
everal epidemiological studies in-
dicate that the development of
atopic disease is linked to circulat-
ing levels of IgE (Refs 1–5), the 

antibody class responsible for allergic hyper-
sensitivity reactions6. IgE binds to mast cells
and basophils via the high affinity Fc receptor
(FceRI), and subsequent crosslinking of
FceRI-bound IgE molecules by allergen leads
to the release of pharmacologically active 
mediators responsible for allergic tissue 
damage. In addition, IgE mediates allergen
presentation7 through binding to FceRI on
Langerhans cells and monocytes, and to a
much lesser extent through binding to its low
affinity receptor (FceRII), also known as CD23 (Refs 8, 9). In vivo stud-
ies in mice have demonstrated that IgE also upregulates the expres-
sion of FceRI on basophils10, thereby helping to further increase the
sensitization of these cells. Therefore, it is not surprising that great ef-
forts are being made to elucidate the molecular signals involved in IgE
synthesis, as a basis for developing effective immunosuppressive
strategies. Whereas considerable advances have been made in eluci-
dating the effects of cytokines such as interleukin 4 (IL-4) and IL-13, as
well as cell-surface molecules, for example CD40 and CD23, on IgE
synthesis, very little attention has been given to the potential modula-
tory effects exerted by allergens. Recent work suggests that some al-
lergens, such as phospholipase A2 from bee venom11 and Der p 1 from
dust mite12–15, in addition to acting as immunogens, have the intrinsic
ability to subvert the regulatory process controlling IgE synthesis,
thereby favouring an allergic outcome. 

Der p 1: from allergen to enzyme
It is now recognized that an increasing number of allergens from di-
verse sources have enzymatic activity16: Der p 1, a 25 kDa cysteine
protease, being one of the most studied17,18. The Der p 1 structure has
been modelled on the crystal structure of papain19, with which it
shows considerable sequence similarity20, most notably for residues
involved in the enzyme active site. The model suggests that Der p 1
comprises two domains separated by a cleft, which contains the active
site with its characteristic catalytic triad of Cys34 (containing an es-
sential highly reactive thiol group), His170 and Asn190. The proteo-
lytic activity of Der p 1 has been characterized using a panel of pep-
tide substrates and shown to have profound secondary substrate
specificity21. This, together with knowledge of cleavage sites of known

protein substrates (Table 1), suggests that Der
p 1 has a preference for small hydrophobic
residues (Val/Ala) in the P2 position,
charged residues (Glu/Arg) in the P1 pos-
ition and small hydrophilic/hydrophobic
residues (Ser/Ala) in the P1' position. 

The expression pattern of Der p 1 in the
mite gut suggests a digestive function22, and
interestingly, in this respect, the C-terminus
of the Der p 1 propeptide (Table 1) meets the
strict enzymatic specificity requirements out-
lined above. This leads us to speculate that
active Der p 1 could be generated from the in-
active proenzyme in an autoproteolytic fash-
ion, which is clearly reminiscent of digestive

enzyme activation in the mammalian gut. Inhaled Der p 1 is most
likely to be active; however, the purified allergen requires reactivation
by a reducing agent such as cysteine, dithiothreitol or glutathione 
to regenerate its thiol group which becomes oxidized during 
purification. 

Cleavage of CD23 by Der p 1
CD23 is a calcium-dependent type II integral membrane protein 
that belongs to the lectin family of adhesion molecules23–25; it is a 
45 kDa differentiation antigen on IgM1/IgD1 B cells, but is also found
on other cells, including eosinophils, follicular dendritic cells,
macrophages and platelets. The extracellular portion of CD23 com-
prises a lectin homology domain, flanked on the C-terminal side 
by a short tail containing an inverse RGD sequence, and on the 
N-terminal side by an a-helical coiled-coil stalk mediating trimer 
formation6,26. There is no crystal structure for CD23, but its three-
dimensional structure has been modelled27–29 on the crystal structure
of the C-type lectin domain of the rat mannose binding protein30. 

