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The emergence of tolerance during Hymenoptera venom immunotherapy (VIT) is a complex
process. The main goal of VIT is to induce a change from proinflammatory Th2 response to the Thl
response. However, the immune mechanism of acquiring rapid tolerance during VIT has not yet
been fully understood. Therefore, we have analyzed (in 4-time points: 0, 2, 6, and 24 weeks after the
initiation phase of VIT) the concentration of complement C3, C4, and C5 components, lymphocyte
subpopulations (flow cytometry), as well as histamine and tryptase serum concentrations of 43
patients with wasp venom allergy (lll and IV Miller grade) classified to ultra-rush treatment and 18
volunteers as the control group (CG). We observed that VIT affected the immune system by inducing
changes in the complement system (decreased C3 and C4 compartment protein concentrations) and
"normalized" the percentage of lymphocytes and neutrophils in the peripheral blood. Moreover, a
significant increase in the percentage of nTreg in the blood of patients treated with VIT was observed.
On the other hand, there were no changes in histamine or tryptase concentrations in the blood.
Increased percentage of nTreg cells is a well-known mechanism by which VIT affects the immune
system. Finally, VIT also modulated the concentrations of the complement components, which may
be a previously unknown VIT mechanism of action.

Hymenoptera is an order of insects whose stings can cause an allergic reaction mediated by immunoglobulin E.
The most common reactions (up to 26%) are edema, erythema, pain, and witness. However, a systemic reaction
develops in 0.3-7.5% of the adult population of Europe and up to 32% of beekeepers!. Usually, the systemic reac-
tions include skin, gastrointestinal, respiratory, and cardiovascular symptoms, which may develop separately or
in combination. Anaphylaxis to an insect sting can cause terrifyingly rapid death, with initial cardiorespiratory
arrest within 5-10 min of the venom sting exposition?. Therefore, venom-specific immunotherapy (popularly
known as desensitization), consistsof the subcutaneous administration of increasing doses of the allergen (induc-
tion phase) to achieve maintenance dose tolerance, followed by the administration of maintenance doses. The
induction phase, depending on the type of protocol, may last from three to five hours (ultra-rush, ultra-fast
immunotherapy), several days (rush, rapid immunotherapy), or several weeks (conventional immunotherapy).
Currently, this therapy is the most effective method of treatment®. Peripheral T cell tolerance to allergens is caused
mainly by the generation of allergen-specific Treg cells and a decrease in Th2 and Th1 lymphocytes, initiated by
IL-10 and TGF-B*. Subsets of Treg cells with distinct phenotypes and mechanisms of action include the naturally
occurring, thymic selected CD4+ CD25+ Treg cells, and other cells. Natural regulatory T cells (nTreg) develop
in the thymus. The cells are necessary for induction toleration of self-antigen. Decreased number of the cells in
the blood or disturbances in their function is associated with a higher likelihood of autoimmune diseases and
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Figure 1. The total IgE and specific IgE wasp, bee, and hornet serum concentrations. The samples were
collected at day 0 (control and examined group). p level of significance.

allergies. Moreover, Treg cells that occur in the blood may develop from the population of conventional CD4+
T cells, and these cells are called iTreg (induce T regulatory cells). iTreg may secrete IL-10 and TGF-beta, typical
cytokines that attenuate immune cell response and increase self-antigens toleration>®.

Here, we evaluate the short- (2 and 6 weeks) and long-time (24 weeks) effect of desensitization with wasp
venom on selected immune system parameters in the blood. We focused on the percentage of WBC cells, lym-
phocyte phenotypes, and nTreg population, the level of selected complement components (C3, C4, and C5),
and the concentrations of histamine and tryptase in the peripheral blood. The research was performed on the
experimental group: patients with wasp allergy III/IV Mieller grade undergoing VIT treatment (to find an
effect of VIT) and the control group: patients with wasp allergy I/II Miieller grade (to find potential differences
between I/II and III/IV patients).

Results

IgE concentration. The primary qualification to the control or experimental group was performed accord-
ing to Miieller criteria’. We chose patients with allergy symptoms after a wasp sting, however, we also evaluated
total IgE and specific IgE (sIgE) for wasp, bee, and hornets venoms. Patients from the control group had several
times lower concentrations of sIgE for wasp, which was associated with lower Miieller grade (one or below).
Moreover, patients from the control group had lower total IgE concentrations in the serum than those from the
experimental group. The results are presented in Fig. 1.

