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1   |   INTRODUCTION

Hypersensitivity to house dust mites (HDM) is one of the 
most prevalent allergic reactions in humans; more than 

50% of all asthmatics worldwide are sensitized to HDM-
borne aeroallergens.1,2 Dermatophagoides pteronyssinus 
(Dpt) is a widely distributed mite species which is re-
sponsible for most of the HDM allergic reactions in the 
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Abstract
Der p 1 is one of the major allergenic molecules of Dermatophagoides pteronys-
sinus, causing house dust mite (HDM) allergy. The pathological B cells produce 
allergen-specific IgE antibodies that mediate the hypersensitivity reaction, there-
fore the selective elimination of these B cells is a legitimate therapeutic goal in 
allergy. Chimeric molecule Dp51-72 able to cross-link B cell inhibitory comple-
ment receptor type 1 and BCR on Der p 1-specific B cells was constructed. The 
signalling capabilities of this molecule have been tested on human B cells. A hu-
manized mouse model of HDM allergy has been used to test the in vivo effects of 
the chimeric molecule administration. Administering the chimeric molecule to 
immunodeficient Rag2- γc- mice transferred with PBMCs from allergic patients 
resulted in reduction of allergen-specific IgE antibodies in the sera, and reduced 
infiltration of immune cells in lung histology preparations. Reduced numbers 
of human CD45+ and CD4+ cells in the lungs as well as inhibition of mast cell 
degranulation were also observed. The treatment with Dp51-72 chimera signifi-
cantly decreased the local levels of anti-Dpt IgE antibodies in the bronchoalveolar 
lavage fluid (BALF). The binding of the chimeric molecule to tonsillar B cells 
triggers the tyrosine phosphorylation of 30–32 kDa protein, which is most likely 
involved in the inhibitory process. Administration of constructed chimeric mol-
ecules to humanized mice with developed inflammation resulted in specific sup-
pression of disease-associated IgE antibody-producing cells and preserved lung 
histology. This effective approach could be further developed into a therapeutic 
agent for treatment of patients with HDM allergy.
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industrialized world.2 In atopic patients, HDM-derived 
allergens activate pathological Dpt-specific B cells, which 
develop into IgE-producing plasma cells.

The generation of allergen-specific IgE antibodies is 
considered to be of upmost importance in allergies, in 
which a small quantity of the allergen in the environment 
has the capacity to elicit very strong hypersensitivity re-
actions. The administration of the humanized anti-IgE 
monoclonal antibodies omalizumab or ligelizumab to 
allergic patients or a mouse model results in a rapid re-
duction of IgE serum levels and ameliorates most of the 
symptoms in patients with allergic asthma, rhinoconjunc-
tivitis and atopic dermatitis.3,4 Reduction of serum IgE 
levels leads to significant down-modulation of the FcεRI 
receptor expression on mast cells, which further decreases 
the amount of FcεRI-IgE complexes on the surface of the 
effector cells and renders them less sensitive to allergen 
stimulation.5 These results highlight the importance of 
IgE, thus the allergen-specific B lymphocytes represent a 
logical target for selective therapeutic intervention.

Human complement receptor type 1 (CR1, CD35) is ex-
pressed either alone or in complex with complement re-
ceptor type 2 (CR2) on the surface of B cells.6 It had been 
shown earlier that CR1 delivers strong inhibitory signals in 
human B lymphocytes, resulting in an efficient reduction 
of proliferation and differentiation to antibody-producing 
plasma cells.7,8 Hence, human CR1 could be a promising 
candidate for specific targeting of pathogenic B cells.

We have previously constructed a protein-engineered 
chimeric molecule consisting of a DNA-mimotope pep-
tide DWEYSVWLSN coupled to a monoclonal anti-human 
CR1 antibody, which binds to human B cells. We showed 
that this chimera cross-links cell surface immunoglob-
ulin and CR1 on dsDNA-specific B cells from lupus pa-
tients, and suppresses anti-dsDNA IgG antibody-secreting 
plasma cells with the same specificity.9,10

As a logical approach we have constructed another 
chimeric molecule with the aim of selectively silencing 
pathological Der p 1-specific B cells as producers of IgE 
antibodies. HDM-allergic individuals develop hypersen-
sitivity to different mite proteins, but the dominating al-
lergen is the 25 kDa glycoprotein Der p 1 found in mite 
faeces (consisting of 222 amino acids). Together with Der 
p 2, these two major allergens are responsible for 50%–60% 
of IgE-binding reactivity of sera from HDM-reactive sub-
jects.11,12 In this sequence, four potential B cell epitopes 
have been predicted by 3D modelling and bioinformatics 
techniques and their IgE-dependent biological activities 
have been tested.13–15 We used one of these epitopes (p52-
71) and coupled it to a monoclonal anti-human CR1 anti-
body to construct a chimeric molecule, able to recognize 
Der p 1-specific B cells.16 We showed that the engineered 
antibody could selectively decrease the number of anti-
Dpt IgE-secreting B cells when administered in vitro to 

peripheral blood mononuclear cells (PBMCs) from HDM-
allergic patients.

Rag2- γc- and NOD-SCID gamma (NSG) immunodefi-
cient mice lack mature T, B and NK-cells and are perfect 
recipients of xenogenic cells. As a model host for therapeu-
tic investigations, the animals can develop disease symp-
toms when humanized with pathological donor cells.17–20 
We have previously developed an autoimmune model in 
NSG mice reconstituted with PBMCs from systemic lupus 
erythematosus (SLE) patients.21 The humanized animals 
showed presence of autoantibodies against dsDNA as 
well as human immunoglobulin depositions in the renal 
glomeruli. Administration of a monoclonal anti-Annexin 
A1 antibody to the sick humanized NSG mice prevented 
the appearance of anti-dsDNA antibodies, proteinuria and 
glomerular deposition of human IgG-immune complexes 
observed in the control animals.

