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Abstract 

Introduction: Yolkin is an egg yolk-derived protein with well-established immunoregulatory activities. In this study its 

potential restorative properties in cyclophosphamide (CP)-immunocompromised mice were evaluated. Material and Methods: 

Mice were treated with a sublethal dose of CP, followed by an access to yolkin contained in drinking water. The mice were 

immunised with oxazolone (OXA) for contact sensitivity (CS) and with ovalbumin (OVA) for the antibody specific response 

after 15 or 26 days of treatment with yolkin, respectively. The lymphoid organs were isolated for determination of immune cell 

numbers and their phenotypes. Results: A significant suppression of CS following CP treatment and a restoration of this 

response by yolkin were found. However, no effects of CP and yolkin on the antibody response were registered. In the case of CS 

a significant loss of T cell numbers in splenocytes was noted. The restoration of CS correlated with reversal of CD3+, CD4+ and 

CD8+ T cell loss to 88%, 89% and 76.6% of the values observed in the control mice. A significant depletion of the B cells, and 

all bone marrow cells after CP treatment, was completely restored after 26 day treatment with yolkin. Conclusion: The presented 

results add new information to the already described immunoregulatory properties of the protein and indicate a potential of oral 

yolkin in restoration of cellular immune response in immunocompromised individuals. 
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Introduction 

One of the challenges of contemporary medicine 

is associated with preventing the adverse effects of 

cyclophosphamide (CP) therapy, which is used to treat 

leukaemia (8), multiple sclerosis (31) or lupus 

erythematosus (18, 23). Treatment with CP causes 

immunosuppression because of depletion of cells in 

bone marrow. Among the immunocompetent cells, 

rapidly dividing cells like neutrophils are depleted first 

(9). Recovery of T cells occurs before that of B cells 

because of their shorter life span (13) and because 

macrophages are not affected (2). The cytotoxic effects 

of CP therapy may be ameliorated by applying 

cytokines, organic compounds and immunotropic 

proteins. However, the action of the routinely applied 

recombinant granulocyte colony stimulating factor 

(filgrastim, a cytokine analogue) is mainly restricted to 

acceleration of granulopoiesis (11). It is a costly and 

unstable preparation. Some derivatives of the organic 

compound isoxazole acted in a directional manner, by 

promoting renewal of T (36) or B (35, 39) cells in  

CP-treated mice. Other versatile compounds were also 

effective in the amelioration of CP-mediated immune 

suppression (1, 10, 14, 15, 19, 27, 29, 30). These 

compounds are mostly agonists of Toll-like receptor 4 
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(TLR4), and their actions encompass the restoration of 

spleen cell content, cell proliferation, an increase in 

serum immunoglobulin levels, cytokine production, 

amelioration of intestinal mucosal injury and 

improvement of the bacterial intestinal microbiome in 

CP-immunocompromised mice. Very promising results 

in CP-induced immune suppression (3, 4, 6) and in  

a model of CP and busulfan complete stem-cell 

ablation and cell transplant (5) were obtained with 

lactoferrin (LF), a protein isolated from milk. Of 

interest is that LF surpassed filgrastim in renewing 

immune system function (5).  

Studies from the past two decades have revealed 

another evolutionarily ancient protein contained in the 

eggs of all oviparous animals. The activity of yolkin, 

being a degradation product of a large precursor protein 

of 240 kDa weight from egg yolk – vitellogenin – is 

associated with a fraction of 35 kDa and a set of 

smaller low-molecular-weight peptides (24). Recent 

studies have shown that yolkin is a strong inducer of 

IL-6, IL-8 and IL-10 cytokines, tumour necrosis factor 

(TNF) α and interferons (IFNs) in human cells (17, 24, 

32, 33) as well as mouse splenocyte cultures (34). 