White blood cells distribution.  The percentage of lymphocytes, monocytes, and granulocytes in ’patients’
blood from the control group appropriately amounted to 24.01+9.62%, 6.72+2.07%, and 66.09 £ 10.45%.
Patients from the experimental group (day 0) had a significantly higher percentage of lymphocytes (about 23%,
p=0.040, 29.63+10.18%) and a lower percentage of granulocytes (about 22%, p=0.019, 58.78 £10.67%). The
lower percentage of granulocytes observed in the experimental group was associated with a lower percentage
of neutrophils (about 22%, p=0.019, 55.97 £10.83%). We did not observe significant differences in the percent-
age of monocytes, eosinophils, and basophils between the control and experimental groups. Desensitization of
patients caused significant changes in both short (2 weeks) and long-time periods (24 weeks) after the initiation
phase of VIT. The percentage of lymphocytes decreased (2 weeks—23.96 +9.68%; 24 weeks—22.02+8.19%),
and granulocytes (mainly neutrophils) increased (2 weeks—64.61 + 10.55%; 24 weeks—67.16+8.77%) to values
observed in the control group. The results are presented in Fig. 2.

Phenotype of lymphocytes. In the control group percentage distribution of lymphocytes were
62.47 £12.43% of T-cells, 11.65+6.71% of B-cells, 12.77+7.64% of NK cells, and 0.64+0.35 of NKT cells.
Analysis of T-cells subpopulation in the control group showed 38.72+10.96% of CD4+ cells, 29.74 £6.65% of
CD8+ cells (CD4/CD8 index—1.42) and 12.96 +8.31% of activated T-cells (CD3+ HLA-DR). There were no
significant changes in all subpopulations of lymphocytes between the control and experimental group (day
0). Desensitization did not affect the percentage of T-cells (0 week—66.11+12.51%; 2 weeks—64.32 +10.40%;
6 weeks—64.44 +13.62%, 24 weeks—61.35+11.33%), B-cells (0 weeks—11.57 +£4.66%; 2 weeks—11.11 +3.94%;
6 weeks—10.95+4.63%; 24 weeks—13.29+5.96%), NKT-cells (0 week—9.79 +7.36%, 2 weeks—12.18 +11.17;
6 weeks—11.12+11.03%; 24 weeks—9.69+8.17) and CD8+ T-cells (0 week—30.00+10.78; 2 weeks—
30.97+£10.92; 6 weeks—29.67 +9.95; 24 weeks—31.77+11.58) 2, 6, and 24 weeks after the initiation phase of
VIT. However, we observed a significant reduction of CD4+ T-cells (about 20%, p =0.008, 32.87 +12.95%) and
activated T-cells (about 26%, p=0.032, 10.42 +8.63%) 24 weeks after the initiation phase of VIT. Interestingly,
the results of NKT cells were characterized by the highest viariability in both, study and control group. The
results are presented in Fig. 3.

Regulatory T cells. The percentage of nTreg in the control group amounted to 1.79 +1.59% of CD4 positive
lymphocytes. There were no differences between the control and experimental group in nTreg percentage. We
did not observe significant changes in the short-time period (2-6 weeks) weeks after the initiation phase of VIT,
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Figure 2. The effect of desensitization with Hymenoptera venom on white blood cells distribution in the blood.
Blood was collected at day 0 (control and examined group), and 2, 6, and 24 weeks after the initiation phase of
VIT (experimental group only). Results are presented as mean percentage + SD. p level of significance.

however, there was a significant increase in the percentage of nTreg in the blood 24 weeks after the initiation
phase of VIT (about 37%, p=0.032, 2.23 + 1.44%). The results are presented in Fig. 4.