Although there are plenty of studies that use animal 
models of allergy and asthma, these data cannot be di-
rectly extrapolated to humans.22–24 Humanized models 
have been successfully used to study specific aspects of 
human allergy and asthma and are especially useful in 
evaluating the role of T and B cells in in vivo models of 
the disease. Therefore, we established a humanized model 
of HDM allergy in order to study the effect of a chime-
ric antibody, composed of a Der p 1-derieved peptide se-
quence (p52-71) and the 3D9 monoclonal antibody. This 
protein-engineered molecule should target the allergen-
reactive human B cells in the Rag2- γc- mice transferred 
with PBMCs derived from HDM allergy patients by engag-
ing their Der p 1-specific B cell receptor (BCR) and to se-
lectively silence them. We show here that the engineered 
construct decreases the number of anti-Dpt IgE-secreting 
B cells in Rag2- γc- mice by delivering a strong inhibitory 
signal through the surface CR1 receptors. Based on our re-
sults we hypothesize that the chimeric molecule might be 
developed into a therapeutic agent, which could amelio-
rate the manifestations of allergic inflammatory response 
in patients with HDM allergy.

2   |   MATERIALS AND METHODS

2.1  |  Monoclonal antibodies

Purified mouse 3D9 IgG1 monoclonal antibody (mAb) 
specific to human CR1 was prepared using the mouse 3D9 
hybridoma as described.10

FITC–conjugated anti-human CD45 (Immunotech, 
clone J.33; #0782), anti-human CD3-PeCy7 (Tonbo 
Biosciences, clone SK7; #60-0036-T100), anti-human CD4-
APC (eBiosciences, clone OKT4; #17-0048-42), anti-human 
CD19-eFlour450 (eBiosciences, clone SJ25C1; #48-0198-
42), PE-conjugated anti-human CD8a (eBiosciences, clone 
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RPA-T8; #12-0088-42), anti-human CD19 (Immunotools, 
Friesoythe, Germany; clone LT19, #21270191), Alexa 
647-conjugated anti-mouse IgG (Life Technologies, 
Budapest, Hungary; #A-21235), and anti-human CD35 
and PE-conjugated anti-human CD35 (clone 3D9, kindly 
provided by Dr. J. Prechl, Diagnosticum zrt, Budapest, 
Hungary), were used for fluorescence-activated cell sorting 
(FACS) experiments. Mouse IgG1 kappa-PE (#12–4714-42, 
clone P3.6.2.8.1), IgG1 kappa-FITC (#11–4714-81, clone 
P3.6.2.8.1), IgG1 kappa-eFluor 450 (#48-4714-82, clone 
P3.6.2.8.1), IgG2b kappa-APC (#17-4732-81, clone eBMG2b), 
and IgG1 kappa-PECy7 (#25–4714-42, clone P3.6.2.8.1), (all 
from eBioscience) were used as isotype controls.

2.2  |  Construction of chimeric 
antibody molecules

One selected peptide from the Der p 1 molecule (p52-
71, Ac-NQSLD​LAE​QEL​VDC​ASQHGC-Ahx-K-NH2), as 
well as an irrelevant peptide, containing the same num-
ber of randomized amino acids (Ac-DEACL​QCG​SED​
HQA​VQNLLS-Ahx-K-NH2), were synthesized using 
Fmoc chemistry on resin with >96% purity from Caslo 
Laboratory (Lyngby, Denmark).

The chimeric antibody molecules were constituted by 
separated conjugation of peptides to the anti-CD35 mAb 
3D9 using the zero-length crosslinking agent EDC (1-ethy
l-3-[3′-dimethylaminopropyl] carbodiimide.HCl), (Sigma-
Aldrich, Taufkirchen, Germany; #E6383) as previously 
described.16 The resulted engineered protein molecules: 
an Dp51-72 chimera (consisting of the p52-71) and a con-
trol chimera (consisting of the irrelevant peptide) were 
dialysed against PBS, concentrated by ultrafiltration and 
used in the next experiments.

2.3  |  Allergic patients and healthy 
blood donors

The study comprised 14 recently diagnosed untreated 
patients with bronchial asthma and/or allergic rhinitis, 
sensitive to Dpt (female to male ratio 4:10; aged [min–
max] 16÷40). Inclusion criteria were: allergy to HDM 
first diagnosed at least 2 years before the study by a skin 
allergy test and/or basophil degranulation flow cytom-
etry test and presence of a high titre of allergen-specific 
IgE antibodies. The control group consisted of six age- 
and sex-matched healthy donors. Permission from the 
local Ethics Committee at the Institute of Microbiology, 
Sofia, Bulgaria (Prot. №2/January 14, 2020) and in-
formed consent were obtained in all cases. The study 
was conducted according to the Declaration of Helsinki.

Peripheral blood mononuclear cells from patients and 
controls were isolated using Pancoll gradient solution 
(PAN Biotech, Aidenbach, Germany; # P04-60225).

2.4  |  Mice

Female 8-weeks-old Rag2- γc- (C;129S4-Rag2tm1.1Flv 
Il2rgtm1.1Flv/J) mice were obtained from The Jackson 
Laboratory (Bar Harbor, ME; #014593). The animals were 
raised under specific pathogen-free (SPF) conditions. 
All manipulations were approved by the Animal Care 
Commission at the Institute of Microbiology in accord-
ance with the EU Directive 2010/63/EU for animal experi-
ments and national regulations.