Additionally, yolkin has shown several in vitro 

immunomodulatory actions on the production of nitric 

oxide in a macrophage J744 cell line, lipid 

peroxidation, viral replication and lipopolysaccharide 

(LPS)-induced cytokine production (17, 32). Yolkin 

was also manufactured in a recombinant form and 

TLR4 was identified as a receptor of it on mouse bone 

marrow–derived macrophages (16). In these cells, 

yolkin induced production of nitric oxide, TNF α, IFN 

α and IFN β. The induction of cell signalling pathways 

in these cells was also identified. In studies by the 

present authors, a stimulatory effect was demonstrated on 

the humoral immune response to sheep erythrocytes, as 

was promotion of thymocyte and B cell maturation 

(22). On the other hand, contact sensitivity (CS) to 

oxazolone (OXA) was inhibited in adult (22) but not in 

adolescent mice (37).  

The established immunomodulatory characteristics of 

yolkin, such as amelioration of the immunosuppressive 

effects of psychic stress in mice (38), and its similarity 

in function to LF, suggest that it may also counteract 

CP-induced immune dysfunction. The aim of our study 

was to explore the effects of oral administration of 

yolkin on the cellular and humoral immune response of 

CP-treated mice. In addition to measuring ear oedema 

thickness in mice with fully developed CS to OXA and 

detecting specific serum antibodies to ovalbumin (OVA),  

an analysis of the changes in immune cell number and 

phenotype in the lymphoid organs was made. 

Material and Methods 

Mice. Eight-week-old female BALB/c mice were 

purchased from Envigo (Limburg, the Netherlands). 

They were kept under 12 h/12 h light and dark cycles 

and given a commercial pelleted feed and filtered tap 

water ad libitum. The Local Ethics Committee for 

Animal Experiments of the Hirszfeld Institute of 

Immunology in Wrocław, Poland gave consent under 

No. 014/2023 for the experiments to be performed. 

Consideration to the principle of the 3Rs (replacement, 

reduction and refinement) was given in the 

experimental design. 

Reagents. Cyclophosphamide (Endoxan) was 

from Baxter Oncology (Halle, Germany). Hanks’ 

balanced salt solution (HBSS), phosphate buffered 

saline (PBS), bovine serum albumin (BSA),  

2 M H2SO4, May–Grünwald–Giemsa stain, Histopaque 

1077 1.077 g/mL, incomplete Freund’s adjuvant, 

oxazolone (OXA) and ovalbumin (OVA) were from 

Merck (Munich, Germany). Rat anti-mouse CD19+ 

fluorescein isothiocyanate (FITC)/CD3+:R-

phycoerythin (RPE) (cat. No. DC035), rat anti-mouse 

CD4+:FITC/CD8+:RPE (cat. No. DC034), rat anti-mouse 

CD169:FITC (cat. No. MCA884F) and hamster anti-

mouse CD11c:Alexa488 (cat. No. MCA1369A488) 

were obtained from Bio-Rad Laboratories (Hercules, 

CA, USA). Rat anti-mouse CD14:RPE (cat. No. AB-

465563) was a product of Invitrogen (Waltham, MA, 

USA), goat anti-mouse IgG horseradish peroxidase 

(HRP)-conjugated antibody (cat. No. 1030-05) was 

supplied by SouthernBiotech (Birmingham, AL, USA) 

and mouse regulatory T cell (Treg) staining kit #1 is in the 

eBioscience range (Carlsbad, CA, USA). As  

a chromogenic substrate, 3,3',5,5'-tetramethylbenzidine 

(TMB – cat No. 00-4201-56) was used from Bender 

MedSystems/ Thermo Fisher Scientific (Vienna, 

Austria). Alum adjuvant (Alhydrogel adjuvant 2%) was 

from InvivoGen (San Diego, CA, USA). Yolkin was 

isolated from hen eggs and characterised by 

polyacrylamide gel electrophoresis as previously 

described (23). The preparation contained two 

predominant proteins of 40 and 35 kDa with traces of 

proteins with 30 kDa molecular weight. 