On B cells, membrane CD23 and its soluble fragments have been
shown to be involved in the regulation of IgE synthesis31,32. The bind-
ing of IgE allows membrane CD23 to deliver a negative IgE regulatory
signal to the B cell33–35. When CD23 is not occupied by IgE, it under-
goes proteolytic cleavage releasing soluble CD23 (sCD23) fragments
of different molecular size, which have been shown to either upregu-
late (>25 kDa fragment) or downregulate (16 kDa fragment) IgE syn-
thesis36. Therefore, endogenous or exogenous proteases that cleave
CD23 from the surface of B cells would potentially disrupt the IgE
regulatory mechanism, which in some cases would lead to excessive
IgE synthesis. 
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It has been shown that Der p 1 cleaves CD23 from the surface of
cultured human B cells12,13. A more detailed investigation of the CD23
cleavage by Der p 1 has used both a recombinant 40 kDa protein, rep-
resenting the entire extracellular portion of human CD23 (residues
Asp48–Ser321), and B-cell-surface-expressed CD23. This found that
Der p 1 cleaves CD23 at two sites (Ser155–Ser156 and Glu298–Ser299)
to produce a 143 residue 17 kDa fragment, containing the lectin do-
main and part of the C-terminal tail27 (Fig. 1). This 17 kDa fragment
(amino acids 156–298) contains the minimum structural requirement
(amino acids 156–288) for binding both to IgE (Refs 37, 38) and to
CD21 (also known as CR2)6, and as such should be capable of modu-
lating IgE synthesis. However, it has not been possible to demonstrate
any IgE modulatory activity for this Der p 1-derived sCD23 fragment
(O. Schulz and F. Shakib, unpublished). Clearly, this would still leave
open the possibility that Der p 1 upregulates IgE synthesis by disrupt-
ing the negative feedback signal, which is thought to be delivered by
IgE binding to membrane CD23.

Cleavage of CD25 by Der p 1
Several studies indicate that T helper 2 (Th2)-type responses are
involved in the pathogenesis of allergic diseases39,40, mainly through
the secretion of IL-4/IL-13 and IL-5, which are responsible for stimu-
lating IgE synthesis and eosinophil function, respectively. These ob-
servations raise the question of whether the enzymatic activity of Der
p 1 biases human T cells towards the emergence of a Th2 background:
this would create an allergic microenvironment. Indeed, it has been
possible to demonstrate that Der p 1 cleaves CD25, the 55 kDa a sub-
unit of the IL-2 receptor (the high affinity form of which comprises a,
b and g subunits). As a result of cleavage of surface CD25, peripheral
blood T cells show markedly diminished proliferation and interferon
g (IFN-g) secretion in response to potent stimulation by anti-CD3 
antibody14 (Fig. 2). 

These findings clearly emphasize that Der p 1 could upset the bal-
ance of the Th1/Th2 subset distribution. It is known that each of the
Th1- and Th2-cell populations promotes the development of cells
within the same subset while suppressing the propagation of those of
the other subset. Within this cytokine-driven process of polarization,
IL-2 along with IFN-g, and IL-4 are considered to be autocrine growth
factors for Th1 and Th2 subsets, respectively41. Therefore, Der p 1-
induced cleavage of CD25 is likely to lead to impaired growth of cells
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Fig. 1. Der p 1 cleaves human CD23 at two sites (Ser155–Ser156 and
Glu298–Ser299) to produce a 143 residue 17 kDa fragment (amino acids
156–298), containing the lectin domain and part of the C-terminal tail27.
Figure adapted from an original kindly supplied by H. Gould and 
B. Sutton, King’s College London.

Table 1. Der p 1 cleavage sites of protein 
substrates

Position

Protein 3 2 1 1’2’3’ Refs

CD23 S A E S M G 27

Q V S S G F

a1-antitrypsin F L E A I P 47

K T D T S H

Q G D A A Q

Insulin b-chain L V E A L Y 53

Der p 1a N A E T N A 20

aThe putative autoproteolytic cleavage site of the Der p 1 proenzyme is
shown; the mature enzyme starts with threonine (T).



of the Th1 subset and consequently, augmentation of those of the Th2
subset. It has been shown that mite allergen-specific T-cell clones from
atopic donors exhibit a Th2-type cytokine profile42 and require IL-4 for
their optimal growth43,44, which means that in an ongoing allergic re-
sponse to Der p 1, such Th2 cells would be less sensitive to the enzy-
matic activity of Der p 1 compared with IL-2-dependent Th1 cells. To
date, we have not been able to monitor the effect of Der p 1 on IL-4 re-
ceptor (IL-4R; CD124) and IL-4 secretion, owing to low levels of ex-
pression by peripheral blood T cells; therefore, it is still an open ques-
tion as to whether Der p 1 has an effect on Th2-cell proliferation. 