Complement. The concentration of selected complement components: C3, C4, and C5 in the blood
of the control group patients amounted to: 1.64+0.43, 0.28£0.09 g/, and 157.1+37.78 mg/l. There was no
change in the concentration of C3 (1.73+0.50 g/I), C4 (0.28+0.10 g/1), and C5 (169.7 +46.8 g/1) components
between the control and experimental group (day 0). Desensitization caused a persistent decrease in the con-
centration of the C3 component [about 15% at 2, 6, and 24 weeks after the initiation phase of VIT, respectively:
1.50+0.47, 1.53+0.45, 1.46 £0.37 g/1)] and C4 concentration (2 and 24 weeks after the initiation phase of VIT,
about 20%—0.23 +0.08 g/l and 15%—0.24 £0.05 g/], respectively). There was no effect of desensitization on the
concentration of the C5 complement component (2 weeks—162.3 +40.76, 6 weeks—161.59 +47.62, 24 weeks—
152.52 £35.66 g/1). The results are presented in Fig. 5.

Histamine and tryptase. The blood concentration of histamine was similar in the control and experimen-
tal group at the beginning of the experiment. We did not observe any significant effect at 2, 6, and 24 weeks after
the initiation phase of VIT. Similar to histamine, tryptase concentration was unaffected in the exposure group
(day 0) and after 2, 6 and 24 weeks after the initiation phase of VIT. The results are presented in Fig. 6.

Discussion

Allergies are one of the fastest-growing chronic diseases in the world. It is estimated that about 1 in 5 adults suffer
from allergies®. From a clinical point of view, allergy to insect venom constitutes an vital problem mainly due to
their turbulent course. An insect sting in sensitized patients initiates a rapid release of inflammatory mediators
from mast cells, which causes a strong systemic inflammatory reaction, leading to severe health consequences,
including anaphylactic shock and/or death. The rate of systemic sting reactions in epidemiological studies in
Europe ranged between 0.3 and 7.5% in adults and 0.15-3.4% in children'* and 0.09-0.74 deaths per million
inhabitants per year'"'2. These reactions are classified according to their clinical spectrum and severity, although
only "Miiller’s classification is exclusively proposed for systemic reactions to HVA®. The severity classification
is based on a 4-point scale, covering the main symptoms from the mildest (I—urticaria; II—abdominal pain,
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Figure 3. The effect of desensitization with Hymenoptera venom on populations of lymphocytes in the blood.
Blood was collected at day 0 (control and examined group), and 2, 6, and 24 weeks after the initiation phase of
VIT (experimental group only). Results are presented as mean percentage + SD. p level of significance.
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Figure 4. The effect of desensitization with Hymenoptera venom on the nTreg percentage in the blood. Blood
was collected at day 0 (control and examined group), and 2, 6, and 24 weeks after the initiation phase of VIT
(experimental group only). Results are presented as mean percentage + SD. p level of difference.

vomiting); to the most severe, sometimes life-threatening: (III—respiratory disorders; and IV—cardiovascular
system: are termed anaphylactic shock). One of the best methods of preventing complications from insect stings
is venom insect immunotherapy (VIT). The occurrence of the HVA III-IV reaction is an absolute indication for
VIT. In our Clinic at the Military Institute of Medicine in Warsaw, more than 100 patients per year have venom
immunotherapy, with average of 3.5 years of VIT treatment.

The main mechanism of VIT treatment is the development of peripheral tolerance. It is mediated by the
synthesis and secretion of blocking antibodies, especially IgG4 class, which may inhibit IgE-dependent reac-
tions. This therapy contributes to significant attenuation of anaphylaxis reaction after insect sting for 80-95% of
patients'. The effect of immunotherapy treatment is associated with basophils and mast cell function. Plewako
et al. observed a significant decrease of basophils number in the blood of patients and reduced function of baso-
phils (release of histamine as well as IL-4 and IL-13) within three days after rush immunotherapy'. Interestingly,
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Figure 5. The effect of desensitization with hymenoptera venom on the concentration of selected complement
components (C3, C4, and C5) in the blood. Blood was collected at day 0 (control and experimental group),
and 2, 6, and 24 weeks after the initiation phase of VIT (examined group only). Results are presented as mean
percentage + SD. p level of difference.
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Figure 6. The effect of desensitization with Hymenoptera venom on the concentration of histamine and
tryptase in the blood. Blood was collected at day 0 (control and experimental group), and 2, 6, and 24 weeks
after the initiation phase of VIT (experimental group only). Results are presented as mean percentage+ SD. p
level of significance.