Experimental design. The experiment was 

carried out in two models: contact sensitivity (CS) to 

OXA and humoral response to OVA. In the model of 

CS to OXA the mice in the experiment were divided 

into four groups (in each of the group n = 16). The 

negative control group were injected intraperitoneally 

(i.p.) with 0.9% NaCl solution in a 0.1 mL volume 

instead of CP, and drank tap water. The yolkin-only 

group were likewise injected i.p. with 0.9% NaCl 

solution instead of CP, and drank tap water with yolkin 

added to it at 5 µg/mL between days 3 and 15. The CP-

only group received CP i.p. in two injections on days 1 

and 2 at 50 mg/kg b.w. in a 0.1 mL volume (overall 

dose 100 mg/kg b.w.), and drank tap water. The CP-

and-yolkin group likewise received CP and drank tap 

water with the same concentration of yolkin for the 

same period as the yolkin-only group. On day 16 half 

of each experimental group (n = 8) were anaesthetised 

and sacrificed by cervical dislocation, and the lymphoid 

organs were exsected for phenotypic determinations of 
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the immune cells. The rest of each experimental group 

(n = 8) were immunised with OXA on day 16, the CS 

reaction was elicited on day 21, and the next day (after  

24 h) the ear oedema was measured. The experimental 

approach is presented in Fig. 1A. 

In the model of the humoral response to OVA the mice 

in the experiment were divided into four groups (in each of 

the group n = 16). The negative control group were injected 

i.p. with 0.9% NaCl solution in a 0.1 mL volume instead of 

CP, and drank tap water. The yolkin-only group were 

likewise injected i.p. with 0.9% NaCl solution instead of CP, 

and drank tap water with yolkin added to it at 5 µg/mL 

between days 3 and 29. The CP-only group received CP i.p. 

in two injections on days 1 and 2 at 50 mg/kg b.w. in 

 a 0.1 mL volume (overall dose 100 mg/kg b.w.), and drank 

tap water. The CP-and-yolkin group likewise received CP 

and drank tap water with the same concentration of yolkin for 

the same period as the yolkin-only group. On day 30 half of 

each experimental group (n = 8) were anaesthetised, bled and 

sacrificed by cervical dislocation, and the lymphoid organs 

were isolated for phenotypic determinations of the immune 

cells. The rest of each experimental group (n = 8) were 

sensitised with OVA on day 30 and after another 21 d (day 

51 of the experiment) were anaesthetised, bled and sacrificed 

by cervical dislocation. The sera were isolated and kept 

frozen at –80o C until determination of level of anti-OVA IgG 

antibodies. The experimental approach is presented in  

Fig. 1B. 

Contact sensitivity to oxazolone. The test was 

performed according to Noonan and Halliday, with 

some minor modifications (21). Mice were shaved on 

the abdomen and 100 µL of 0.5% OXA (the sensitising 

dose of antigen), dissolved in acetone, was applied to 

the skin. After 5 d, 50 µL of 1% OXA (the eliciting 

dose of antigen) was applied to both sides of the 

auricles. The ear thickness was measured 24 h later by 

means of spring callipers with an accuracy of 0.05 mm. 

The results were determined as antigen-specific increases 

of the ear thickness, i.e. baseline measurements were 

subtracted (these having been measured in the mice 

given only the eliciting dose of antigen; an additional 

mouse group /n = 8/ was used). 

Humoral immune response to ovalbumin. Ovalbumin 

was initially dissolved in 0.9% NaCl (0.2 mg/mL) and 

mixed with the alum adjuvant at 1:1 v/v (50 µL of OVA 

plus 50 µL of the adjuvant). Mice were immunised 

subcutaneously in the neck, with 10 µg of OVA  

(100 µL/mouse) emulsified with the adjuvant at 2%. 

Measurement of serum IgG by reference to  

a calibration curve. A 96-well plate (Nunc MaxiSorb; 

ThermoScientific, Roskilde, Denmark) was coated 

overnight at 4°C with 1 µg/mL OVA in PBS. The plate 

was then blocked for 2 h at room temperature with  

a buffer (1% BSA and 0.01% Tween-20 in PBS).  