2.5  |  Isolation of tonsillar B cells

Tonsils from children undergone routine tonsillectomy 
were obtained from the Saint Istvan and Saint Laszlo 
Hospital in Budapest, Hungary, after obtaining written in-
formed consent according to the Declaration of Helsinki. 
Tonsillar mononuclear cells were isolated as previously 
described.25 CD19+ B cell purity was verified by flow cy-
tometry and was higher than 95% in each case.

2.6  |  Flow cytometry analysis

The isolated B cells (1 × 106 cells/ml) were double-washed 
with PBS and incubated with the Dp51-72 chimera, or 
with unconjugated 3D9 mAb (1 μg/106 cells), or with PBS 
alone for 30 minutes at 4°C, followed by two washes and 
incubation with Alexa 647-conjugated anti-mouse IgG for 
30 minutes at 4°C.

In a separate experiment, the isolated tonsillar B cells 
were incubated with the Dp51-72 chimera, or with uncon-
jugated 3D9 mAb, or with PBS alone for 30 minutes at 4°C, 
followed by two washes. A second incubation with PE-
conjugated anti-human CD35 antibody for 30 minutes at 
4°C was performed.

Ten thousand cells were analysed from each sample 
with a FACSCalibur flow cytometer (BD Biosciences, San 
Jose, CA) using the CellQuestPro software.

2.7  |  Tyrosine phosphorylation of B cell 
signalling molecules

Tonsillar B cells were resuspended in serum-free RPMI 
medium supplemented with gentamicin and pretreated 
with Dp51-72 chimera for 20 min. followed by 5  min. 
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stimulation with F(ab')2 fragment of goat anti-human IgG/
A/M (Jackson ImmunoResearch, Newmarket, UK; #109–
005-064) at 37°C. Cells cultivated in medium only were 
used as controls. After activation and extraction in lysis 
buffer (50 mM HEPES (Sigma-Aldrich, #H3375) (pH 7.4), 
1% Triton X-100 (Sigma-Aldrich, # T8787), 100 mM so-
dium fluoride (Sigma-Aldrich, #201154), 10 mM EDTA 
(Sigma-Aldrich, #431788), 2 mM sodium orthovanadate 
(Sigma-Aldrich, #S6508), 10 mM sodium pyrophosphate 
(Sigma-Aldrich, #221368), 1% glycerol (Sigma-Aldrich, 
#G5516), 2  μg/ml aprotinin (Sigma-Aldrich, #A1153), 
2 μg/ml pepstatin (Sigma-Aldrich, #P5318), 5 μg/ml leu-
peptin (Sigma-Aldrich, #L2884) and 2 mM phenylmeth-
anesulfonyl fluoride (Sigma-Aldrich, # P7626)), samples 
were pelleted for 15 minutes at 4°C. The total protein 
concentration was measured by the Bicinchoninic Acid 
Kit (Sigma-Aldrich; #BCA1-1KT). The proteins were 
boiled in reducing sample buffer, subjected to a 10% so-
dium dodecyl sulphate polyacrilamid gel electrophore-
sis (Mini-Protean II cell, Bio-Rad, Hercules, CA, USA) 
and transferred to nitrocellulose membranes (Bio-Rad 
Laboratories, #1620115).

After blocking with 5% milk powder in Tris-buffered 
saline supplemented with 0.05% Tween 20 for 1 hour, the 
membranes were incubated with the relevant primary 
antibodies: anti-phospo-Tyr (PY-20, BD Transduction 
Laboratories; #610000), anti-phospho-ERK (anti-P-ERK, 
Cell Signaling Technology, Danvers, MA, USA; #4377), 
anti-phospo-Syk (anti-P-Syk, Santa Cruz Biotehnology, 
Dallas, TX, USA; #sc-51 703) or anti-β-actin (Cell Signaling 
Technology; #4967) overnight, at 4°C. Membranes were 
then incubated with HRP-conjugated rabbit anti-mouse 
IgG (Santa Cruz Biotechnology; #sc-525 409) or HRP-
conjugated goat anti-rabbit Igs (Dako, Glostrup, Denmark; 
#P0448) secondary Abs. Bound antibodies were visualized 
by the enhanced chemiluminescent method (Millipore, 
Bedford, MA, USA; #WBKLS0100) and analysed with 
the ImageJ software. Relative intensity (representing the 
phosphorylation level of individual signalling molecules) 
was calculated by dividing the peak densitometry values 
of the target protein by the peak values of the loading 
control. The signal of untreated cells, representing back-
ground was subtracted from the signal of the individual 
samples and the final values were presented as graphs 
using arbitrary units (AU).

2.8  |  Cell transfer

Groups of female Rag2- γc- mice (n = 2 to 5 per donor, 
total 40) were used for human cell transfer. PBMCs, ob-
tained from Dpt-sensitive patients or healthy donors were 
isolated as described. The cells from each donor were 

separated into equal parts and a total of 1×107 cells were 
transferred intraperitoneal (i.p.) to each Rag2- γc- mice. 
Details are presented on Figure 1A.

