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Abstract

Der p 1 is amajor allergen that reacts with IgE in more than 70% allergic sera, hence a good candidate for DNA vaccine development.
Previous study demonstrated that intramuscular injection of plasmid DNA containing wild typge Dgene induced specific Thl skewed
immune response. The aim of this study is to further optimize the DNA construct to achieve preventive and therapeutic efficacies. An optimized
construct, containing mouseddight chain leader sequence followed by codon optimized maturglegene, was generated and used to
prevent or treat Der p1 induced allergic asthma in an experimental model. Results showed that this optimized construct was effective in the
inhibition of Der p 1 specific IgE levels, attenuation of Th2 response and reduction of airway hyperresponsiveness in terms of prophylactic
efficacy. It also showed therapeutic efficacy in IgE inhibition and up-regulation of IgG2a ang.IFFNe information obtained here could
facilitate the design of DNA vaccines for allergy in general.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction induction of specific Thl skewed immune response in mice
[4]. The enzymatic activity of this in vivo expressed Der p 1
House dust mites are the mostimportant sources of indoorcould be detrimental to the hd$;6], and thus was abolished
allergens responsible for the development of sensitization andby excluding its own pre proenzyme sequences. However,
allergic diseases. The prevalence of allergic asthma relatedthe resultant magnitude of the immune response was too low
to house dust mite is high and keeps increasing worldwide to achieve satisfactory protective efficacies. In 2003, Bauer
[1]. Der p 1 is amajor house dust mite allergen frober- et al. showed that optimization of codon usage increased
matophagoides pteronyssinidore than 70% of sera from  immunogenicity of DNA vaccination of a major plant aller-
allergic individuals showed IgE reactivity to Der p 1. It has gen in mice[13]. In this study, we further demonstrated the
been suggested that exposure and sensitization by the majouse of an efficient mouse tdight chain leader sequence in
mite allergens may facilitate the sensitization to other less addition to codon usage optimization strategy in improving
prevalent allergeng]. Therefore, Dep 1 is apotential can- the preventive as well as therapeutic efficacies of DNA
didate for DNA vaccine development. immunization using a D 1 induced experimental allergic
Der p 1 proteinis a cysteine protease; its full-length cONA asthma mouse model. The information obtained from this
encodes a precursor of 320 amino acid residues, comprisingstudy could facilitate future designs of DNA vaccine.
of a signal peptide (18 amino acids), a proenzyme region (80
amino acids), and a mature enzyme (222 amino a¢Rjs)
Our previous study demonstrated that intramuscular injection
of plasmid DNA containing cDNA encoding mature Der p 1

was sufficient for in vivo expression of Der p1 and subsequent 5 1 Generation of codon optimized Der p 1 construct

2. Materials and methods

* Corresponding author. Tel.: +65 6874 4345; fax: +65 6775 7593. The codon optimized Der pl gene was designed based
E-mail addresspaecky@nus.edu.sg (K.Y. Chua). on codon preference of highly expressed human transcripts.
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Briefly, partially overlapping oligonucleotides spanning the square wave electroporator (BTX, San Diego, CA, USA)
mature part of Dep 1 coding sequence were synthesized [8]. Intraperitoneal (IP) immunization was done by injecting
and used to generate the codon optimized DNA fragment 1 g of Der pl emulsified with 4mg alum as adjuvant.
(hmDerpl) in a two-step PCR amplificati¢ii]. A mouse Challenge by aerosol inhalation of De 1 (50ng/ml
Igk light chain signal sequence @was tagged in-frameto  native De p 1 in PBS) was carried out using an ultrasonic
the 8 end of the hmDer p1 by PCR and subsequently the nebulizer (DeVilbiss Health Care, Sommerset, PA). Briefly,
entire DNA fragment were cloned into the pVaxl expres- the mice were kept unrestrained in a desiccator chamber
sion vector and DNA sequence confirmed. The prophylactic with continued flow of aerosol for 30 min. Blood samples,
and therapeutic potentials of the resulting construct, pVax1- taken at day 0 and every week thereafter, were centrifuged
mk-hmDerpl (LHM), were evaluated with De 1 induced at 2000x g and sera were collected and stored-&0°C
experimental mouse models. for determination of De p 1 specific immunoglobulin
responses.

