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ABSTRACT 32 

Background: Fish is a frequent elicitor of severe IgE-mediated allergic reactions. 33 

Beside avoidance, there is currently no allergen-specific therapy available. 34 

Hypoallergenic variants of the major fish allergen, parvalbumin, for specific 35 

immunotherapy based on mutation of the two calcium-binding sites have been 36 

developed.  37 

Objective: To establish a mouse model of fish allergy resembling human disease and 38 

to investigate whether mouse and rabbit IgG antibodies induced by immunization 39 

with a hypoallergenic mutant of the major carp allergen, mCyp c 1, protect against 40 

allergic symptoms in sensitized mice.  41 

Methods: C3H/HeJ mice were sensitized with rCyp c 1 or carp extract by intragastric 42 

gavage. Antibody, cellular immune responses and epitope specificity in sensitized 43 

mice were investigated by ELISA, RBL assay, T cell proliferation experiments using 44 

rCyp c 1 and overlapping peptides spanning the Cyp c 1 sequence. Anti-mCyp c 1 45 

mouse and rabbit sera were tested for their ability to inhibit IgE recognition of Cyp c 46 

1, Cyp c 1-specific basophil degranulation and Cyp c 1-induced allergic symptoms in 47 

the mouse model.  48 

Results: A mouse model of fish allergy mimicking human disease regarding IgE 49 

epitope recognition and symptoms as close as possible was established. 50 

Administration of antisera generated in mice and rabbits by immunization with a 51 

hypoallergenic Cyp c 1 mutant inhibited IgE binding to Cyp c 1, Cyp c 1-induced 52 

basophil degranulation and allergic symptoms caused by allergen challenge in 53 

sensitized mice.  54 

Conclusion: Antibodies induced by immunization with a hypoallergenic Cyp c 1 55 

mutant protect against allergic reactions in a murine model of fish allergy. 56 

 57 
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Clinical implications: IgG antibodies induced by vaccination with a hypoallergenic 58 

Cyp c 1 mutant may protect against fish allergy. 59 

 60 

Capsule summary: Vaccination with a recombinant hypoallergenic Cyp c 1 mutant 61 

induces Cyp c 1-specific IgG antibodies which block IgE binding to Cyp c 1 and 62 

protected against symptoms of fish allergy in a mouse model. 63 

 64 

Key words: fish allergy, hypoallergenic parvalbumin mutant, specific immunotherapy, 65 

blocking antibodies  66 
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Abbreviations 67 

rCyp c 1: recombinant wildtype Cyp c 1 68 

mCyp c 1: recombinant hypoallergenic Cyp c 1 mutant 69 

SIT: allergen-specific immunotherapy 70 

i.p.: intraperitoneal 71 

ELISA: enzyme-linked immunosorbent assay 72 

RBL: rat basophil leukemia 73 

OD: optical density 74 

SCIT: subcutaneous allergen-specific immunotherapy 75 

APC: antigen presenting cell 76 

77 
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INTRODUCTION 78 

Fish represents an important elicitor of food allergy causing severe allergic reactions 79 

which are often life-threatening.1 The prevalence of fish allergy ranges from 0.2% up 80 

to 10% depending on the population and is particularly high in countries with high fish 81 

consumption.2,3 While many food allergies are diseases of early childhood which are 82 

often outgrown, allergy to fish often persists through adulthood.4  83 

Allergen-specific immunotherapy (SIT) is highly effective for respiratory forms of 84 

allergy and insect venom allergy.5 There are also several approaches pursued for 85 

SIT of food allergy including oral, sublingual, epicutaneous and subcutaneous 86 

adminstration of allergens or modified allergens.6,7 A recent review of clinical studies 87 

in oral allergen-specific immunotherapy for food allergy indicated that outcomes of 88 

treatment may be different for different allergens.8 Despite the variability of SIT 89 

regarding clinical outcome for different food allergens, studies performed for different 90 

allergens suggest that besides alterations at the cellular level, an induction of 91 

allergen-specific IgG antibodies may be important for the success of SIT in food 92 

allergy.9,10 93 

At present SIT is not available for fish allergy although parvalbumin, a protein 94 

containg calcium-binding sites, has been characterized as a cross-reactive allergen 95 

in many fish species and recombinant fish parvalbumins mimicking the 96 

immunological properties of the corresponding natural allergens have been 97 

produced.4, 11 Based on the observation that the depletion of calcium leads to a 98 

substantial loss of IgE reactivity of fish parvalbumins12 we have developed a 99 

recombinantly expressed hypoallergenic variant of the fish allergen Cyp c 1 from carp 100 

by mutation of the calcium-binding sites in the protein as a candidate molecule for 101 

SIT of fish allergy.13 We recently also demonstrated that the strategy of introducing 102 
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point mutations into the calcium-binding sites of fish parvalbumins can be used to 103 

reduce the allergenic activity of the major allergens from a variety of fish species.14 104 