observed changes returned to baseline values 1 week after initiation of VIT treatment. The treatment also caused
an increase of CD63+ basophils in the blood (within 1 week), indicating a partial basophils degranulation'®.
Here we did not observe significant changes in the percentage of basophils in peripheral blood however, the first
follow-up was performed 2 weeks after initiation of the VIT therefore, the obtained results are consistent. VIT
also induces changes in other populations of white blood cells in peripheral blood. Schuerwerght et al."”, during
a study involving 20 patients with wasp VIT (semirush protocol), observed a significant increase of neutrophils
and a decrease of lymphocytes five days after the initiation phase. Our results confirm these observations however,
we also show the comparison to the control group. At the beginning of the treatment, the experimental group
(III/IV Miiller’s grade) was characterized by increased percentage of lymphocytes and decreased percentage of
neutrophils when compared with the control group (I/II Miiller’s grade). During the 24 weeks after initation of
VIT, the percentage of lymphocytes decreased while the percentage of neutrophils increased to match the values
observed in the control group.

Lymphocytes (T and B cells) are the central populations of immune cells responsible for the adaptive
response.. Interaction of Th and B-cells, whit appropriate cytokines stimulation, is necessary for the production
of antibodies. IFN-y induces a shift towards Th1 cell and IgG antibody production, while IL-4 favorises the Th2
cells and IgE production’®. In allergies, the second pathway is dominant. Among the evaluated subpopulations, we
observed an increase in the percentage of NK cells as well as a decrease of Th-cells (CD4+) and activated T-cells
(HLA-DR+) over the time of the treatment. Our results are in line with the findings of Schuerwerght et al.'” even
though they did not observe significant changes in the percentage of CD3+, CD4+, CD8+ and CD19+ cells five
days or six months after the initial phase of VIT. Instead, the authors reported a significant reduction of IL-4
producing cells in both CD4+ and C8+ subpopulations. Also, other authors showed that VIT decreases IL-4 and
IL-13 (Th2 cytokines) and increases INF-y (Th-1) 15 and 45 days after first-time treatment'®. These indicated
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that functional but not quantitative changes of CD4 and CD8 positive cells are responsible for the initiation of
immunotolerance on wasp venom. Moreover, the reduction of activated T-cells observed 24 weeks after the
initiation phase of VIT treatment suggests a decreased activation of an immune response, probably associated
with increased immunotolerance.

There is still not enough data to pinpoint the exact time after initiation of VIT when immunological tolerance
is achieved. Zakrzewski et al.?° showed no significant changes in IL-10, IL-21, and TGF-B1 2.5- or 24-h after
the initiation phase of VIT. Bussmann et al.?!, in the study investigating early markers of rush immunotherapy,
found a significant decrease of tryptophan (induction of tolerance), increased inhibitory receptors for monocytes
(ILT3 and ILT4), and elevation of immunosuppressive IL-10 concentration in the blood within the first 5 days.
Moreover effect of VIT is prolongated in time. Immunomdulatory cytokines (IL-10, IL-21 and TGF-p1) are
mainly produced by regulatory T- and B- regulatory cells. These populations of immune cells are responsible
for attenuation of immune response and may occur as natural (n) or induced (i) regulator cells. In the present
paper, we assessed the percentage of nTreg cells in the peripheral blood. The percentage of nTreg was increased
after VIT treatment which was especially seen 24 weeks post-treatment. This is similar to other authors, which
described the elevated level of natural and induced Treg cells in peripheral blood after VIT treatment*'-2%. The
question arises when an organism enables the increase of nTreg cells production. In most of the VIT studies,
CD25+ or CD25high with FoxP3+ cells are evaluated. These markers do not distinguish nTreg from induced
Treg cells. We theorize that at the beginning of VIT iTreg cells are produced and then about 6-8 weeks after
the initiation phase of VIT number of the nTreg cells is growing. Whether which cells iTregs o nTreg are domi-
nant, the elevation of those cells in the blood is one of the known mechanism by which VIT treatment affect
the immune system response. An increased level of nTreg in the peripheral blood should weaken the immune
system’s hypersensitivity. This is evidenced by the data from the other studies, in which allergy groups had lower
levels of nTregs compared to the healthy volunteers, as well as by our previous studies?>*.