2.2. Experimental mouse models
2.3. Detection of Der p 1 specific mouse

A total of 6-8 weeks old female BALB/cJ mice were immunoglobulin responses
purchased from Laboratory Animals Centre (Sembawang,
Singapore) and housed in the Animal Holding Unit facility The levels of Der p 1 specific IgE, IgG1, and IgG2a
in National University of Singapore under institutional were determined by ELISA. Mouse sera were incubated
guidelines for the care and use of laboratory animals. in duplicate with the Dep 1 coated wells for overnight
Immunization was done according to the regiments shown at 4°C. Biotin-conjugated monoclonal rat anti-mouse IgE
in Fig. 1 DNA immunization was carried out by injection (R19-15), anti-mouse 1gG1 (G1-1.5) and anti-mouse 1gG2a
of 50ug of LHM (in 50l PBS) intramuscularly (IM) (R35-92) were used for detection and followed by addition of
followed by in vivo electroporation using the BTX ECM830 ExtrAvidin-alkaline phosphatase. Signals were developed by
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Fig. 1. Schematic representation of wild typer[pel gene structure and the codon optimized DNA construct (A), and immunization regiments for evaluation of
preventive efficacy (B) and therapeutic efficacy (C). D, DNA immunization. C, PBS control. S, Systemic sensitization with native Der p 1/Aluiitcingalber
Aerosol, Airway challenge with aerosolized native Der p 1. AHR, measurement of airway hyperresponsiveness. Challenge, systemic challergéwith nat

p 1/Alum intraperitoneally.
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addition ofp-nitrophenylphosphate substrate. ELISA index 2.4. Non-invasive measurement of airway

unit was defined as the QBsnm reading corresponding hyperresponsiveness

to the reading of 1 ng/ml of purified mouse IgE, 1gG1, or

IgG2a in a sandwich ELISA with anti-mousexlgas the Approximately 24 h after the last challenge, conscious and
capture antibody in the same plate. All the antibodies used unrestrained mice were analysed for airway hyperresponsive-
were purchased from Pharmingen (Pharmingen, San Diegohess (AHR) to different concentration of methacholine, mea-
CA). sured in terms of degree of airway obstruction (PenH) using

Der p 1 specific IgE * p<0.05
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Fig. 2. Prophylactic efficacy on the inhibition of B 1 specific IgE. Mice were immunized with codon optimized P& DNA construct intramuscularly with
electroporation on days 0 and 7.1Qel sensitization was done by systemic immunization intraperitoneally on day14 and day 21 followed by three aerosolized
Der p 1 challenges from days 35 to 42d. 1B). Blood samples were collected weekly and the titer of P& specific IgE, IgG1 and 1gG2a in serum was
determined by ELISA. Results are shown as M&s®.E.M." p<0.05.
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the whole-body plethysmography (Buxco Electronics Inc., cells/well) were cultured in the presence or absence
Troy, New York, USA)[9]. Briefly, mice were exposedtoan of 20ug/ml of Da p 1 in 96-well round-bottomed
aerosol of PBS (baseline readings) followed by cumulatively plates (Costar, Corning, NY) containing RPMI 1640
increased doses of aerosolized methacholine (5—-40 mg/ml).medium supplemented with 10% heat-inactivated bovine
Aerosol was generated by a portable ultrasonic nebulizer calf serum (StemCell Technologies Inc.), 2 mhglutamine,
(DeVilbiss Health Care, Sommerset, PA) and drawn through 1 mM sodium pyruvate, 100 U/ml penicillin and 10g/ml

the chamber for 3 min with the Bias Flow Supply. The signals streptomycin (Hyclone Laboratories, Logan, UT) and
were recorded for the subsequent 5 min and interval between5.5x 10-2 mM 2-mercaptoethanol (Life technology, Grand