In this study we aimed to establish a murine model of fish allergy which mimics fish 105 

allergy in patients as close as possible. For this purpose, mice were orally sensitized 106 

with the major fish allergen Cyp c 1 and the development, epitope-specificity and 107 

biological activity of specific IgE antibodies was determined by ELISA, basophil 108 

degranulation experiments as well as by in vivo provocation testing and assessment 109 

of allergic symptoms. In order to investigate whether IgG antibodies induced by 110 

immunization with the recombinant Cyp c 1 mutant (i.e., mCyp c 1) can protect 111 

against fish allergy we performed passive immunization of fish allergic mice with 112 

mCyp c 1-specific rabbit and mouse antisera before oral provocation. The results 113 

obtained demonstrate that mCyp c 1-specific antibodies can protect against fish 114 

allergy and thus indicate that blocking antibodies might represent a major mechanism 115 

in SIT with mCyp c 1. 116 

117 
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METHODS 118 

Recombinant allergens, synthetic peptides 119 

Recombinant wildtype Cyp c 1 (rCyp c 1) and recombinant Phl p 1 (rPhl p 1) were 120 

obtained from Biomay AG (Vienna, Austria). A recombinant grass pollen 121 

hypoallergen (hP62) consisting of Phl p 2- and Phl p 6-derived fragments was 122 

purified as described and used as negative control.15 The recombinant Cyp c 1 123 

mutant (mCyp c 1) was expressed in E. coli and purified as described.13 Overlapping 124 

peptides spanning the Cyp c 1 sequence were synthesized on a peptide synthesizer 125 

Apex 396 (AAPPTec, Louisville, USA) as described.16 The biochemical 126 

characteristics and positions of the peptides within the amino acid sequence of Cyp c 127 

1 are summarized in Table I and Figure 2C. 128 

 129 

Rabbit antisera, sera from fish allergic patients 130 

For the generation of mCyp c 1-specific rabbit antisera, two female New Zealand 131 

rabbits were immunized at Charles River Laboratories (Sulzfeld, Germany) four times 132 

subcutaneously with 200 µg mCyp c 1 using Freund's adjuvant (1st immunization: 133 

complete Freund's adjuvant, 2nd-4th immunization: incomplete Freund's adjuvant). An 134 

antiserum obtained by immunizing a rabbit with rPhl p 1 in the same way served as a 135 

control. Rabbit antisera were heat inactivated at 56°C for 30 min before 136 

administration to mice. 137 

Sera from the fish allergic patients have been described earlier.14,17 Sensitization to 138 

fish allergens was determined by measuring specific IgE antibodies using the 139 

ImmunoCAP System (f3, cod and/or f355, rCyp c 1) with a cut-off of 0.35 kUA/l 140 

(Thermofisher/Phadia, Uppsala, Sweden). These patients had experienced at least 141 

one of the typical clinical symptoms (dermatitis, urticaria, angioedema, diarrhea, 142 

rhinitis, asthma, or a systemic anaphylactic reaction) which could be clearly attributed 143 
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to consumption of fish. The use of anonymized patients’ sera for serological testing 144 

was approved by the ethics committee of the Medical University of Vienna. 145 

 146 

Preparation of fish allergen extracts for immunoblo tting and mouse 147 

immunization 148 

Allergen extracts were prepared from fresh filets of carp, cod, mackerel, salmon, 149 

sardine, swordfish and tuna as described with modifications.12 Ten gram aliquots of 150 

each fish were frozen in liquid nitrogen, crushed to powder and dissolved in 50 ml 151 

ice-cold phosphate buffered saline (PBS). Extraction of the fish powder was 152 

performed overnight at 4°C. After centrifugation at  14000 rpm and 4°C, supernatants 153 

were filtered through a 0.22 µm filter and protein concentrations were determined by 154 

Bradford protein assay (Bio-Rad, Hercules, USA). For mouse sensitization carp 155 

extract was lyophilized and freshly dissolved in 0.2M bicarbonate buffer (pH 9) before 156 

use. For immunoblot experiments aliquots of eighty micrograms of total protein of 157 

each fish extract were used. Extracts, 1 µg purified rCyp c 1 (positive control), and 158 

the grass pollen allergen rPhl p 6 (negative control) were separated by 16% SDS-159 

PAGE18 and blotted on a nitrocellulose membrane (Whatman Protran nitrocellulose 160 

membrane, Sigma-Aldrich, St. Louis, USA).19 After blocking blotted proteins were 161 

incubated with mCyp c 1-specific rabbit serum diluted 1:1000 overnight at 4°C. Then 162 

membranes were washed and bound IgG antibodies were detected with 125I-labeled 163 

goat anti-rabbit IgG (PerkinElmer, Waltham, USA) and visualized by 164 

autoradiography.20 165 

 166 

Development of a mouse model of fish allergy 167 

Six to eight weeks old, female C3H/HeJ mice were obtained from Harlan (San Pietro 168 

Al Natisone, Italy) and Jackson Laboratories (Bar Harbor, Maine, USA). All 169 
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experiments were approved by the local review board of the Medical University of 170 

Vienna, and were performed in accordance with national and international guidelines 171 

of laboratory animal care. The mouse model of fish allergy was established according 172 

to the protocol in Figure 1A. Mice (n=24) were sensitized 5 times in weekly intervals 173 

with 100 µg rCyp c 1 and 20µg cholera toxin (Sigma-Aldrich, St. Louis, USA) in 200 174 

µl 0.2M bicarbonate buffer (pH 9) by intragastric gavage. After sensitization mice 175 

were randomized in two groups of 12 mice each with comparable Cyp c 1-specific 176 