Differences among cell subpopulations during VIT, observed by various research groups, are not always
homogenous. This is mainly due to the fact that the human population is characterized by high variability of
immune cells in the peripheral blood (standards for healthy people are broad i.e., lymphocytes 20-40%). For this
reason, observation of changes in the blood might be challenging, and therefore significant differences observed
during this study must be especially pronounced.

The complement system is one of the components of the innate immune system, which may be activated by
classic pathway (antibody-dependent), lectin pathway (pathogen recognition receptor-dependent), or alternative
pathway (independent)?”. These three independent pathways gather at one common point where the C3 com-
ponent its cleaves into C3a and C3b by the C3 convertase (classical and lectin pathway) or by spontaneous C3
hydrolysis (alternative pathway). The next step is the cleavage of the C5 component into C5a and C5b, and C5b
is the main factor necessary to develop a Membrane Attack Complex (MAC)?. Activation of the complement
system and causing the main effect also produces anaphylatoxins: C4a, C3a, and C5a. The activity of these com-
plement components varies—the shortest half-life is shown by factors C4a and C3a, and the highest biological
activity is shown by anaphylatoxins C5a*. Complement factor C3a and C5a exhibited similar functional profiles:
induce a local inflammatory response by degranulation of granulocytes, mast cells, and endothelial cells, increase
blood permeability, smooth cells contraction, and homing of cells with regenerative properties.

In contrast, C4a inflammation properties are less known and nowadays questionable®’. Control of the com-
plement system is complicated and precise. One of the possibilities for modulation of the complement system
is modulation of the availability of key factors®’. The role of the C3,C4 and C5 complement components and its
anaphylatoxins C3a, C4a, and C5a in the development and promotion of allergies are widely discussed in the
literature. It was postulated that C3 and especially C5 with their anaphylatoxins promote the development of Th2
immunity during allergen sensitization, which contributes to asthma?®?. Furthermore, blocking C5 by antibody
reduces type 2 responses in a house dust mite-induced murine asthma model**. The C3 and C5 components’
significant role was also confirmed in allergic nasal mucosa®* and atopic dermatitis®. C3a receptor antagonism
is considered a therapeutic target for chronic rhinosinusitis*®. Therefore in the present work, we evaluated the
effect of desensitization on the concentration of C3, C4, and C5 components. Few papers describe the effect of
Hymenoptera venom and desensitization on complement factors. It is known that Hymenoptera venom may acti-
vate the complement systent’s alternative pathway by increasing the cleavage of the C3 component®’. The cleavage
of C3 is more severe when C3 concentration is higher®®. Here we observed a significant reduction in the blood
concentration of C3 and C4 components, especially in the long period after desensitization with Hymenoptera
venom, without any changes of the C5 concentration. These results are in agreement with Matysiak et al.*%, who
showed decreased levels of C3 and C4 in serum of patients after venom immunotherapy (VIT) measured by
MALDI-TOF MS technique. This may be a new mechanism by which desensitization modulates the immune
systern’s response to Hymenoptera venom.

Histamine is one of the main inflammatory compounds released rapidly after bounding of antigen to specific
IgE antibodies of the surface form mast cells. Histamine plays a significant role in the pathogenesis of allergic
disease mainly by regulating T cells differentiation from ThO to Th2 cells*. Moreover, during VIT, there was
observed a decrease in basophils numbers and produced mediators can be observed as presented by Novac and
Maintz*"*2, It is also known that histamine exerts its biological effects through receptors. Among four different
histamine receptors, type HR2 plays an important role in peripheral antigen tolerance. HR 2 is mainly involved
in tolerogenic immune response** Histamine via HR2 induces IL-10 production by antigen producing cells,
increases the suppressive effect of TGF-B on T cella, and decreases IL-5 and IL-13 production through the
Th2 Lymphocytes. Venom immunotherapy caused a decrease of HRs*, besides the HR2, which is dominant in
allergen-specific T cells venom immunotherapy*. In the study performed by Pierkers et al.* VIT (rush therapy
reaching a maintenance dose of 100 pg venom injected subcutaneously within 1 week) caused a significant reduc-
tion of histamine release from heparinized blood after wasp venom treatment. Also, in basophils isolated from
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‘children’s blood, allergen-specific conventional immunotherapy caused a significant time-dependent decrease
of histamine release after Dermatophagoides farina stimulation?. In both works, however, the measurement of
histamine concentration was performed in isolated blood after antigen stimulation. Here, we focused on blood
histamine concentrations in patients undergoing venom immunotherapy. We did not observe any significant
changes in histamine concentration in the blood of the control and experimental group in the studied time-
points. Histamine is released rapidly, and it appears in the blood within 2.30 min and returns to baseline con-
centration after 30 min*®. It may be why there were no significant changes in the concentrations of histamine in
the blood was found in our research. Moreover, histamine production and release in allergy are associated with
basophils, which decreased after VIT only in a short-perspective (3 days) T*. Interestingly, the authors of this
paper observed a decrease in the basophil intracellular histamine content, which was not studied in the present
study. We did not observe any changes in the concentration of tryptase—the main enzyme marker of mast cell
burden and mast cell function. The concertation of the enzyme is generally higher in patients with higher grades
of the Miiller scale®. In children suffering from wasp or honeybee sting allergy, rush VIT protocol resulted in
increase tryptase 8 days after first dose. On the other hand long term evaluation of VIT revealed a 2.5% per
year decrease of serum tryptase concentration in adult patients (about 2.5% per year)*'. In the present study,
wefocused on the adult patients that were observed for up to 24 weeks, therefore some short-term and long-term
effects of venom immunotherapy were not seen.