Cleavage of CD25 would be a mechanism by which Der p 1 uses its
protease activity to bias the immune response in favour of IgE, this
time by targeting a molecule (i.e. the IL-2Ra subunit) which plays a
pivotal role in the development and propagation of Th1 cells, thus
favouring a pro-allergic Th2-type response41. 

Passage of Der p 1 across the mucosa 
The cysteine protease activity of Der p 1 not only increases the 
permeability of the bronchial mucosa to macromolecules, such as
serum albumin, but also detaches cultured epithelial cell monolayers
both from artificial and natural biopolymer substrata and causes vis-
ible disruption of epithelial architecture45. The activation state 
of inhaled Der p 1 is maintained on impacting the mucosal surface by
the high levels of glutathione found in airway lining fluid46. Further-
more, Der p 1 can completely cleave a1-antitrypsin, an antiprotease
whose function is to provide innate immunity on mucosal sur-
faces12,47. These observations provide a plausible mechanism whereby
Der p 1 would facilitate its own passage (along with other allergens)
across the epithelium and gain access to immune cells, such as T cells
and B cells, and modulate their functions (as described above) during
the process of immunological sensitization.

Proteolytic activity of Der p 1 in vivo 
The in vivo proteolytic effect of Der p 1 depends on a number of fac-
tors including concentration, stability, pH optimum and susceptibility
to inhibition by anti-Der p 1 antibodies during a secondary immune
response. Der p 1 is found at high concentrations within faecal pellets
(0.1 ng/pellet48, which is equivalent to the tryptase content of 50 mast
cells49) and there is no doubt that it reaches cells of the immune sys-
tem at sufficient concentrations (nanogram range) to elicit antibody
responses. The demonstration of proteolytic activity of Der p 1 at such
concentrations requires a detection method that is more sensitive than
the flow cytometric procedure used for monitoring the cleavage of
CD23 and CD25. In this context, we have shown that Der p 1, at a con-
centration as low as 10 ng ml21, cleaves the fluorogenic peptide 
substrate Boc-Gln-Ala-Arg-AMC (Ref. 21). Furthermore, Der p 1 is
adapted to the tissue microenvironment, since it has a pH optimum of
7.0 (Ref. 21) and appears to be resistant to autoproteolysis at 37°C for
several hours (O. Schulz and F. Shakib, unpublished). The presence of
anti-Der p 1 antibodies in the tissue microenvironment of atopic indi-
viduals raises the possibility that such antibodies neutralize the enzy-
matic activity of Der p 1. We have tested the effect of three mouse
monoclonal anti-Der p 1 antibodies, showing comparable affinity but
different epitope specificity50, in the CD23 cleavage assay12 and found
that at equimolar ratio they inhibit by 86% (5H8), 54% (4C1) and 39%
(2C7), which suggests that the degree of inhibition is determined by the
location of the epitopes recognized in relation to the enzyme active site
(O. Schulz and F. Shakib, unpublished). Given that a major component
of the human IgE anti-Der p 1 response has a similar epitope specificity
to that of antibody 2C7 (Ref. 51), which was found to be the least in-
hibitory, it is likely that even during a secondary immune response Der
p 1 retains a significant amount of enzymatic activity in vivo.
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Fig. 2. Inhibition of interleukin 2-mediated human T-cell proliferation 
by Der p 1 requires enzymatically active protease (i.e. pre-activated with
cysteine; filled bars)14. 
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Fig. 3. Der p 1 facilitates its own passage across the mucosal barrier, gain-
ing access to cells of the immune system and destabilizing the microenvi-
ronment within target tissues to one that is pro-allergic. Abbreviations:
IL-4, interleukin 4; Th, T helper cell.



Concluding remarks
The potent allergenicity of Der p 1 may at least in part be due to 
its proteolytic activity, which could lead to a general increase in IgE
synthesis (i.e. regardless of allergen specificity). In other words, 
Der p 1 may play a central role in destabilizing the microenvironment
within target tissues to one that is pro-allergic, and thus aids in the ini-
tiation and propagation of the allergic cascade (Fig. 3). Naturally, the
presence of other atopic risk-factors would lead to an exaggerated IgE
response with consequent allergic inflammation. Indeed, recent clini-
cal, epidemiological and serological data have indicated that specific
immunotherapy against dust mite allergens in young children may
prevent the development of new allergic sensitizations52. We therefore
suggest that targeting the enzyme active site of Der p 1 with an ap-
propriate cysteine protease inhibitor may provide a novel way of ef-
fectively controlling IgE-mediated hypersensitivity to this allergen.
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