IgE antibody levels. On day 48, the therapy group received 500 µl of heat-inactivated 177 

mCyp c 1-specific rabbit antiserum and the control group received 500 µl of heat-178 

inactivated Phl p 1-specific antiserum intraperitoneally (i.p.). Blood samples were 179 

taken on the day before each sensitization and before and after rabbit serum 180 

application. Mice were then challenged by intragastric gavage on day 49 with 100 µg 181 

rCyp c 1. Symptoms were recorded by two independent observers according to the 182 

symptom score published by Li X. M. et al. (0: no symptoms, 1: scratching and 183 

rubbing around the nose and head, 2: puffiness around the eyes and mouth, 184 

diarrhea, pilar erecti, reduced activity and/or decreased activity with increased 185 

respiratory rate, 3: wheezing, labored respiration, 4: no activity after prodding or 186 

tremor and convulsion 5: death).21 For control purpose naïve mice were also included 187 

in the study. 188 

For a second set of experiments C3H/HeJ mice were vaccinated with mCyp c 1 using 189 

a protocol similar to subcutaneous SIT in humans. The vaccine was produced by 190 

adsorption of mCyp c 1 to aluminium hydroxide (Alu-Gel-S; Serva, Ingelheim, 191 

Germany) and 20 µg mCyp c 1 were administered to mice (n=5) subcutaneously 6 192 

times in monthly intervals. Likewise a second group of mice (n=5) was vaccinated 193 

with 20 µg of a control protein (hP62) adsorbed to aluminium hydroxide 6 times in 194 

monthly intervals.  195 
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Immune sera specific for the respective antigens were collected after each 196 

immunization, pooled, and administered to mice sensitized with 500 µg carp extract 197 

and 20 µg cholera toxin according to the established protocol (Fig.1B). 198 

In another set of experiments investigating the specificity of the protective antisera, 199 

groups of carp extract sensitized C3H/HeJ mice (n=8) were randomized into 3 groups 200 

with comparable Cyp c 1-specific IgE levels. Following the established model 201 

described above 600 µl of heat inactivated mCyp c 1- or control antigen-specific 202 

mouse antisera were administered intraperitoneally to each mouse. An additional 203 

control group of sensitized mice received no treatment with any antiserum. One day 204 

later all groups of mice were challenged with 10mg carp extract by i.g. gavage and 205 

again symptoms were recorded. Results shown are representative for two 206 

independently performed experiments. 207 

 208 

Measurement of rCyp c 1  -specific and peptide-specific antibodies in mouse 209 

and human sera 210 

Mouse IgM, IgA, IgG1, IgG2a, IgG3 specific for rCyp c 1 were determined by ELISA as 211 

previously described.22 ELISA plates (Nunc Maxisorp, Roskilde, Denmark) were 212 

coated with rCyp c 1 (5 µg/ml). Mouse sera were diluted 1:50 (for IgM, IgA, IgG2a and 213 

IgG3) and 1:500 (for IgG1). IgM, IgA, IgG1, IgG2a and IgG3 were detected with 214 

monoclonal rat anti-mouse IgM, IgA, IgG1, IgG2a and IgG3 antibodies, respectively 215 

(GE Healthcare, Fairfield, USA, 1:1000 dilution) followed by a HRP-labeled goat anti-216 

rat IgG (minimal cross-reactivity) antibody (BioLegend, San Diego, USA, 1:2000 217 

dilution).  218 

To measure human and mouse IgE specific for rCyp c 1 and Cyp c 1 peptides, 219 

ELISA plates (Nunc Maxisorp, Roskilde, Denmark) were coated with rCyp c 1or the 220 

individual peptides (5 µg/ml). Mouse and human sera were diluted 1:10. Human IgE 221 
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was detected with a HRP-labeled goat anti-human IgE antibody (KPL, Maryland, 222 

USA, 1:2500 dilution), mouse IgE with a rat anti-mouse IgE antibody (GE Healthcare, 223 

Fairfield, USA, 1:1000 dilution) and HRP-labeled goat anti-rat IgG  (BioLegend, San 224 

Diego, USA, 1:2000 dilution). 225 

rCyp c 1-specific rabbit IgG antibodies were measured in mouse sera, which were 226 

obtained before and after i.p. application of mCyp c 1-specific or rPhl p 1-specific 227 

rabbit antisera to the mice. For this purpose, ELISA plates were coated with rCyp c 1 228 

(5 µg/ml). Mouse sera were diluted 1:50,000 and rabbit IgG was detected with HRP-229 

labeled anti-rabbit IgG from donkey (GE Healthcare, Fairfield, USA, 1:2500 dilution). 230 

All measurements were performed in duplicates. OD values shown are mean values 231 

of the different mouse groups.  232 

 233 

Titration and epitope mapping of mCyp c 1-induced r abbit and mouse IgG 234 

antiserum and inhibition of human IgE-binding to rC yp c 1 235 

ELISA plate-bound rCyp c 1 (5 µg/ml) was incubated with serial dilutions of the mCyp 236 

c 1-specific rabbit antiserum (diluted 1:100 - 1:819,200). Rabbit IgM was detected 237 

with a HRP-labeled anti-rabbit IgM from goat (Rockland Inc., Pennsylvania, USA), 238 

rabbit IgA with a HRP-labeled anti-rabbit IgA from goat (Thermo Fisher, 239 

Massachusetts, USA), and rabbit IgG with a HRP-labeled anti-rabbit IgG antibody 240 

from donkey (GE Healthcare, Fairfield, USA) (dilution 1:2000). For the epitope 241 

mapping of rabbit anti-mCyp c 1 antibodies, ELISA plates were coated with rCyp c 1 242 

or Cyp c 1 peptides (5 µg/ml) and exposed to the 1:50,000 diluted mCyp c 1-specific 243 

rabbit antiserum. For epitope mapping of IgG1 and IgG2a in mouse sera a 1:250 244 

serum dilution for IgG1 and a 1:50 dilution for IgG2a was used. IgG1 and IgG2a were 245 

detected as described above. 246 
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For IgE inhibition experiments, ELISA plate-bound rCyp c 1 (1 µg/ml) was pre-247 

incubated with serial dilutions of the mCyp c 1-specific rabbit antiserum (1:20 – 248 