Conclusions

There is plenty of data available on short-term modifications of immune system components after VIT treatment.
However, our knowledge about the long-term effects of VIT treatments is still insufficient. Here, we evaluated
the long-term impact of VIT on patients with previous systemic anaphylactic reactions CMiiller’s grade reactions
IIT and IV) after a wasp sting. We observed an increase of natural Treg cells in the peripheral blood of those
patients, and we found that C3 and C4 complement components in the blood are decreased. Those changes were
time-dependent, with the highest differences observed 24 weeks after VIT treatment.

Materials and methods

Patients. The study includes patients from the Department of Infectious Diseases and Allergology, Military
Institute of Medicine (Warsaw, Poland) who reported an overreaction of the organism after contact with Hyme-
noptera venom. The study included 61 patients—18 in the control group and 43 in the experimental group. The
inclusion criterion was the diagnosis of allergy to wasp venom and previous systemic anaphylactic reaction.
’Miiller’s grade reactions III and IV were treated as the study group, while "Miiller’s grades I and II were consid-
ered the control group. The study’s general exclusion criteria included cardiovascular and oncological diseases
and medication with systemic drugs that reduced immune system functions.

Additionally, each ’patient’s level of IgE and specific IgE (sIgE) against wasp, bee and hornet was checked. The
level of sIgE above 1 was exclusion criteria from the control group and below 2 (wasp sIgE) was exclusion criteria
from the experimental group (Fig. 1). There were 8 women and 10 men in the control group, and the average
group age was 50.7 £13.6 years. There were 22 women and 21 men in the experimental group with an average
age 0of 49.6 £ 12.5 years. Clinical data of patients from control and experimental groups are presented in Table 1.

The study obtained a positive opinion of the Bioethics Committee of the Military Institute of Medicine in
Warsaw (Resolution No. 130/WIM/2018). All patients signed an informed consent form, and those who were
undergoing venom immunotherapy received oral antihistamines as a pretreatment before the ultra-rush induc-
tion phase and during the maintenance treatment.

IgE analysis. Peripheral blood samples were collected by the "clot" method. After 20 min blood was centri-
fuged (20 min, 2000xg), and then serum was collected. Total IgE and specific (s) IgE concentrations were meas-
ured in the serum samples by a fluorometric method using UniCAP machine (Pharmacia, HVD Holding AG
Sp. z 0.0). Anti-IgE, covalently coupled to the reaction vessel, reacted with the sample’s total IgE. After washing,
enzyme-labeled antibodies against IgE were added to form a complex. After incubation, unbound enzyme-anti-
IgE was washed away, and the bound complex was then incubated with a developing agent. After stopping the
reaction, the fluorescence of the eluate was measured. To evaluate the results, the response of patient samples’
was compared directly to the response of the calibrators.