A volume of 100 μL of tested sera, diluted 1:500 and 

1:1250 in assay diluent (0.1% BSA and 0.01% Tween-

20 in PBS) was added and the plate was  incubated for 

2 h at room temperature. Each serum sample was tested 

in duplicate. A series of ten serial dilutions of a positive 

reference serum was also added to each plate, and each 

dilution was also tested in duplicate. This positive 

reference serum was prepared by pooling aliquots from 

six of the obtained control serum samples that had high 

antibody titres. The reference serum was arbitrarily 

defined as containing 1 × 103 units of antibody activity 

per millilitre. The lowest dilution of the positive 

reference serum used in the test was 1:1000. Goat anti-

mouse IgG HRP-conjugated antibody was added to the 

wells and incubated at room temperature for 1 h. 

Between each step and the next, the plate was washed 

four times (five times after the addition of the HRP-

conjugated antibody) using a wash buffer (PBS 

containing 0.05% Tween 20). A 100 µL volume of 

TMB substrate solution was added to each well and the 

plates were incubated at room temperature for 10 min. 

The reaction was stopped by adding 100 μL of 2M 

H2SO4, and absorbance was measured at 450/570 nm 

using a microplate reader. A reference curve was 

constructed by plotting the absorbance of each 

reference sample against its arbitrary antibody units per 

mL, modelled using a four-parameter logistic fit of the 

data (Assayfit Pro; AssayCloud, Nijmegen, the 

Netherlands). Sample antibody units were read off this 

curve and reported as antibody units/mL. 

Phenotypic determinations of splenocytes, 

thymocytes, mesenteric lymph node lymphocytes 

and bone marrow cells. The phenotypic 

determinations of cells were described in detail in  

a previous article (23). Briefly, lymphatic organs, 

including thymuses, spleens, marrow from femurs, and 

mesenteric lymph nodes, were exsected from 

euthanised mice. The marrow cavities of the femurs 

were washed with HBSS to obtain bone marrow cells, 

while other organs were minced and disaggregated 

through a nylon mesh into PBS. Splenocytes, 

thymocytes and mesenteric lymph node cells were 

centrifuged on a layer of Histopaque 1077 to obtain 

lymphocytes from the interphase. A trypan blue dye-

exclusion assay revealed 90–98% viability of cell 

suspensions. The lymphocytes from the thymus, spleen 

and mesenteric lymph nodes (at a concentration of  

1 × 107 cells/mL) were stained with CD4+:FITC/CD8+:RPE 

dual-colour reagent. The splenocytes, bone marrow 

cells and lymphocytes from mesenteric lymph nodes 

were also stained with CD19+:FITC/CD3+:RPE dual-

colour reagent, and splenocytes were additionally 

stained with rat anti-mouse CD14:RPE and rat anti-

mouse CD169:FITC monoclonal antibodies. Hamster 

anti-mouse CD11c:Alexa488 antibody was also used to 

stain bone marrow cells. All antibodies were used at the 

dilutions recommended by the manufacturer. Cells 

were analysed using flow cytometry. 

Percentages of Tregs in splenocytes were evaluated 

using the commercial mouse regulatory T cell staining 

kit # 1 following the manufacturer’s instructions. Cells 

were analysed using flow cytometry, identifying Tregs 

based on CD25 and Foxp3 expression levels within the 

CD4+ lymphocyte subset (37). 
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mesenteric nodes, 

bone marrow)  
 

Fig. 1. Experimental design. Immunological determinations in (A) the model of contact sensitivity to oxazolone (OXA) and (B)  
the model of humoral response to ovalbumin (OVA). CP – cyclophosphamide 
 

 

Statistics. A Brown–Forsythe test was used to 

determine the homogeneity of variance between 

groups. When the variance was homogenous, a one-

way analysis of variance was applied, followed by 

post-hoc comparisons with Bonferroni or Tukey’s tests 

to evaluate the significance of the difference between 

groups. Nonparametric data were evaluated with 

Kruskal–Wallis analysis of variance. The results are 

presented as mean values ± standard error of the mean. 

Significance was determined at P-value < 0.05. The 

data were analysed statistically using Statistica for 

Windows software (version 13.3; Dell, Round Rock, 

TX, USA). 