1:100,000) or, for control purposes, with the pre-immune serum (1:20). After washing 249 

1:10 diluted patients’ sera were added. Human IgE was detected with a HRP-labeled 250 

goat anti-human IgE antibody (KPL, Maryland, USA, 1:2500). All measurements 251 

were performed as duplicates. The OD values shown are mean values with a 252 

deviation of less than 5%. 253 

 254 

Rat basophil leukemia cell degranulation experiment s  255 

RBL cells were grown in 96-well cell-culture plates (Costar, Corning, Tewksbury, 256 

USA) for 20 hours at 37°C and 5% CO 2. Aliquots of five µl of a serum pool from 257 

sensitized mice were added and the cells were incubated at 37°C, 5% CO 2 for 2 258 

hours and washed 2 times with Tyrode’s Buffer (Sigma-Aldrich, St. Louis, USA). 259 

Degranulation of RBL cells was induced by adding 100µL of rCyp c 1 (0.3 µg/ml) in 260 

Tyrode’s Buffer and incubation for 30 minutes at 37°C, 5% CO 2. In the inhibition 261 

experiments rCyp c 1 (0.3 µg/ml) was added together with 10% v/v mCyp c 1-specific 262 

heat-inactivated rabbit or mouse antiserum or control antiserum or buffer. Beta-263 

hexosaminidase in culture supernatants was detected with 0.16 mM 4-264 

methylumbelliferyl-N-acetyl-β-d-glucosaminide (Sigma-Aldrich, St. Louis, USA) and 265 

fluorescence was measured at λex:360/λem:465 nm using a microplate reader 266 

(VICTOR™ Plate Reader, Perkin Elmer, Waltham, USA). Results are reported as 267 

percentages of total β-hexosaminidase released after cell lysis by addition of 10% 268 

Triton X-100. All measurements were performed in triplicates and standard 269 

deviations are given for triplicate determinations. 270 

 271 

Proliferation assays 272 
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Spleens were removed from mice on day 62 under aseptic conditions and 273 

homogenized. Single cell suspensions were filtered through a 70 µm nylon cell 274 

strainer to remove remaining tissue. Erythrocytes were removed by adding ice cold 275 

red blood cell lysing buffer (Sigma–Aldrich, St. Louis, USA). Cells (2 × 106 cells/ml) 276 

were cultivated in 96-well round-bottom plates (Nunclon Delta Surface, Roskilde, 277 

Denmark) in the presence of rCyp c 1 or mCyp c 1 (2 µg/well), or synthetic Cyp c 1 278 

peptides (0.36 µg/well). Concanavalin A (0.5 µg/well) (Sigma-Aldrich, St. Louis, USA) 279 

was used as positive control and medium as a negative control. The plates were 280 

incubated at 37°C, 5% CO 2. On day five 0.5 µCi 3H thymidine ([methyl-3H] thymidine, 281 

Perkin Elmer, Waltham, USA) per well was added to cells. After 18 hours cells were 282 

harvested and thymidine incorporation was measured in a beta counter (Beta 283 

scintillation liquid, Wallac Micro Beta TriLux Luminescence Counter, Perkin Elmer, 284 

Waltham, USA). 285 

 286 

Statistical analysis 287 

Differences between mouse groups were determined using a Mann-Whitney U-Test. 288 

P-values < 0.05 were considered as significant (*), p-values <0.01 as highly 289 

significant (**). GraphPad Prism software was used for statistical analysis. 290 

291 
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RESULTS 292 

Development of a mouse model of fish allergy 293 

In order to develop a mouse model of IgE-associated fish allergy which resembles 294 

the human situation as closely as possible, C3H/HeJ mice, which have been 295 

described as being susceptible to the induction of food allergy,23 were sensitized by 296 

repeated intragastric gavage with the major fish allergen, Cyp c 1, from carp, which 297 

shows extensive IgE cross-reactivity with parvalbumins from various fish species. 298 

The application of rCyp c 1 together with the mucosal adjuvant cholera toxin resulted 299 

in the induction of a Cyp c 1-specific IgE response which was accompanied by a 300 

specific IgG1, IgG2a and IgM response (Fig. 1A, 2A-D). A slight induction of Cyp c 1-301 

specific IgG3 and IgA responses was observed (Fig. 2B).  302 

The analysis of the epitope specificity of this IgE response using seven overlapping 303 

Cyp c 1 peptides gave similar results (Fig. 2C, D) as experiments performed with 304 

sera from fish allergic patients (Fig. 2E). Cyp c 1-specific mouse IgE antibodies 305 

showed no relevant IgE reactivity to any of seven Cyp c 1 peptides but only to the 306 

complete Cyp c 1 allergen indicating that the murine IgE antibodies were not directed 307 

to linear/sequential epitopes but to the intact conformation of Cyp c 1 (Fig. 2D). 308 