Desensitization. Inthe examined group of subjects, an ultra-rush protocol was used at the induction phase
of VIT. The wasp venom (Venomenhal’, 120 pg of wasp venom/vial) was administered subcutaneously only in
the examined group with the increasing doses of 0.1 pg, 1 ug, 10 pg, 20 ug, 30 pg, and finally 40 pg in the 30 min
intervals (101.1 pg in total, induction phase). After the induction phase, patients received a maintenance dose:
100 pg (40 pg as an initial dose and 60 ug after 30 min) after 2 weeks and 100 pg of a vaccine every 4 weeks of the
maintenance period for about 3.5+ 0.5 years. Summarized protocols are presented in Table 2.

Blood collection. Twenty ml of peripheral vein blood were drawn to EDTA tube or the tube for serum
preparation immediately before the start of ultra-rush and before subcutaneously vaccine injection (2, 6, and
24 weeks after the induction phase). After collection, blood was immediately transported to the laboratory.

Percentage analysis of WBC and lymphocytes. Analysis of WBC and Lymphocytes phenotypes was
performed as previously described®?. Determination of white blood cells phenotypes was identified by morpho-
logical parameters (FSC/SSC) and tube A (CD45+/CD14+) from Simultest”—IMK Plus Kit; (BD Biosciences,

Scientific Reports |

(2022) 12:7206 | https://doi.org/10.1038/s41598-022-11155-2 nature portfolio



www.nature.com/scientificreports/

No. ‘ Age ‘ Sex ‘ Weight ‘ Non-wasp allergies The time point of the last sting
Control group

1 66 M 89 n/a 2017
2 20 F 74 n/a 2018
3 53 F 86 Food allergy 2017
4 42 M 63 n/a 2017
5 60 M 90 n/a 2017
6 66 F 70 n/a 2018
7 39 F 50 Pollen allergy 2018
8 50 M 96 n/a 2018
9 49 M 97 n/a 2017
10 44 M 93 n/a 2017
11 73 M 85 n/a 2018
12 52 M 98 n/a 2017
13 16 M 67 n/a 2018
14 29 M 75 Avena 2017
15 71 F 72 n/a 2017
16 45 F 73 n/a 2018
17 68 F 78 n/a 2017
18 56 M 80 n/a 2017
Experimental group

1 35 F 60 n/a 2018
2 45 F 86 Drugs (Penicillium, Metronidazole) | 2018
3 50 M 102 n/a 2017
4 42 F 60 n/a 2018
5 27 M 100 n/a 2017
6 58 F 104 n/a 2018
7 43 M 80 n/a 2018
8 30 M 65 n/a 2018
9 38 M 94 n/a 2017
10 44 F 72 Pollen allergy 2018
11 43 F 60 n/a 2017
13 42 M 97 n/a 2018
14 63 F 74 n/a 2018
15 34 M 80 n/a 2017
16 47 M 77 n/a 2017
17 50 M 98 n/a 2018
18 67 F 50 n/a 2018
19 50 M 73 n/a 2017
20 47 M 95 Aspirin 2018
21 58 M 97 n/a 2018
22 67 F 58 n/a 2018
23 55 F 58 Pollen allergy 2017
24 44 M 95 n/a 2017
25 50 M 110 n/a 2017
26 62 M 105 n/a 2017
27 36 M 82 Pollen allergy 2018
28 63 F 66 n/a 2017
29 53 F 100 Drugs (metamizole, penicillium) 2017
30 51 F 79 Drug (piroxicam) 2017
32 27 F 54 n/a 2019
33 24 F 59 n/a 2017
34 67 F 58 n/a 2018
35 48 F 68 n/a 2017
36 39 F 58 Pollen allergy 2018
37 46 F 94 Pollen allergy 2019
38 72 M 105 n/a 2018
Continued
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No. | Age |Sex | Weight | Non-wasp allergies The time point of the last sting
39 37 F 58 n/a 2017
41 38 F 50 n/a 2018
42 41 M 80 n/a 2018
43 60 M 112 n/a 2018

Table 1. Clinical data of patients from control and experimental groups.

Weeks after the initiation phase of VIT | Venom extract concentration, pg/mL | Cumulative doses, pg/mL
0 0.1+1+10+20+30+40 100.1
2 40+60 200.1
6 100 300.1
10 100 400.1
14 100 500.1
18 100 600.1
22 100 700.1
26 100 800.1
30 100 900.1

Table 2. Protocol of rush venom immunotherapy, and then 100 ug every four weeks for about 3.5+0.5 years.