each dose was 1 min. Island, NY). After 72 h, culture supernatants were collected,
stored at-20°C and assayed in duplicate for the presence of
2.5. T cell cytokine profiling the cytokines IL-4, IL-5, IL-13, IFNy, and IL-10. Antibodies

pairs for ELISA were purchased from Pharmingen (Pharmin-
Single-cell suspensions were prepared from spleen andgen, San Diego, CA) and used according to manufacturer’s
red blood cell lysis was performed. Splenocytes«(40° instructions.
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Fig. 3. Prophylactic efficacy on the bp 1 specific T cell cytokine profiles. Mice were immunized with DNA vaccine and challenged with Déhe same
way as described iRig. 1B (grey bar). Mice that were sensitized withQe1 protein alone (black bar), or received DNA vaccination alone (open bar) were
included as controls. Two days after the last airway allergen challenge, mice were sacrificed and the splenocytes were cultured in RPMI witiber without
1. The concentration of IL-4 (A), IL-5 (C), IL-10 (E), IL-13 (D), and IF{{B) were measured from the culture supernatants with EL{$4.0.05.
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3. Results and discussion
3.1. Prophylactic evaluation of DNA immunization

Our previous result has shown that ther[Pd gene with-

of Th2 response by DNA vaccination, we further examined
the cytokine profile of spleen T cells upon in vitro stimulation
with Der p 1. Mice that were immunized and challenged as
shown in prophylactic regimenkE{g. 1B) were sacrificed on
day 44 and in vitro culture of splenocytes was carried out

out its pre, proenzyme sequence could be expressed in vivowith or without Der pl. As shown ifrig. 3, the levels of

resulting in induction of Dep 1 specific immune responses
after intramuscular DNA immunizatiofd]. However, the

induced specific immune responses were insufficient to sup-

Th2 cytokines IL-4, IL-5, IL-10, IL-13 were significantly
decreased in DNA vaccinated mice, while the Thl cytokine
IFN-v levels were boosted. The ratios of IL-4 to IFfNwvere

press the development of asthma in the mouse model. Herealso significantly decreased from 2.5 in control mice to 1

we aimed to improve prophylactic and therapeutic efficacies
of Der p 1 gene vaccination by optimization of codon usage of

Der p 1 cDNA sequence to that of highly expressed human
genes (Sequence information available upon request). The

humanized mature Dg 1 gene was tagged with a strong
leader sequence from mousexlghain, and inserted into
pVaxl expression vectofF{g. 1A) The resulting construct,
pVaxl-m«-hmDerpl (LHM), was shown to induce 10-fold
higher antibody titers in immunized mice as compared to
pCl-neo-Der p 51/Der p 1(1-222), a DNA construct in pCl
neo expression vector containing nativerpel with a Der

p 5 leader sequence. (Data not shddh) For the prophy-
lactic efficacy assessment, mice were pre-immunized with
LHM construct and challenged intraperitoneally with Der
p 1 protein in alum according to the prophylactic regiment
shown inFig. 1B. Der p 1 specific IgE production in DNA
vaccinated mice was significantly down-regulatEid( 2A);

whereas both IgG2a and IgG1 levels were greatly boosted

in these mice after intraperitoneal Der p 1/alum challenge
(Fig. 2B). These data indicated that D@1 gene immuniza-

tion induced Th1 skewed immune responses, which probably
mediated the attenuation of Th2 responses upon subsequent

allergen challenge.