Results  

Effects of treatment of mice with CP and yolkin 

in the experimental period on body weight. Changes 

in body weight of the experimental mice, presented as 

percentages of initial body weight, are shown in Fig. 2. 

The measurements revealed about a 5% loss of body 

weight in CP-treated mice 3–9 d following CP 

administration. The mice that were additionally 

administered yolkin in their drinking water lost less 

body weight, particularly during the period of 13–15-d 

post treatment. 

Effects of oral yolkin administration on contact 

sensitivity in CP-treated mice. The treatment of mice 

with CP significantly inhibited the effectual phase of 

CS, as measured by the auricle thickness (Fig. 3). 

Treatment with yolkin alone led to a non-significant 

decrease in this parameter. The application of yolkin to 

drinking water for 13 d after administration of CP 

restored the CS response to 85.5% of the control 

values. 

Effects of oral yolkin administration for 13 d on 

total cell numbers and numbers of respective cell 

phenotypes in the lymphoid organs in CP-treated 

mice. Table 1 summarises the changes in the total 

number of cells, cell types and cell subpopulations in 

the lymphoid organs of mice subjected to CP treatment 

and exposure to yolkin for 13 d in drinking water.  

 

 

Fig. 2. Changes in cyclophosphamide (CP)-immunocompromised 

mouse body weight during the experimental period. The results are 

presented as % of initial body weight (mean values) of mice from 
individual experimental groups from both research models: contact 

sensitivity to oxazolone and humoral response to ovalbumin. Control 

– control mice given only 0.9% NaCl; Yolkin – mice given 0.9% 
NaCl and yolkin; CP/Control – mice given only CP; CP/Yolkin – 

mice given CP and yolkin 
 

 

  
 

Fig. 3. Antigen specific increase in ear oedema in cyclophosphamide 

(CP)-immunocompromised mice expressing contact sensitivity to 
oxazolone. The antigen-specific increase of ear thickness  

(the difference obtained by subtracting the baseline measurement 

from the measurement taken from sensitised mice) is presented as the 
mean value of ear thickness measured in eight mice (16 

determinations) in mm ± standard error of the mean. * – statistically 

significant (P-value < 0.05); Control – control mice given only 0.9% 
NaCl; Yolkin – mice given 0.9% NaCl and yolkin; CP/Control – 

mice given only CP; CP/Yolkin – mice given CP and yolkin 
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Fig. 4. The levels of antibodies to ovalbumin in cyclophosphamide 
(CP)-immunocompromised mice followed by 26-d oral treatment 

with yolkin. The data are presented as mean and individual values of 

the antibody levels on a logarithmic scale. Control – control mice 
given only 0.9% NaCl; Yolkin – mice given 0.9% NaCl and yolkin; 

CP/Control – mice given only CP; CP/Yolkin – mice given CP and 

yolkin 

The total cell numbers in the investigated organs 

decreased in all organs, but statistically significant 

decreases occurred only in the lymph nodes and bone 

marrow. The cell loss in these organs was not reversed 

in mice ingesting yolkin. The decreases in respective  

T cell subpopulations also took place in the thymus, 

although a significant decrease occurred only in the 

CD4−CD8− subset, the level of which was not changed 

by yolkin. The losses of T cell subsets and CD19+ B 

cells were quite marked in the spleen after CP 

treatment. Although not statistically significant, they 

were associated with a reversal of CD3+, CD4+ and 

CD8+ T cell loss to respective 88%, 89% and 76.6% of 

the values observed in the untreated control group. 

These changes did not extend to the levels of 

macrophages in the spleen. A decline of cell numbers 

was also evident in the mesenteric lymph nodes, and B 

cells were particularly affected. No reconstitution of the 

cell numbers by yolkin was observed. In addition, no 

changes in the B cell numbers in the bone marrow nor 

in T regulatory CD25+Foxp3+ cells in the spleen were 

found. 