Likewise, the IgE epitope mapping of fish allergic patients’ sera (n=10) revealed that 309 

also the patients IgE responses were mainly directed to the complete Cyp c 1 310 

allergen molecule and not to the Cyp c 1 peptides (Fig. 2E). The mapping of the Cyp 311 

c 1-specific T cell response performed with the overlapping synthetic Cyp c 1 312 

peptides in cultivated splenocytes from sensitized mice identified peptide 5 spanning 313 

aa 61-80 of Cyp c 1 as the major T cell epitope in the murine model (Fig. 2F). The 314 

ability of the Cyp c 1-specific IgE antibodies to induce allergic reactions was 315 

demonstrated by loading RBL cells with serum IgE from sensitized mice which 316 

resulted in degranulation and mediator release (Fig. 4A).  317 
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 318 

Rabbit antiserum generated by immunization with a h ypoallergenic Cyp c 1 319 

mutant inhibits the binding of patients’ IgE to Cyp  c 1 and cross-reacts with 320 

parvalbumins from many fish species 321 

We have engineered a recombinant hypoallergenic derivative of the major carp 322 

allergen Cyp c 1 (mCyp c 1) by mutation of the two active calcium binding sites of the 323 

molecule (Tab. 1).13,14 In order to investigate whether IgG antibodies induced by 324 

immunization with mCyp c 1 protect against fish allergy, we produced mCyp c 1-325 

specific rabbit antisera. Rabbit anti-mCyp c 1 IgG antibodies reacted with rCyp c 1 326 

even at high dilutions (1:819,200) (Fig. 3A). In fact the vast majority of Cyp c 1-327 

specific antibodies belonged to the IgG class, as Cyp c 1-specific IgM and IgA was 328 

only detectable up to a dilution of 1:800 whereas Cyp c 1-specific IgG could be 329 

detected up to a dilution of approx. 1:400,000 (Fig. 3A). Furthermore, rabbit anti-330 

mCyp c 1 antibodies at a dilution of 1:100 inhibited almost completely the binding of 331 

fish allergic patients’ IgE to rCyp c 1 as shown in IgE inhibition ELISA experiments 332 

(Fig. 3B). Epitope mapping studies performed with synthetic Cyp c 1 peptides 333 

showed that anti-mCyp c 1-specific IgG antibodies reacted also with sequential Cyp c 334 

1 peptide epitopes (peptides 7>1=3>6) (Fig. 3C).  335 

Furthermore, mCyp c 1-specific IgG antibodies cross-reacted with natural 336 

parvalbumins from six commonly consumed fish species (carp, cod, mackerel, 337 

salmon, sardine and tuna) (Fig. 3D). Only parvalbumin from swordfish did not react 338 

with mCyp c 1-induced IgG antibodies (Fig. 3D).  339 

 340 

mCyp c 1-specific antisera block IgE binding to Cyp  c 1, Cyp c 1-induced 341 

basophil degranulation and allergic reactions in th e murine model of fish 342 

allergy 343 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
                                                                                                                             Freidl et al. 

 17

In a first ex vivo experiment we investigated whether mCyp c 1-specific rabbit 344 

antiserum can suppress the Cyp c 1-induced degranulation of basophils loaded with 345 

IgE from rCyp c 1-sensitized mice (Fig. 4A). We found that rCyp c 1 in the presence 346 

of mCyp c 1-specific rabbit antiserum did not induce relevant basophil degranulation 347 

whereas rCyp c 1 without mCyp c 1-specific IgG antibodies or in the presence of 348 

control antibodies induced basophil degranulation (Fig. 4A).  349 

Next we injected mCyp c 1-specific rabbit antiserum in one group of rCyp c 1 350 

sensitized mice whereas the other rCyp c 1-sensitized mouse group received rabbit 351 

antiserum specific for the unrelated grass pollen allergen Phl p 1. We then analyzed 352 

blood samples collected one day before and two days after treatment for the 353 

presence of the injected rabbit IgG antibodies. Cyp c 1-specific rabbit IgG antibodies 354 

were only detected in mice who had received mCyp c 1-specific antiserum (Online 355 

repository, Fig. E1 A) but not in mice who had been treated with Phl p 1-specific 356 

antiserum (Online repository, Fig. E1 B). The latter group was found to contain Phl p 357 

1-specific rabbit IgG (data not shown). The binding of mouse IgE to Cyp c 1 was 358 

reduced in mice which had been treated with anti-mCyp c 1-specific antiserum 359 

(Online repository, Fig. E1 C) but not in mice which had been treated with Phl p 1-360 

specific antiserum (Online repository, Fig. E1 D) when Cyp c 1-specific IgE reactivity 361 

was compared before and after injection of rabbit antibodies.   362 

Next, the two groups of Cyp c 1-sensitized mice which had received mCyp c 1-363 

specific or Phl p 1-specific antiserum were challenged by intragastric application of 364 

100µg rCyp c 1. Upon challenge, mice which had received the Phl p 1-specific 365 

antiserum (control group) developed allergic symptoms including scratching and 366 

rubbing around nose and mouth, reduced activity and swelling around the eyes and 367 

mouth whereas mice which had been treated with mCyp c 1-specific antiserum 368 

(therapy group) showed either no or only mild symptoms in response to oral allergen 369 
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challenge (Fig. 4B). Thus a significant reduction of allergic symptoms was found in 370 

the group of mice which had been treated with mCyp c 1-specific antiserum when 371 

compared to the group treated with the Phl p 1-specific antiserum (Fig. 4B). 372 

Next we established an active vaccination protocol in C3H/HeJ mice similar to 373 

subcutaneous SIT performed in allergic patients. The vaccine was formulated by 374 

adsorption of mCyp c 1 to aluminium hydroxide and injected subcutaneously in 375 

monthly intervals. Already after two immunizations high levels of Cyp c 1-specific 376 