Allergen specific Th2 skewed immune response is critical
for the development of allergic asthniad0]. Studies have
shown that Th2 cytokines also have direct effects on the
pathogenesis of this dised44]. To confirm the suppression
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Fig. 4. Prophylactic efficacy on the reduction of airway hyperresponsiveness Fig. 5. Therapeutic efficacy on the attenuation of P& specific IgE. Mice
(AHR). Mice were immunized and challenged the same way as described in were systemically sensitized by intraperitoneal injection of native Der p

Fig. 1B. AHR was measured with whole-body plethysmography 24 h after

1 intraperitoneally with alum, followed by aerosol allergen challenge on

the last aerosolized allergen challenge. AHR was successfully establisheddays 21, 22, 23. On days 35 and 42 mice were either treated with DNA

in Der p 1 sensitized and challenged mice (control group, filled square).
DNA immunization before the Der p 1 sensitization reduced the Penh val-

immunization (treated, grey bar) or PBS (control, black bar). On day 77,
mice were challenged with D@ 1 intraperitoneally agair{g. 1C). Blood

ues significantly (vaccinated group, open square). The differences betweenwere collected on days 56 and 84 and titers of Pel specific IgE (A),
vaccinated group and control group are statistically significant at Mch doses IgG2a (B) and IgG1 (C) were determined by ELISA. Results are shown as

20 and 40 mg/ml-.p<0.05.

Mean+ S.E.M."p<0.05.



DTD 5

6 T. HuangFu et al. / Vaccine xxx (2005) XXx—xxx

in DNA vaccinated mice, which confirmed the significant Acknowledgements

suppression of Th2 responses concurrent with a shift to Thl

response. Furthermore, the airway hyperresponsiveness, We would like to thank Dr. Liew Lip Nyin for discussion
which is a hallmark of the asthma symptom, was significantly and technical advice. This work was supported by grants

attenuated in the LHM vaccinated mided. 4). from Biomedical Research Council (03/1/21/18/217) and
Academic Research Fund, National University of Singapore
3.2. Therapeutic evaluation of DNA immunization (R-178-000-074-112).

To evaluate the therapeutic effects of DNA vaccination
with LHM construct, experimental asthmatic mouse model References
was established and treated with LHM immunization regi-
ment as shown ifrig. 1C. The Der p 1 specific IgE levels [1] Weiss KB, Sullivan SD, Lyttle CS. Trends in the cost of illness for
were compared on day 56 and day 84, 2 weeks after the sec- asthma in the United States, 1985-1994. J Allergy Clin Immunol

. L . 2000;106:493-9.
ond DNA immunization and 1 week after the final Der p 1 [2] Silvestri M, Rossi GA, Cozzani S, Pulvirenti G, Fasce L. Age-

C_h_a"engey reSp_eCtiveW- At both time F_’Oints, thET_Del_ Spe- dependent tendency to become sensitized to other classes of aeroal-
cific IgE levels in the LHM treated mice were significantly lergens in atopic asthmatic children. Ann Allergy Asthma Immunol
lower than that in the control groufFig. 5A). On the other 1999;83:335-40.

[3] Chua KY, Stewart GA, Thomas WR, Simpson RJ, Dilworth RJ,
Plozza TM, et al. Sequence analysis of cDNA coding for a major
house dust mite allergen, Der p 1. Homology with cysteine proteases.

hand, De p 1 specific IgG2a levels, but not the IgG1 levels,
were significantly higher in the vaccinated group on day 84

(Fig. 5B and C). T cell cytokines profiling showed that there J Exp Med 1988;167(1):175-82.
was an elevation of IFN+levels in DNA treated mice, but [4] Wolfowicz CB, HuangFu T, Chua KY. Expression and immunogenic-
there was no significant difference in Th2 cytokines levels ity of the major house dust mite allergen D 1 following DNA

(data not shown). The data on airway hyperresponsiveness __ immunization. Vaccine 2003,21:1195-204.
[5] Schulz O, Sewell HF, Shakib F. Proteolytic cleavage of CD25, the

V\{el’(? !nconcluswe. R_ecemly’ Jarman a”?' Ldm reportgd alpha subunit of the human T cell interleukin 2 receptor, by Der p
significant therapeutic effect of a plasmid DNA encoding T 1, a major mite allergen with cysteine protease activity. J Exp Med
cell epitope of Dep 1 spanning residues 111-139, on the 1998;187(2):271-5.