2.9  |  Treatment schedule 
for the humanized Rag2- γc- model of 
HDM allergy

Each group of Rag2- γc- mice transferred with PBMCs 
from allergic patients or healthy donors was separated 
into two subgroups. The first subgroup was injected in-
travenous (i.v.) once a week in the course of 4 weeks 
with 50 μg per mouse of the Dp51-72 chimera and the 
first treatment started at day 3 after the PBMCs transfer. 
The second group was injected with control chimera. On 
days 0 and 17, after the transfer of the human PBMCs, 
the mice were sensitized with 100 μg/mouse of HDM al-
lergen extract (Citeq biologics, Groningen, Netherlands; 
#02.01.85) adsorbed on 100 μg alum (kindly provided by 
National Centre of Infectious and Parasitic Diseases, Sofia, 
Bulgaria). Three times a week after the administration of 
chimeras the animals were stimulated with intranasal ad-
ministration of 25 μg/mouse HDM allergen in a final vol-
ume of 35 μl/mouse. The detailed treatment schedule is 
presented in Figure 1B.

Every week the animals from all groups were bled from 
the retro-orbital sinus and the collected sera were kept fro-
zen at −70°C. Bronchoalveolar lavage fluid (BALF) was 
collected at the end point by introducing 1 ml ice cold PBS 
into the lungs followed by centrifugation at 600 g.

2.10  |  Detection of anti-Dpt IgE, IgA, 
IgG and total IgE antibodies

Serum and BALF levels of IgE anti-Dpt antibodies were 
evaluated by enzyme-linked immunosorbent assay 
(ELISA). Opaque 96-well flat-bottom plates (Greiner 
Bio-One, Kremsmünster, Austria; #675076) were 
coated with 100 μg/mL Dpt extract diluted in 50 mM 
carbonate buffer (pH  9.6) and incubated overnight at 
4°C. The plates were further blocked with 1% bovine 
serum albumin (BSA) in Тween 20-PBS for 2 hours at 
room temperature (RT) and incubated with sera from 
treated humanized Rag2- γc- mice diluted in Тween 20-
PBS + 0.1% BSA for 2 hours at RT. Later, the plates were 
washed and incubated for two more hours with biotin-
conjugated anti-human IgE antibody (Kirkegaard 
& Perry Laboratories, Gaithersburg, Maryland, US; 
#16-10-04), followed by incubation with streptavidin-
conjugated HRP (Sigma-Aldrich, #S5512) for 40 min/
RT. The reaction was revealed with ultrasensitive ADHP 
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(10-Acetyl-3, 7-dihydroxyphenoxazine) SensoLyte sub-
strate for peroxidase (Anaspec, Fremond, US; #AS-
71111). Plates were read on automatic fluorescence 

reader (BMG Labtech, Offenburg, Germany). The fluo-
rescence substrate was excited on 530 nm, and the re-
sulting fluorescence signal was detected on 590 nm.

F I G U R E  1   Scheme of PBMCs transfer from HDM allergy patients and healthy donors to Rag2- γc- mice and the experimental 
therapeutic design (A). Development of humanized Rag2- γc- model of HDM allergy and the treatment schedule with protein chimeric 
molecule (B)

 13653083, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/sji.13241 by U

niversity O
f L

iverpool, W
iley O

nline L
ibrary on [28/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



6 of 14  |      RALCHEV et al.

BALF levels of anti-Dpt IgA and anti-Dpt IgG antibod-
ies were evaluated by ELISA using the same coating and 
blocking strategy followed by incubation with anti-human 
IgA (Southern Biotech, Birmingham, AL, USA; #2050-04) 
and IgG (Sigma-Aldrich, #A-1543) antibodies coupled with 
alkaline phosphatase. The reaction was developed with 
pNPP substrate (Calbiochem, San Diego, CA, USA; #4876) 
and measured at 405 nm. Total human IgE in BALF was 
measured using total IgE ELISA kit (Euroimmun, Lübeck, 
Germany; #EV 3840-9601 E) following the manufacturer's 
protocol.

2.11  |  β-hexosaminidase activity 
assay and total protein measurements

The activity of β-hexosaminidase in BALF was investigated 
as a marker of mast cell degranulation in the lungs. The en-
zymatic reaction was started by mixing 50 μl BALF and 50 μl 
5 mM p-nitrophenyl N-acetyl-b-d-glucosaminide (Carl Roth, 
Karlsruhe, Germany; #4062.2) (in 50 mM trisodium citrate 
buffer, pH  4.5, Sigma-Aldrich, #S1804). After 2  h incuba-
tion at 37°C the reaction was stopped by adding 200 μL 0.2 M 
glycine-NaOH (pH 10.6), (Riedel-de-Haën, #15527; Sigma-
Aldrich, #S5881). Optical density was measured at 405 nm.

Total protein concentration in BALF was measured 
using Bradford reagent (Sigma-Aldrich, #B6916) follow-
ing the manufacturer's protocol.

2.12  |  Phenotyping of lung infiltrates

The lungs of humanized Rag2- γc- mice were analysed 
for the presence of human lymphocytes by FACS analy-
sis. The cells were isolated from the lungs together with 
histology using digestion buffer 2  mg/ml collagenase D 
(Sigma-Aldrich; #11088858001) and 0.1  mg/ml DNase I 
(Sigma-Aldrich; #10104159001) at 37°C for 45 minutes. 
After two washing steps the lymphocytes were stained 
with antibody cocktail for phenotyping. The cells were 
gated with anti-human CD45-FITC antibody, and T -cells 
were stained with anti-human CD3-PeCy7, anti-human 
CD4-APC and anti-human CD8a-PE antibodies. B-cells 
were stained with anti-human CD19-eFlour450. Thirty 
thousand CD45 positive cells were analysed from each 
sample with a BD LSR II flow cytometer using the Diva 
6.1.1. software (BD Biosciences, San Jose, CA).