Poland). Blood lymphocyte immunophenotype was determined by BD Simultest*—IMK Plus Kit (BD Bio-
sciences, Poland). Briefly, after collection of peripheral blood, samples (100 uL) were incubated 20 min with
appropriate antibodies: Leucogate™ (A CD45 FITC/CD14 PE), Isotype Control (IgG1 FITC/IgG2a PE), CD3
FITC/CD19 PE, CD3 FITC/CD4 PE, CD3 FITC/CD8 PE, and CD3 FITC/CD16 PE + CD56 PE. Then erythro-
cytes lysis was performed (BD FACS Lysing Solution, BD Biosciences, Poland)—10 min at room temperature
(RT) in the dark. After lysis, cells were washed twice with 2 ml of phosphate-buffered saline (PBS) and fixed in
200 pl 1% paraformaldehyde (PFA) in PBS and acquired in flow cytometry (Facs Calibur, BD Warsaw). Percent-
age distribution of white blood cells (lymphocytes, monocytes, granulocytes, neutrophils, eosinophils) was done
using CD45 FITC, CD14 PE antibody, and FSC/SSC determination. The lymphocyte phenotypes are presented
as the mean percentage of lymphocytes + SD.

nTreg cells analysis.  Analysis of nTreg cells was performed as previously described*. Briefly, blood samples
(100 ul) were stained with primary antibodies CD4-PerCP, CD25-APC, CD127-FITC (extracellular staining, BD
Bioscence, Poland), or appropriate isotype control with additionally CD4-PerCP antibody. Blood samples were
incubated 20 min at room temperature in the dark, and then erythrocytes lysis was performed. After double
PBS wash, cells were fixed and permeabilized in Fixation/Permeabilization buffer (BD Pharmingen, Poland) and
stained with FoxP3 PE or isotype IgG1 kappa PE antibody (45 min at room temperature in the dark). Afterward,
cells were washed twice with PBS, fixed in 300 pl of 1% PFA in PBS solution, and analyzed by flow cytometry.
The acquisition was stopped after 10,000 counts of CD4 PerCP positive cells. We defined natural Treg (nTreg)
cells as: CD4*/CD25"&"/CD127'°"/FoxP3*.

Complement system analysis. Evaluation of serum complement C3 and C4 components were per-
formed by the nephelometric method using MininephTM C3 or C4 Kit reagents from Binding Site Group Ltd.
(Birmingham, UK). The kits were designed for the in vitro measurement of human C3 and C4 in serum using
the MININEPHPLUS analyzer. We used the recommended dilution for C3 and C4 analyses (1/5). Assays were
performed according to the ‘manufacturer’s instructions.

The concentration of the C5 complement was determined by the radial immunodiffusion method using
the Human Complement C5 BINDARID Radial Immunodiffusion Kit (Binding Site Group Ltd., Birmingham,
UK). C5 serum concentration was analyzed using the calibration curve (3 calibrators included in the kit at the
concentrations of 20 mg/l, 120 mg/l, 200 mg/1). The test was performed according to the ‘manufacturer’ instruc-
tions. Measurement of the precipitin ring diameter in the calibrations and test samples was performed after 72 h.

Histamine and tryptase. According to the ’manufacturer’s recommendations, serum histamine and
tryptase concentrations were evaluated using the ELISA method (FineTest, Wuhan, China). 50 pul of serum was
used for histamine and 100 pl of serum for tryptase assessment. All samples were evaluated in duplicate. Results
are presented as the mean + SD.

Statistical analysis. All results were presented as the mean + standard deviation (SD). The data distribu-
tion was evaluated using the Shapiro-Wilk test. For normally distributed data One-way ANOVA with Bonfer-
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roni correction and T-test were used. The rest of the data was evaluated using non-parametric One-way ANOVA
with Kruskal-Wallis correction and Mann-Whitney Test. GraphPad Prism software (version 9.2.0; GraphPad
Software, Inc., La Jolla, CA, USA) was used for all evaluations. p <0.05 was considered statistically significant.

Institutional review board statement. The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by Ethics Committee of Military Institute of Medicine, Warsaw Poland,
resolution No. 130/WIM/2018.
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