses of children that become
allergic are in fact lower than the non-allergic
as are the IL-6 and IL-10 responses (/29).
During infancy the Th2 responses of the aller-
gic infants increase while the Th1 responses
of allergic and non-allergic subjects remain
similar (/29,130). By 6 yr the response of
PBMC of children are similar to adults with
Thl and Th2 cytokines produced by the T
cells of allergic children and only the Thl
cytokine for the non-allergic (34 ). These stud-
ies of infant development have only been
conducted with HDM extracts so the respond-
ing specificities are unknown. It should be
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noted that adult immigrants newly exposed to
mite and other allergens develop allergies
with a similar propensity and time course, so
the neonatal immaturity is not essential (/5 f).

Abundance of HDM Allergens

Dose responses are critical for immune
responses. Air sampling shows that the quanti-
ties of the major allergen in inhalable air are
very low in normal domestic life, 29 and 6
pg/m?, respectively, for groups 1 and 2 (3).
Activities like bed making increase the levels
1000-fold. Maost of the allergen is found on par-
ticles from 6 to 20 pm that would be deposited
in the upper regions of the airway (/32).
Assuming a 50% deposition and the inspiration
of 10 m? per day the inhalation in undisturbed
air would be less than 0.1 pg per day. If the
exposure was high for 8 h, for example, while
sleeping, it would be 100 ng per day.

The group 1 and 2 allergens are abundant
constituents of HDM extracts comprising
2-5% of the protein content (/33). They are
typically present at 20-100 pg/ml.. The rela-
tionship of these extracts to the respirable
allergen is unknown. HDM allergens may be
underrepresented in extracts because they are
mainly secreted, poorly extractable, or labile,
for example, to the hydrolytic enzymes of the
gut. Lability is important for the group 11
{134} and 14 {45} allergens. The only other
allergens to be measured are Der p5{735) and
Der p 7 (136) and they have concentrations
less than 0.1 pg/ml. The trypsin activity of
the group 3 allergens is also difficult to detect
in extracts (/37). 2-D gel electrophoresis
shows that extracts contain at least 50 differ-
ent compounds with strong protein staining,
and these have no special association with the
dominant IgE binding proteins (/38). An
analysis made directly from live mites (/39)
showed that Der p 1 and 2 were only the 30th
and 40th most abundant proteins. The poor
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allergens Der p 10, 13, and 20 and the non-
allergenic ferritin were more abundant.

Non-allergenic Antigens

There is a dearth of information on immune
responses to inhaled non-allergenic noninfec-
tious antigens. The nature of these responses
could provide insights into the events that lead
to healthy immune responses. They would
also provide an additional perspective to com-
paring the responses of allergic and non-aller-
gic subjects because the differences will not
be due to genetic or other constitutional pecu-
liarities of allergic subjects, for example,
immunological immaturity in infancy ({/40).
Western blotting with HDM extracts has not
shown stand-out bands of TgG reactivity (4/),
so there is little to indicate that non-allergenic
antigens could be characterized by this
approach. Ferritin heavy chain was identified
as an immunogenic polypeptide that did not
bind IgE by comparing the results of screen-
ing cDNA expression libraries with hyperim-
mune and allergic sera (/47 ). It induces high
proliferative responses of PBMC from aller-
gic and non-allergic subjects with moderate
levels of both Thl and Th2 cytokines. The
Th2 cytokine response to Der p 2 of PBMC
from allergic subjects was expectedly higher
than the Th2 response to ferritin, but interest-
ingly the Th2 response to Der p 2 of PBMC
from non-allergic subjects was lower than that
of ferritin. Thus, using the response to ferritin
as a reference, the Th2 response to Der p 2
appears to be actively downregulated in non-
allergic people. The IgG responses to ferritin
were low indicating that they do not manifest
an effector function.

Condusions

Harmless responses to inhalant antigens
are critical for a healthy life. People who do
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not develop HDM allergy have a high fre-
quency of HDM allergen-responsive memory
T cells, albeit lower than the allergic people,
but their responses induce little antibody pro-
duction or delayed hypersensitivity. A regula-
tory response 1s indicated consistent with
reports of an early production of IL-10-pro-
ducing T cells. The production of 11.-10 and
the FOXP3 transcription factor of regulatory T
cells, however, has not been an obvious feature
of in vivo allergic responses or responses of T
cells expanded in vitro by allergen stimulation
so the sequence of regulatory events needs to
be further elucidated. The downregulation of
the Th2 response of non-allergic subjects to
Der p 2, in comparison to the responses to fer-
ritin, provides in vivo evidence for an active
regulation of the healthy response to the aller-
gen. The majority of the anti-HDM response
of allergic subjects, whether large or small, is
directed to two major allergens. There is also
an allergenic hierarchy for the allergens that
bind less IgE. At least three other allergens
induce lower but still significant responses in
most HDM-allergic people, while the other
allergens examined consistently induce very
low responses. The hierarchy for IgE also
applies to both the TgGGl and Ig(G4 subclass
antibodies. The finding that responses of both
subclasses associate with allergenicity
matches the fact that T cells from allergic
people, as well producing Th2 cytokines, pro-

duce IFN-vyto the same degree as T cells from
nonallergic subjects. The reasons for the hier-
archy are not known. Der p 1 has a particular
region that contains highly stimulatory T cell
epitopes associated with a biased T cell recep-
tor usage but this has not been found for Der
p 2. and there are no consistent associations
with HL.A class II alleles. It is not known if
the T cells in non-allergic people are still pref-
erentially directed to the major allergens. At
face value the hierarchy is not due to the
amount of allergen produced. Mites produce
more of some of the less potent allergens and
non-allergenic proteins than the major aller-
gens, although information on antigen in
inhaled air is lacking. It is proposed that as
well as comparing responses of allergic and
non-allergic people, comparisons between the
responses to the allergenic and less or non-
allergenic molecules will be important. The
knowledge obtained from characterizing
HDM allergens, and the use of recombinant or
purified allergens and antigens for meaning-
ful investigations, can now be used to eluci-
date the mechanism of healthy immune
responses. Some of the key areas of research
in HDM allergy, particularly the develop-
ment of responses in infancy, have not been
conducted with purified allergens and anti-
gens so they cannot distinguish healthy and
unhealthy responses that are made to different
specificities.
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