2.13  |  Histology

Lungs from humanized Rag2- γc- mice were isolated 
and fixed in 10% formalin (Sigma-Aldrich; #HT501128) 

overnight. Fixed lungs were dehydrated in ethanol and 
xylene substitute (Tissue-clear, Sakura Finetek Europe; 
#1426) followed by embedding in paraffin (Paraplast, 
Sigma-Aldrich, #P3558). Paraffin sections were ana-
lysed with standard haematoxylin/eosin (H&E) (Sigma-
Aldrich; #GHS216; #HT110) staining technique. The 
slides were observed using light microscopy (40×, Nikon 
Eclipse E100). Perivascular and peribronchial inflamma-
tion score analysis was performed with ImageJ software. 
The score was calculated using the formula: area with cell 
infiltrates around vessels/area of the vessels.

2.14  |  Statistical analysis

All statistical analyses were performed with GraphPad 
Prism 5 software (San Diego, CA). The two-way ANOVA 
test was used to determine differences between each two 
groups in serum analysis. Unpaired or paired t test was 
used for all other experiments. Values in the figures cor-
respond to mean ± SD. A value of p < 0.05 was considered 
as statistically significant.

3   |   RESULTS

3.1  |  The chimeric molecule binds to 
human CR1 expressed on tonsillar B cells

We have previously demonstrated by flow cytometry the 
potency of the Dp51-72 chimera to bind to CD35 expressed 
by human B cells isolated from blood, as well as with the 
LAMA-84 cell line.16 In order to study the ability of the chi-
meric molecules to engage CR1 on tonsillar B cells isolated 
from healthy donors, we assessed its binding capacity in 
competition with the PE-conjugated anti-CD35 antibody or 
with an Alexa647-conjugated anti-mouse IgG antibody. We 
excluded the theoretical possibility of an antigen-binding 
site of the parent antibody to be affected during the conju-
gation process with the Der p 1-derived peptides. As shown 
in Figure 2A upper panel, the Dp51-72 chimera inhibited 
the binding of the PE-conjugated anti-CR1 antibody to the 
complement receptor on tonsillar B cells. Furthermore, 
both the Dp51-72 chimera and the unconjugated anti-CR1 
antibody bound to targeted receptor CD35 on human B 
cells in the same manner (Figure 2A, lower panel).

3.2  |  The Dp51-72 chimera triggers 
signalling pathways through CR1

The ability of the constructed Dp51-72 chimeric mole-
cule to induce intracellular signalling via the inhibitory 
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cell surface CR1 was assessed using tonsillar B cells. 
Antibodies against several phosphorylated molecules in-
volved in intracellular signalling, such as phospho-ERK 
and phospo-Syk, as well as the antibody to phospo-Tyr 
were tested to assess general phosphorylation pattern.

As shown in Figure 2B (upper panel), phosphorylation 
of Syk was strong and identical in all samples where the 
cells were stimulated by anti-BCR either alone (Lane 2) 
or pretreated with the two concentrations of the Dp51-72 
chimera (Lanes 3 and 4), in contrast to the cells treated 
with the Dp51-72 chimera alone (Lane 5).

Using the anti-ERK antibody no signal was detected 
in any of the probes after the same treatment (Figure 2B, 
middle panel).

The total tyrosine phosphorylation pattern of the same 
samples was much more diverse (Figure 2B, lower panel). 
Strong Tyr phosphorylation of a protein with an estimated 
molecular mass of 30–32 kDa was detected after incuba-
tion of cells treated with Dp51-72 chimera with or with-
out anti-BCR stimulation. Interestingly, this band appears 
even in the absence of the BCR-signal, which suggests that 
the phosphorylation of this protein depends on ligation of 

CR1 via the chimeric molecule. No signs of tyrosine phos-
phorylation events were seen in the untreated cells.

Densitometry analysis of the main bands (pointed by 
arrows) detected on the anti-p-Tyr blot was performed and 
the results are presented in Table 1. The graphic represen-
tation of the differences in the intensity of the auxiliary 
band 5 corresponding to the 30–32 kDa protein is shown 
in Figure 2C.

3.3  |  Effects of the Dp51-72 chimeric 
molecule in humanized Rag2- γc- mice

Isolated PBMCs obtained from diagnosed untreated aller-
gic patients, sensitive to Dpt with high levels of anti-Dpt 
IgE antibodies, or from healthy donors were transferred to 
female Rag2- γc- mice. The successfully engrafted Rag2- 
γc- mice were treated either with the Dp51-72 or the 
control chimeras to assess in vivo the Dpt-specific B cell 
suppression. The animals were weighed and monitored 
throughout the experiment, and no signs of graft-versus-
host reaction were observed (data not shown).