IgG1 antibodies were induced in the vaccinated group (n=5) but not in the control 377 

group having received an unrelated antigen (hP62) (data not shown). Epitope 378 

mapping studies revealed that vaccination with mCyp c 1 induced IgG1 and IgG2a 379 

antibodies which were specific not only for rCyp c 1 but also for linear peptides 380 

(peptides 1, 2, 3, 5, 6, 7) (Fig. 5A, B). Next we sensitized groups of C3H/HeJ mice 381 

(n=8) according to the established protocol. In this experiment carp extract was used 382 

for sensitization in order to more closely mimic the sensitization process in humans 383 

(Fig. 1B). Allergic sensitization by intragastric gavage of carp extract induced a Cyp c 384 

1-specific IgE as well as an endogenous Cyp c 1-specific IgG1 and IgG2a response in 385 

these mice. In contrast to the mCyp c 1-induced IgG antibodies, this IgG response 386 

was mainly directed to the folded protein (Fig. 5C, D).  387 

We investigated the effect of vaccine-induced IgG antibodies on basophil activation 388 

and allergic symptoms. Mouse serum from mCyp c 1-immunized mice was able to 389 

suppress Cyp c 1-induced degranulation of RBL cells which were loaded with Cyp c 390 

1-specific IgE up to 95.6% (Fig. 6A).  Next we transferred mouse serum of mCyp c 1-391 

vaccinated mice, or the mouse anti-hP62 control serum or no serum to carp extract-392 

sensitized mice. Upon challenge with 10 mg carp extract a significant reduction of 393 

allergic symptoms was again observed in the mouse group having received Cyp c 1-394 

specific mouse antiserum compared to the control groups (Fig. 6B). Mice from both 395 
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control groups which were either treated with an irrelevant antiserum or had received 396 

no treatment developed allergic symptoms of equal severity upon challenge. 397 

398 
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DISCUSSION 399 

Since the original demonstration by Prausnitz & Kuestner that allergic sensitization to 400 

fish can be transferred passively with serum24, treatment of fish allergy and other life-401 

threatening food allergies represents a major challenge.25,26 Due to the high 402 

allergenic activity of fish which can induce severe allergic reactions, SIT is not 403 

available as a treatment option for fish allergic patients. In order to establish an in 404 

vivo model for fish allergy which closely mimics fish allergy in patients and hence 405 

would allow studying approaches for SIT of fish allergy, we sensitized mice by the 406 

oral route using the recombinant major fish allergen, rCyp c 1, and carp extract. Mice 407 

sensitized by oral administration of rCyp c 1 or carp extract developed an IgE 408 

antibody response similar to the human disease. The IgE response of carp extract 409 

sensitized mice was mainly directed to the single major allergen Cyp c 1 (data not 410 

shown). In addition IgE antibodies mainly recognized conformational epitopes of Cyp 411 

c 1 similar to those of fish allergic patients. We attribute the IgE recognition of mainly 412 

conformational epitopes on Cyp c 1 to the extremely high stability of the protein. The 413 

Cyp c 1 mutant which is unable to bind calcium and shows an altered secondary 414 

structure induced an IgE and IgG antibody response also to linear epitopes when it 415 

was adsorbed to aluminium hydroxide and injected via the subcutaneous route.13 416 

Importantly, IgE antibodies induced by rCyp c 1 and carp extract also induced 417 

basophil activation and allergic reactions when sensitized mice were orally 418 

challenged. Epitope mapping studies performed with overlapping peptides of Cyp c 1 419 

identified peptide 5 comprising amino acids 61-80 in the Cyp c 1 sequence as a 420 

major T cell epitope which may be a useful information for approaches studying T cell 421 

epitope-targeting strategies in the murine model. Since besides cellular mechanisms, 422 

the induction of allergen-specific blocking IgG antibodies has been identified as a 423 

major mechanism of SIT for other food allergen sources such as peanut allergy and 424 
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egg allergy9,10 we thought to evaluate the therapeutic potential of mCyp c 1, a 425 

recombinant hypoallergenic variant of Cyp c 1 which is currently evaluated as a 426 

candidate for subcutaneous immunotherapy of fish allergy in the European Union-427 

funded project FAST.7 Within the FAST project, mCyp c 1 has been formulated for 428 

subcutaneous injection immunotherapy because it has been shown that 429 

immunization of mice and rabbits with mCyp c 1 induces a robust induction of IgG 430 

antibodies which recognize the wildtype allergen. In fact, we found that IgG 431 

antibodies induced by immunization of rabbits with mCyp c 1 not only recognized the 432 

Cyp c 1 wildtype allergen but also inhibited allergic patients’ IgE antibodies to Cyp c 433 