Effects of yolkin administration for 26 d on the 

humoral immune response to ovalbumin in CP-

treated mice. The results show that the antibody levels 

were enhanced to some degree by the treatment with 

yolkin on its own and slightly diminished by CP treatment 

(Fig. 4). The treatment of CP-immunocompromised 

mice with yolkin showed only a tendency to not 

significantly elevate the serum antibody concentration 

above the value noted in the untreated control mice. In 

general, the registered changes in the antibody levels 

were minor.  

 
Table 1. Effects of treatment with yolkin for 13 d on total number of immune cells and the numbers of lymphocyte subpopulations in  

the lymphoid organs of cyclophosphamide (CP)-immunocompromised mice 
 

Total number of cells in the examined organs   

 Thymus Spleen Lymph nodes Bone marrow   

Control 64.3 ± 4.9 ab 82.1 ± 10.7 a 36.1 ± 2.6 a 21.5 ± 1.3 a    

Yolkin 68.8 ± 5.4 a 87.4 ± 12.9 a 39.1 ± 2.5 a 24.3 ± 2.4 a   

CP/Control 48.7 ± 2.9 bc 61.6 ± 7.7 a 14.8 ± 1.7 b 14.7 ± 1.4 b   

CP/Yolkin 60.0 ± 5.8 abc 75.8 ± 11.6 a 16.1 ± 0.8 b 14.9 ± 0.9 b   

Thymocytes   

 CD8+ CD4+CD8+ CD4−CD8− CD4+   

Control 2.9 ± 0.6 a 41.6 ± 3.4 a 2.3 ± 0.2 ab 17.5 ± 1.7 a   

Yolkin 2.9 ± 0.6 a 46.1 ± 4.2 a 2.7 ± 0.2 a 17.2 ± 1.6 a   

CP/Control 1.5 ± 0.2 a 30.1 ± 4.5 a 1.4 ±  0.2 c 10.0 ± 2.1 a   

CP/Yolkin 1.8 ±0.4 a 36.7 ± 5.8 a 1.5 ± 0.3 bc 15.4 ± 2.7 a   

Splenocytes 

 CD8+ CD4+ CD3+ CD19+ CD14+CD169+ CD25+Foxp3+ 

Control 7.7 ± 1.7 a 15.25 ± 1.7 a 28.4 ± 3.9 a 44.6 ± 5.7 a 1.9 ± 0.2 a 6.9 ± 1.0 a 

Yolkin 6.7 ± 1.8 a 15.41 ± 3.0 a 29.8 ± 5.7 a 48.0 ± 6.0 a 2.01 ± 0.2 a 7.7 ± 0.9a 

CP/Control 3.3 ± 0.6 a 7.8 ± 1.3 a 19.1 ± 1.4 a 33.7 ± 5.2 a 2.7 ± 0.5 a 6.1 ± 0.7 a 

CP/Yolkin 5.9 ± 1.1 a 13.6 ± 2.4 a 25.5 ± 3.2 a 38.7 ± 6.8 a 3.1 ± 0.6 a 6.2 ± 1.2 a 

Mesenteric lymph node cells   

 CD8+ CD4+ CD3+ CD19+   

Control 5.4 ± 0.6 a 21.1 ± 1.8 a 25.3 ± 2.1a 10.2 ± 0.6a   

Yolkin 4.6 ± 0.1a 21.1 ± 1.6 a 25. 9 ± 1.8 a 9.2 ± 1.5a   

CP/Control 2.1 ± 0.2 b 9.9 ± 1.1 b 12.0 ± 1.4 b 2.3 ± 0.3b   

CP/Yolkin 2.6 ± 0.1 b 10.4 ± 0.5 b 12.7 ± 0.5 b 3.1 ± 0.3b   

Bone marrow cells      

 CD19+      

Control 12.8 ± 0.9 ab      

Yolkin 14.5 ± 1.4 a      

CP/Control 9.7 ± 0.8 bc      

CP/Yolkin 9.0 ± 0.9 bc      
 

The results are presented as the number of cells (×106) of appropriate lymphocyte subpopulations (mean ± standard error of the mean); values 
with different letters in the column differ significantly (P-value < 0.05) 
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Table 2. Effects of treatment with yolkin for 26 d on the total number of cells and the numbers of lymphocyte subpopulations in the lymphoid 