F I G U R E  2   Dp51-72 chimera binds to CD35 on human tonsillar B cells and trigger signal transduction through CR1. (A) Dp51-72 
chimera binds to CD35 on human tonsillar B cells and competes with PE-conjugated anti-CR1 antibody for the same receptor. The 
isolated B lymphocytes were incubated with Dp51-72 chimera, or with unconjugated 3D9 MoAb, or PBS only for 30 min at 4°C followed by 
incubation either with PE-conjugated anti-human CD35 antibody (upper panel), or Alexa647-conjugated anti-mouse IgG antibody (lower 
panel). After washing, the cells were analysed by flow cytometry. Data are representative of at least 5 independent experiments. (B) Dp51-72 
chimeric molecules trigger signal transduction through CR1. Isolated human tonsillar B cells were incubated in the presence of the Dp51-72 
chimera at 37°С with or without an anti-IgG/M/A stimulation. Cells cultivated in medium only were used as controls. The cells were lysed, 
centrifuged and the supernatants were subjected to Western blotting with an anti-phospho-tyrosine, or with anti-phospho-ERK, or with anti-
phospho-Syk antibodies and were developed using the ECL technique. Different bands in the p-tyrosine blot are marked with numbered 
arrows with band №5 marked in red. Lanes: (1) Untreated cells; (2) anti-BCR stimulus (5 μg/ml) only; (3) anti-BCR + Dp51-72 chimera 
(2 μg/ml); (4) anti-BCR + Dp51-72 chimera (5 μg/ml); (5) Dp51-72 chimera (5 μg/ml) only; and (6) a protein ladder. For normalization the 
same membrane was re-probed with anti-β-actin antibody (bottom). Data shown are representative of three independent experiments. (C) 
Intensity of the anti-phospho-tyrosine blotted band 5 from individual lanes was measured after ECL development by densitometry.
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Since the elevation of serum anti-Dpt IgE antibodies 
is a distinctive feature of HDM allergy, we assessed the 
allergen-specific IgE levels in the sera of differently treated 
animals. As shown in Figure 3, the administration of the 
Dp51-72 chimeric molecule to Rag2- γc- mice transferred 
with PBMCs from HDM-allergic patients resulted in par-
tial suppression of the anti-Dpt IgE antibodies. Lower lev-
els of human anti-Dpt IgE antibodies were detected in the 
sera of Dp51-72 chimera-treated mice in the beginning of 
the observation period (Figure 3, left panel). At Week 4 of 
treatment the anti-Dpt IgE levels were not detectable.

The control group of Rag2- γc- mice transferred with 
PBMCs from healthy donors had low levels of human 
anti-Dpt IgE antibodies which were not affected by the 
administration of the Dp51-72 chimera (Figure  3, right 
panel).

BAL fluid was analysed to identify the local immune 
response in HDM allergy model. The treatment with 
Dp51-72 chimera significantly decreased the levels of 
human anti-Dpt IgE antibodies compared to the con-
trol chimera (Figure  4A). There was no change in the 

levels of allergen-specific IgA, IgG and total IgE anti-
bodies (Figure  4B–D). Total protein concentration in 
BALF was used as a marker of vascular permeability.26 
Administration of Dp51-72 chimera reduced the protein 
exudate in BALF (Figure 4E). Mast cell degranulation in 
the lungs was evaluated by measuring β-hexosaminidase 
activity in BALF.27 The β-hexosaminidase release in the 
airways was significantly inhibited in the Dp51-72 chi-
mera group (Figure 4F).

To detect lymphocyte infiltration and verify the aller-
gic reaction, the right lung lobes from all animals were 
used for preparation of cell suspension, and the lung 
microenvironment was investigated by flow cytometry. 
It was found a reduced number of human CD45, CD3, 
CD4 and CD19 cells in the group treated with Dp51-72 
chimera compared to control chimera treated animals, 
while the number of infiltrated CD8 T cells was signifi-
cantly increased in the allergic chimera treated group 
than in controls (Figure 5).

At the end of the in vivo experiments, the left lungs 
from all animals were used for histopathological analysis 

F I G U R E  3   Administration of Dp51-72 chimera decreases anti-Dpt IgE antibody production in humanized HDM allergy-Rag2- γc- mice. 
Isolated PBMCs from 10 allergic patients and 6 healthy donors were used for cell transfer into Rag2- γc- mice. Each group of allergic or 
healthy donor-transferred Rag2- γc- mice was separated into two subgroups that were treated weekly with either Dp51-72 chimera (50 μg/
mouse i.v.), or control chimera. Anti-Dpt IgE antibody values were evaluated by fluorescence ELISA. Data are represented as mean ± SD of 
12–18 mice per group; p values are calculated using the two-way ANOVA test to determine differences between the Dp51-72 chimera-treated 
groups (*p < 0.05) in comparison to control chimera-injected mice

Bands
Cells 
only

Anti-
BCR 
only

Anti-
BCR + Chimera 
(2 μg/ml)

Anti-
BCR + Chimera 
(5 μg/ml)

Chimera only 
(5 μg/ml)

Band 1 0 9778.3 2647.9 1857.7 0

Band 2 0 7946.3 9420.2 1310.6 0

Band 3 0 1261.0 1422.3 1399.3 0

Band 4 0 10 262.7 15 726.1 13 708.5 1285.9

Band 5 0 4356.4 9213.3 16 297.7 16 133.5

Note: Data shown are representative of 3 independent experiments.

T A B L E  1   Densitometry of the 
individual bands on the anti-phospho-
tyrosine blot
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      |  9 of 14RALCHEV et al.

by staining with haematoxylin/eosin. As illustrated in 
Figure  6, we observed perivascular and peribronchial 
inflammatory cell infiltrates in the lungs of control 
chimera-treated mice transferred with PBMCs from al-
lergic patients after intranasal HDM challenge. In con-
trast, such a strong pathological inflammation was not 
detected in the lungs of humanized mice, treated with 
the Dp51-72 chimera and significantly less cell infil-
trates were observed.

4   |   DISCUSSION

Generation of high-affinity IgE antibodies is considered 
to be a key step in allergies in which a small amount of 
the allergen in the environment has the capacity to elicit a 
very strong hypersensitivity response. It is already shown 
that there is a correlation between serum IgE levels and 
the number of FcεRI expressed on basophils and mast 
cells.1,2 Therefore, elimination of circulating IgE or IgE-
producing B cells as pathological factors for the inflamma-
tory cascade, could be a promising therapeutic approach.