1. Moreover, mCyp c 1-induced rabbit antibodies cross-reacted with parvalbumins 434 

from several fish species and inhibited the degranulation of basophils which were 435 

loaded with IgE antibodies from Cyp c 1-sensitized mice.  436 

We were therefore interested to study if mCyp c 1-specific antibodies can also 437 

suppress symptoms of fish allergy in vivo using the fish allergy model. For this 438 

purpose we followed the classical experiments performed by Dunbar which basically 439 

inspired Noon to conduct the first SIT study for the treatment of grass pollen allergy.27 440 

In fact already Dunbar showed that rabbit antisera raised against natural allergen 441 

preparations were able to suppress allergic inflammation in patients using 442 

conjunctival provocation testing28 and a similar experiment was then also performed 443 

with sera from immunotherapy-treated patients’ sera by Cooke.29 444 

We therefore treated sensitized mice with mCyp c 1-specific rabbit antiserum 445 

containing Cyp c 1-specific IgG antibodies. We could show their presence in the 446 

circulation of mice and that they inhibited the binding of IgE from sensitized mice to 447 

Cyp c 1 by ELISA. More importantly, we found that mice which had received mCyp c 448 

1-specific antisera were protected against allergic reactions induced by oral allergen 449 

challenge. Data from a mouse model of respiratory allergy suggest a duration of the 450 
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blocking activity of passively applied allergen-specific rabbit antisera of up to 3 weeks 451 

after administration.30 For allergic patients even longer effects may be expected due 452 

to the fact that human IgG antibodies have longer half-life than mouse IgG 453 

antibodies. The same result was obtained using sera from mice which had received 454 

immunotherapy by subcutaneous injection of aluminium-hydroxide-adsorbed mCyp c 455 

1 by 6 monthly injections as it is also performed in patients under maintenance 456 

immunotherapy treatment. It cannot be excluded that the IgG antibodies induced by 457 

sensitization to carp extract show some protective effect but it seems to be 458 

incomplete such as in allergic patients who usually also produce allergen-specific IgG 459 

antibodies but nevertheless have symptoms. We assume that the protective effect of 460 

the IgG response induced by mCyp c 1 is due to its polyclonal nature recognizing 461 

more epitopes on Cyp c 1 and perhaps due to higher avidity. We can also exclude a 462 

potential protective effect of other serum components than allergen-specific IgG 463 

antibodies in our passive transfer experiments, as control groups having received 464 

either a mouse antiserum specific for an irrelevant antigen or no treatment were both 465 

unprotected against allergic symptoms.         466 

The strength of this experimental design of using the transfer of SCIT-induced 467 

antisera is that the protective effect can be directly attributed to mCyp c 1-specific 468 

antibodies. On the other hand the weakness of this approach is that it does not allow 469 

studying the role of complex regulatory mechanisms like the influence of certain 470 

APCs, the generation of regulatory T cell populations and/or cytokine effects. The 471 

latter might be analyzed by the transfer of cells or by direct vaccination of “fish 472 

allergic mice” with mCyp c 1. However, we observed that in the murine model 473 

immunization with mCyp c 1 also induced Cyp c 1-specific IgE antibody responses 474 

which superimpose the transient IgE response induced by oral gavage making an 475 

unambiguous analysis in an active vaccination model in the mouse impossible. 476 
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Nevertheless, we think that the obtained results are important because they indicate 477 

that antibodies induced by immunization with mCyp c 1 can suppress allergic 478 

reactions caused by the major fish allergen and hence may represent an important 479 

mechanism of SIT with mCyp c 1. Since the allergenic activity of mCyp c 1 has been 480 

reduced compared to the wildtype allergen it may be possible to vaccinate fish 481 

allergic patients with fewer and higher doses to induce protective IgG antibodies 482 

directly by active vaccination. Ultimately it may be possible to establish safe and 483 

convenient subcutaneous SIT protocols for the treatment of fish allergy which are 484 

based on mCyp c 1. 485 

486 
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FIGURE LEGENDS 602 

 603 

TABLE I. Sequences, molecular weights and pIs of synthetic peptides spanning the 604 

Cyp c 1 sequence.  605 

 606 

FIG 1. Sensitization and treatment protocol for a mouse model of fish allergy. (A) 607 

Mice were sensitized to recombinant Cyp c 1 five times by intragastric gavage as 608 

indicated, treated by the i.p. application of mCyp c 1-specific rabbit antiserum or 609 

control antiserum and challenged with rCyp c 1. (B) Mice were sensitized by five 610 

intragastric gavages of carp extract, treated by mouse mCyp c 1-specific or control 611 

antiserum and were challenged with carp extract. 612 

 613 

FIG 2. Cyp c 1-specific immune responses in rCyp c 1 sensitized mice. (A) Induction 614 

of Cyp c 1-specific IgG1, and (B) IgG2a, IgG3, IgA, IgM as measured by ELISA. (C) 615 

Position of synthetic Cyp c 1-derived peptides 1-7 in the Cyp c 1 molecule. (D) 616 

Epitope mapping of mouse IgE and (E) allergic patients’ IgE with Cyp c 1 peptides. 617 

Shown are mean antibody levels (y-axes: optical density OD values ± SDs) before 618 

sensitization and at day 28. (F) Proliferation of splenocytes from Cyp c 1-sensitized 619 

and naïve mice in response to Cyp c 1 peptides, rCyp c 1 and medium alone. Results 620 

are displayed as mean counts per minute ± SDs for the two mouse groups. Asterisks 621 

indicate significant differences (p<0.05) between mouse groups.  622 

 623 

FIG 3. Characterization of rabbit antiserum induced by immunization with mCyp c 1. 624 