reduction of Th2 cytokines levels and suppression of airway [6] Wany H, Winton HL, Soeller C, dvey ER, Guenert DC, Thomp-
eosinophilia. Vaccine design using T cell epitopes has also ~ S°n PJ. et al. Der p latilitates transepithelial allergen delivery
been exploited by othergrou[is4]. However, due to the con- by disruption of tight junctions. J Clin Invest 1999;104(1):123—
cern about the complexity and polymorphic nature of human (7] massaer M, Mazzu P, Haumont M, Magi M, Daminet V, Bollen
MHC genes, full length Dep 1 gene was used in our vaccine A, et al. High-level expression in mammalian cells of recombinant
design to achieve a broader spectrum of protective immu- house dust mite allergen ProDp 1 with optimized codon usage.
nity for clinical use. It is also worth noting that unlike the Int Arch Allergy Immunol 2001;125:32-43.

. [8] Widera G, Austin M, Rabussay D, Goldbeck C, Barnett SW, Chen
allergy mOdel _used by Jarman and L‘_"lmb’ a strong 'mmur,'O' M, et al. Increased DNA vaccine delivery and immunogenicity by
modulating adjuvant, alum, was used in our study, to establish  gjectroporation in vivo. J Immunol 2000;164:4635-40.

a strong Th2 biased immune response, which could be more [9] Hamelmann E, Schwarze J, Takeda K, Oshiba A, Larsen GL, Irvin
difficult to reverse. CG, et al. Noninvasive measurement of airway responsiveness in
In conclusion, we have demonstrated that codon usage allergic mice using barometric plethysmography. Am J Respir Crit
L . . . Care Med 1997;156:766-75.
opt|m|zat|oq of matqre Dep 1 and the us,e of an efficient [10] Wills-Karp M. Immunologic basis of antigen-induced airway hyper-
mouse Ig light chain leader sequence in the DNA vac- responsiveness. Annu Rev Immunol 1999;17:255-81.
cine construct could effectively inhibit Dg 1 specific IgE [11] Cohn L, Elias JA, Chupp GL. Asthma: mechanisms of disease per-
production, down-regulate Th2 cytokines and subsequently sistence and progression. Annu Rev Immunol 2004;22:789-815.
attenuate airway hyperresponsiveness in the prophylacticll2] Jarman ER, Lamb JR. Reversal of established CD4¢ &/ helper-
approach. Evaluation of the therapeutic effects of this con- mediated allergic ainway inflammation and eosinophilia by therapeu-
. L R tic treatment with DNA vaccines limits progression towards chronic
struct revealed that it was effective in IgE inhibition, 19gG2a inflammation and remodelling. Immunology 2004;112(4):631-42.
and IFN+<y up-regulation, but its effect on airway hyperre- [13] Bauer R, Himly M, Dedic A, Ferreira F, Thalhamer J, Hartl A.
sponsiveness was inconclusive. Further studies using allergy ~ Optimization of codon usage increased immunogenicity of DNA vac-
model induced by sensitization protocol without adjuvant in cination of a major plant allergen in mice. Allergy 2003;58:1003-10.

S . . . . [14] Kwon SS, Kim N, Yoo TJ. The effect of vaccination with DNA
combination with DNA prime-protein boost strategy will be encoding murine T-cell epitopes on the Dp 1 and 2 induced

explored. immunoglobulin E synthesis. Allergy 2001;56(8):741-8.



	Efficacy evaluation of Der p 1 DNA vaccine for allergic asthma in an experimental mouse model
	Introduction
	Materials and methods
	Generation of codon optimized Der p 1 construct
	Experimental mouse models
	Detection of Der p 1 specific mouse immunoglobulin responses
	Non-invasive measurement of airway hyperresponsiveness
	T cell cytokine profiling

	Results and discussion
	Prophylactic evaluation of DNA immunization
	Therapeutic evaluation of DNA immunization

	Acknowledgements
	References