Today, only few approaches using antibodies are ac-
cepted now to treat allergic patients and reduce the aller-
gic reaction. Allergy and allergic asthma patients treated 
with omalizumab exhibit a reduction in tissue eosino-
philia and in secretion of inflammatory mediators, as well 

as a decrease in the number of IgE-positive and FcεRI-
positive cells in the submucosa. They also show a decrease 
in the number of IL-4-producing cells, and a reduced over-
all number of activated CD4 and CD8 T lymphocytes in 
the respiratory tract. Omalizumab is approved for treat-
ment of severe persistent allergic asthma, especially in pa-
tients who do not respond to conventional therapies.28,29 
As an alternative approach for the treatment of allergy, 
epitope-specific therapeutic strategies have been devel-
oped. Chemically-modified allergen epitopes as well as a 
variety of carriers have been tested for immune response 
modulation, suppression of IgE production or induction 
of tolerance.30,31

A further plausible approach is the inhibition of IgE 
production by B cells which specifically recognize the al-
lergen. This is the strategy we utilized via targeting the in-
hibitory CR1 and the allergen-specific B cell by a construct 
which is able to cross-link both cell membrane structures. 
It was proven that such an artificial bi-specific chimeric 
molecule carrying an anti-CR1 antibody would recognize 
preferentially the targeted disease-associated B cells in-
stead of other CR1-positive cells.9,10

The inhibitory function of human CR1 has been re-
ported by several authors.7,9,10,25 Józsi et al. demonstrated 
that aggregated C3, which mimics C3b, the natural ligand 
of CR1 results in a reduction in the level of free Ca2+ and 
inhibits phosphorylation of cytoplasmic proteins after 

F I G U R E  4   Analyses of BAL fluid. Two Rag2- γc- mice were engrafted with PBMC from each individual HDM allergy patient (n = 4), and 
treated with control chimera, or with Dp51-72 chimera. Each sample represents BALF from individual animal. (A) Anti-Dpt IgE levels in BALF 
were measured by fluorescent ELISA. Anti-Dpt IgA (B) and anti-Dpt IgG (C) levels in BALF were measured by ELISA. The concentration of 
total IgE (D) and total proteins (E) in BALF was evaluated. The activity of β-hexosaminidase in BALF was measured as an indication of mast 
cell degranulation (F). Data are represented as mean ± SEM of 4 mice per group; p values are calculated using the paired t test to determine 
differences between the Dp51-72 chimera-treated group (*p < 0.05; **p < 0.01) in comparison to control chimera-injected mice
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engagement of CR1 on the BCR-activated lymphocytes.7 
This inhibitory capacity of CR1 has been demonstrated in 
SLE-patients, too.8,10,32

Der p 1, the major allergen of house dust mites, 
comprises several B and T cell epitopes involved in 
the induction of allergic immune response.13–15 For 
the construction of our protein-engineered chimeric 
molecule targeting pathological Dpt-specific B cells 
we have used a small synthetic peptide (p52-71) con-
taining one of the B cell epitopes from Der p 1 coupled 
to an antibody specific to the CR1. This immunodom-
inant peptide has been proven as effective inducer of 
cell activation and expressed its biological activity only 
on FcεR+-bearing cells and histamine release from Dpt-
sensitive patients.14 The Der p 1 epitope recognition by 
the anti-Der p 1 IgG and IgE antibodies after peptide-
antibody conjugation has been tested already by ELISA 
and Western blot.16

Despite these convincing data, the molecular mecha-
nism of the intracellular signalling process initiated by CR1 
is still unknown. Since its cytoplasmic tail is very short, 

it can be assumed that the receptor molecule is unable to 
transmit signals on its own. The mechanism of CR1 signal-
ling is still not investigated, and thus far no molecule has 
been identified to be involved in the CR1-mediated block-
ing of BCR-induced functions in human B cells. Previously, 
the potential of a chimeric molecule consisting of a human 
CD35-specific antibody and self-epitopes to provide signals 
through the inhibitory CR1 was proven using the CD35-
expressing cell line, U937. We did not observe any interac-
tion between the chimera and the human Fcγ receptors.16 
In the present study, we used primary B cells isolated from 
tonsils. We found that the Dp51-72 chimera triggers a BCR-
independent signal through CR1, which resulted in the ty-
rosine phosphorylation of a protein with an approximate 
molecular weight of 30–32 kDa (Figure 2). These data sug-
gest the existence of a so far-unravelled inhibitory pathway 
in human B cells, which is initiated by the ligation of CR1. 
The identification of this molecule and its role in the in-
hibitory process is under investigation in our laboratories. 
Nevertheless, inhibition through CD35 provides an addi-
tional regulatory checkpoint by which immune complexes 

F I G U R E  5   Quantitative analyses and phenotyping of lung infiltrates. (A) Lungs from all animals were excised and the single-cell 
suspensions derived from the lungs were incubated with one of the following anti-human antibody combination through CD45-FITC: 
CD3-PeCy7, CD3-PeCy7/CD4-APC, CD3-PeCy7/CD8a-PE, or CD19-eFlour450. Thirty thousand CD45-positive cells were analysed from 
each sample by flow cytometry. (B) The extracted results are presented graphically as the percentage of total immune cells. Each shape 
represented cells from single animal engrafted by HDM allergy patient (n = 4), treated with control chimera (blue), or with Dp51-72 chimera 
(red). Data are represented as values of 4 mice per group; p values are calculated using the paired t test to determine differences between the 
Dp51-72 chimera-treated group (**p < 0.01) in comparison to control chimera-injected mice.
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      |  11 of 14RALCHEV et al.

and C3 degradation products could restrict the activation 
and function of B cells.