organs of cyclophosphamide (CP)-immunocompromised mice 
 

Total number of cells in the examined organs   

 Thymus Spleen Lymph nodes Bone marrow   

Control 97.3 ± 3.5 a 141.2 ± 6.7 a 34.05 ± 1.4 ab 20.3 ± 1.0 ab   

Yolkin 94.3 ± 2.8 ab 126.9 ± 3.7 a 37.5 ± 2.9 a 21.1 ± 1.2 a   

CP/Control 82.1 ± 3.1 bc 82.0 ± 6.2 b 24.7 ± 1.9 c 11.6 ± 0.8 c   

CP/Yolkin 93.0 ± 4.5 abc 92.9 ± 5.2 b 30.6 ± 2.6 abc 20.2 ± 2.0 ab   

Thymocytes   

 CD8+ CD4+CD8+ CD4−CD8− CD4+   

Control 3.9 ± 0.4 a 59.2 ± 4.2 a 7.3 ± 1.4 a 25.9 ± 1.8 a   

Yolkin 4.1 ± 0.4 a 54.9 ± 2.7 ab 6.0 ± 0.5 a 28.6 ± 3.3 a   

CP/Control 4.1 ± 0.5 a 43.0 ± 2.3 c 5.1 ± 0.5 a 30.1 ± 1.5 a   

CP/Yolkin 4.9 ± 0.7 a 50.4 ± 1.8 abc 5.1 ± 0.5 a  32.6 ± 2.2 a   

Splenocytes   

 CD8+ CD4+ CD3+ CD19+ CD14+CD169+ CD25+Foxp3+ 

Control 12.6 ± 0.6 a 24.5 ± 1.0 a 48.6 ± 2.8 a 76.8 ± 3.3 a 3.4 ± 0.4 a 11.4 ± 0.8 a 

Yolkin 8.1 ± 0.4 b 20.5 ± 1.1 ab 38.7 ± 1.2 b 75.3 ± 3.4 a 4.5 ± 0.8 a 10.4 ± 0.5 a 

CP/Control 4.4 ± 0.8 c 14.2 ± 1.7 c 25.4 ± 3.3 c 44.4 ± 2.4 b 3.1 ± 0.4 a 6.6 ± 0.5 b 

CP/Yolkin 7.3 ± 0.9 b 15.4 ± 1.1 bc 31.1 ± 2.2 bc 52.0 ± 3.4 b 4.0 ± 0.8 a 7.2 ± 0.7 b 

Mesenteric lymph node cells   

 CD8+ CD4+ CD3+ CD19+   

Control 4.2 ± 0.4 a 19.6 ± 0.7 a 22.5 ± 1.6 a 9.9 ± 1.3 a   

Yolkin 4.2 ± 0.3 a 19.7 ± 1.3 a 23.0 ± 1.2 a 13.2 ± 2.1 a   

CP/Control 3.3 ± 0.4 a 17.4 ± 1.5 a 20.6 ±.1.8 a 3.2 ± 0.4 b   

CP/Yolkin  4.0 ± 0.4 a 21.6 ± 1.7 a 24.9 ± 2.1 a 4.0 ± 0.7 b   

Bone marrow cells      

 CD19+      

Control 13.8 ± 0.6 a      

Yolkin 12.6 ± 0.8 ab      

CP/Control 7.7 ± 0.5 c      

CP/Yolkin 13.1 ± 0.6 ab      
 

The results are presented as the number of cells (×106) of the appropriate lymphocyte subpopulations (mean ± standard error of the mean); values 

with different letters in the column differ significantly (P-value < 0.05) 

 

Effects of oral yolkin administration for 26 d on 

total cell numbers and numbers of respective cell 

phenotypes in the lymphoid organs in CP-treated 

mice. The total cell numbers in the thymus, expressed 

as percentages, significantly decreased after treatment 

of mice with CP (Table 2). Although yolkin did not 

increase the cell numbers in a significant manner after 

CP treatment, numbers did not significantly differ from 

those observed in untreated control mice. The total 

number of splenocytes significantly decreased (by 

41.9%) after CP treatment and did not recover after 

administration of yolkin. However, in the case of 

mesenteric lymph nodes, a significant decrease in the 

cell content was partially restored by yolkin and these 

cell numbers were not significantly different from the 

values registered in the untreated control mice. 