(A) Titration of rabbit antiserum induced by immunization with mCyp c 1 for IgM, IgA, 625 

and IgG reactivity to rCyp c 1. Mean OD values of triplicates ± SD corresponding to 626 

bound IgM, IgA, and IgG (y-axis) are displayed for different serum dilutions (x-axis). 627 
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(B) Inhibition of fish allergic patients’ IgE-binding to rCyp c 1 by mCyp c 1-induced 628 

IgG. Shown is allergic patients’ IgE binding (patients 1-8) (y-axis: mean OD values) 629 

to rCyp c 1 which was pre-incubated with various dilutions of serum from a rabbit 630 

obtained before (Pre) or after immunization with mCyp c 1 (x-axis). (C) Epitope 631 

mapping of mCyp c 1-induced rabbit IgG antibodies. IgG reactivity (y-axis: mean OD 632 

values ± SDs) of mCyp c 1-specific IgG to rCyp c 1 and Cyp c 1 peptides 1-7 (x-axis). 633 

(D) Cross-reactivity of mCyp c 1-induced rabbit IgG antibodies to nitrocellulose-634 

blotted fish allergen extracts. Bound mCyp c 1-specific rabbit IgG antibodies were 635 

detected with 125I-labeled anti-rabbit IgG antibodies and visualized by 636 

autoradiography. Molecular weights (kDa) are indicated on the left margin. 637 

 638 

FIG 4. mCyp c 1-specific rabbit antiserum inhibit rCyp c 1-induced basophil 639 

degranulation in vitro and Cyp c 1-induced allergic symptoms in vivo. (A) RBL cells 640 

were loaded with pooled sera from rCyp c 1-sensitized mice in the presence or 641 

absence of mCyp c 1-specific rabbit antiserum or control antiserum (x-axis). The 642 

percentage of total ß-hexosaminidase release is displayed on the y-axis (triplicates ± 643 

SD). (B) Significant (** p<0.01) suppression of allergic symptoms in Cyp c 1-644 

sensitized mice by mCyp c 1-specific rabbit antiserum after challenge with Cyp c 1. 645 

Allergic symptoms (y-axis: mean symptom scores ± SD) in Cyp c 1-sensitized mice 646 

having received mCyp c 1-specific or control antiserum (x-axis). 647 

 648 

FIG 5. Epitope mapping of mouse IgG antibodies induced by gavage with carp 649 

extract and vaccination with mCyp c 1. IgG1 and IgG2a antibody levels (y-axes: 650 

optical density OD values) specific for Cyp c 1-derived peptides 1-7 and rCyp c 1 (x-651 

axes) were measured (A, B) after immunization with mCyp c 1 (α-mCyp c 1 serum, 652 
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white bars; preimmune serum, grey bars) and (C, D) after sensitization (day 43) with 653 

carp extract (gavage carp extract, black bars; preimmune serum, grey bars). 654 

 655 

FIG 6. Suppression of Cyp c 1-induced basophil degranulation and allergic 656 

symptoms with a mCyp c 1-specific mouse antiserum. (A) RBL cells loaded with 657 

pooled sera from rCyp c 1-sensitized mice (day 43) were challenged with rCyp c 1 in 658 

the presence or absence of mCyp c 1-specific mouse antiserum or control hP62-659 

specific antiserum (x-axis). The percentage of total ß-hexosaminidase release is 660 

displayed on the y-axis (triplicates ± SD). (B) Allergic symptoms (y-axis: mean 661 

symptom scores ± SD) of carp extract-sensitized mice treated with either mouse α-662 

mCyp c 1 serum, or mouse α-hP62 serum or of untreated mice (x-axis) after 663 

challenge with carp extract (*, p<0.05; **,p<0.01).  664 

  665 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
                                                                                                                             Freidl et al. 

 32

Table I. Sequences, molecular weights and pIs of sy nthetic peptides spanning the  666 

Cyp c 1 sequence. The four aspartic acids (D) which were exchanged to alanines in  667 

the Cyp c 1 mutant are underlined. 668 

 669 

peptide   aa sequence   MW (Da) isoelectric point (pI) 670 

P1  MAFAGILNDADITAALQGCQ  2023.3   3.56 671 
P2  LQGCQAADSFDYKSFFAKVG  2182.4   5.95 672 
P3  FAKVGLSAKTPDDIKKAFAV  2106.4   9.53  673 
P4  KAFAVIDQDKSGFIEEDELK  2282.5   4.3   674 
P5  EDELKLFLQNFSAGARALTD  2238.4   4.32 675 
P6  RALTDAETKAFLKAGDSDGD  2081.2   4.36 676 
P7  GDSDGDGKIGVDEFAALVKA  1964.1   4.04  677 
  678 
 679 
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Figure 4
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Supplementary Figure E1. 

Reduced allergen-specific IgE reactivity of Cyp c 1-sensitized mice which had been 

treated with mCyp c 1-specific rabbit antiserum. Presence of Cyp c 1-specific rabbit IgG 

in mice before and after injection of (A) mCyp c 1-specific antiserum or (B) Phl p 1-

specific antiserum. Cyp c 1-specific IgE reactivity of mice before and after injection of (C) 

mCyp c 1-specific antiserum or (D) Phl p 1-specific antiserum. Antibody reactivities are 

shown for each mouse (y-axes: OD values) before and after antiserum injection (y-

axes). 
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