Immunodeficient SCID, NSG and Rag2- γc- mice do 
not develop functional T, B (and NK) lymphocytes, which 
makes them tolerant to transplantation of xenogenic cells 
like human lymphoid cells, and allows limited differenti-
ation and maturation capability.17,18 It has been reported 
that SCID mice transferred with PBMCs from HDM-
sensitized patients and exposed to intranasal stimulation 

with Dpt allergen developed allergic reaction similar to 
the one in humans: with TH2-mediated response, produc-
tion of allergen-specific IgE and respiratory inflamma-
tion reactions. Transfer of 1 × 107 PBMCs are shown to be 
enough to elicit a detectable amount of human IgE.33–35 
Passive immunization of SCID mice with Dpt-sensitized 
donor serum reveals that human IgE binds to murine 
mast cells, and allergen challenge leads to immediate 
type-1 immune response.36

F I G U R E  6   Lung histology of the humanized Rag2- γc- mice. Histological examination of paraffin-embedded lung sections from 
humanized Rag2- γc- mice engrafted with PBMCs from HDM-allergy patients and treated with the control chimera (A–C), or with the 
Dp51-72 chimera (D–F). Perivascular (*) and peribronchial (#) inflammatory infiltrates were detected in the lungs of humanized mice after 
intranasal HDM challenge (25 μg/mouse). Standard haematoxylin/eosin staining technique was used. Representative images of 4 animals 
are shown. Scale bar, 250 μm. Perivascular (G) and peribronchial (H) inflammation score was evaluated. Data are represented as mean ± SD 
of 4 mice per group; p values are calculated using the unpaired t test to determine differences between the Dp51-72 chimera-treated group 
(**p < 0.01) in comparison to control chimera-injected mice.
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In an attempt to selectively eliminate or suppress the 
Der p 1-specific B lymphocytes in vivo we have utilized 
a model of human HDM allergy in humanized Rag2- γc- 
mice based on HDM sensitization and challenge proto-
cols for intact Balb/c mice.37 We have shown earlier that 
Der p 1-peptide chimeric molecules are able to cross-link 
Der p 1-specific BCR with CR1 on the allergen-specific 
B cells from HDM allergy patients, resulting in the sig-
nificant reduction of anti-Dpt IgE antibody-producing 
plasma cells in vitro.16 It would be expected that the spe-
cific therapy with the constructed chimeric antibody has 
to be more advantageous under in vivo conditions based 
on its bivalent specificity and hence could selectively 
suppress the pathological Dpt-specific B cells and the 
production of anti-Dpt IgE antibodies. Basically, the IgE 
antibody levels are very low in human sera, but the lev-
els of Dpt-specific IgE in humanized mice are extremely 
low and hardly detectable. We found that in the Rag2- 
γc- mice reconstituted with PBMCs from HDM allergy 
patients and treated with Dp51-72 chimera there was a 
reduction in the levels of Dpt-specific IgE antibodies in 
the sera and in the number of human CD45, CD3, CD4 
and CD19 cells compared to control chimera treated ani-
mals. In contrast, significantly higher number of human 
CD8 T cells were found in Dp51-72 chimera-treated mice 
and some data suggested the role of increased human 
IFN-γ-producing CD8 T cell population being suppres-
sors of TH2 immune response.38

Indeed, with the use of a single epitope (p52-71) for 
chimera construction, it was not possible to suppress all 
Der p 1-specific B cells recognizing the variety of Der p 
1 epitopes. The significant anti-Der p 1 IgE decrease may 
have resulted from the phenomenon of epitope spread-
ing, implicated in allergy and autoimmunity. Using Fel 
d 1-derived peptide vaccine has induced an immune re-
sponse to epitopes of Fel d 1 not included in the vaccine.39 
The same explanation could be relevant for the significant 
decrease of the other followed clinical parameters.

Monitoring of the local immune response in BAL fluid 
after treatment with Dp51-72 chimera showed signifi-
cantly decreased levels of human anti-Dpt IgE antibod-
ies and no change in the levels of allergen-specific IgA, 
IgG and total IgE antibodies compared to the control chi-
mera. Significantly reduced levels of β-hexosaminidase 
release and total protein concentration were also found 
in BAL fluid after Dp51-72 chimera therapy, assuming a 
local inhibition of mast cell degranulation and vascular 
permeability.

Dp51-72 chimera probably inhibits the differentiation 
of B cells to plasmablasts, but seems some existing Dpt-
specific antibody-producing plasmablasts are not affected 
because of the lack of BCR. It was already shown that the 

control chimera have not suppressive effect on the Dpt-
specific cells.16 Importantly, there was also less pathologi-
cal cell infiltration in the lungs of these animals. It seems 
that the targeted down-modulation of Dpt-specific B cells 
disrupt also their antigen-presenting functions, resulting 
in resolution of the lung inflammation.

In the present study, we explored a protein-engineered 
CR1-specific chimeric mAb in a Rag2- γc- model of 
human HDM allergy with the aim to test a possible novel 
approach for specific therapy. The activity of the targeted 
Der p 1-specific B cells could be suppressed either by 
blocking the B cell differentiation to IgE-secreting plas-
mocytes or by restriction of the pathological T/B lympho-
cyte communication. Using these chimeric molecules in 
humanized model systems, we demonstrate that this ap-
proach is effective and should be further developed with 
the aim to diminish the production of pathological IgE 
antibodies and the histopathological changes in the lungs.
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