Notably, the most pronounced changes with regard to 

the effect of CP and yolkin were noted in the bone 

marrow, where a very significant depletion of cell 

numbers mediated by CP was completely restored by 

the yolkin treatment. 

The analysis of changes in cell numbers of 

respective cell phenotypes in the lymphoid organs 

showed that the CD4+CD8+ cell subset of thymocytes 

was significantly reduced and partially recovered 

following yolkin treatment. In the spleen, there were 

significant decreases in the T cells of the CD3+, CD8+ 

and CD4+ phenotypes after CP treatment and CD19+ B 

cells. In the case of CD8+ cells, yolkin significantly 

restored the cell level registered in CP-treated mice.  

Of interest is that yolkin alone lowered CD8+ T cell 

number. In addition, the number of splenic regulatory T 

cells (CD25+Foxp3+) was significantly reduced but was 

not restored by yolkin. The level of macrophages 

(CD14+CD169+) was not affected. In the mesenteric 

lymph nodes, a strong decrease in the CD19+ B cell 

number after CP treatment was found, but was not 

affected by yolkin treatment. Importantly, CD19+ B 

cells in the bone marrow were deeply depleted by CP, 

but were replenished by yolkin to the control level 

registered in untreated control mice.  

Discussion  

In this study we showed that yolkin administered 

in drinking water following CP treatment significantly 

reversed CP-suppressed CS to OXA in BALB/c mice, 

and partially or completely restored cell contents in the 

lymphoid organs. On the other hand, the humoral 

immune response to OVA was neither significantly 
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affected by CP nor modified by the yolkin treatment. 

The treatment of CP-immunocompromised mice with 

yolkin also correlated with a better body weight gain in 

these mice. The renewal of cell content in the lymphoid 

organs was more significant following the more 

prolonged administration of yolkin. Nevertheless, the 

changes in the total cell content and the proportions of 

respective T cell phenotypes after 13-d treatment with 

yolkin may partially explain the stimulatory action of 

yolkin on CS in CP-immunosuppressed mice. 

That the number of B cells in the lymphoid organs 

was not restored was probably because their life spans 

are much longer than those of T cells (13). However, 

among the splenocytes, a quite meaningful restoration 

of T cell subsets was found. Effector T cells are needed 

for the development of CS, although a primary role for 

initiation of CS is ascribed to B-1 B cells (7). Although 

no reports are available with regard to their resistance 

to CP, this long-lived, nonproliferating B cell subset 

(20) was not affected by CP action. Thus, the 

reconstitution of CS by yolkin may result from its 

effects of increasing recruitment of T cells in the spleen 

(Table 1) and promoting body weight gain (Fig. 2). 

Beneficial effects of yolkin on the mucosal integrity 

and gut bacterial composition cannot be excluded, and 

these would represent benefits to the overall health 

status of the mice. Such effects of compounds in the 

reconstitution of the immune response in CP-treated 

mice were reported (14, 15, 19, 29). In addition, the roles 

of IFN γ, IL-6 and TNF α in the development of CS (12) 

in immunocompromised mice must not be 

underestimated, since yolkin was shown to be a strong 

inducer of these cytokines in in vitro (17, 25, 33, 34) 

and ex vivo experiments (38). 

After 13 d of CP treatment, a serious loss of  

B cell content in the bone marrow was observed, which 

was not restored by yolkin, just as CD4−CD8− 

thymocyte immature cell subsets were not. These cells 

in the primary lymphoid organs quickly divide, and are 

thus highly susceptible to CP treatment. Nevertheless, 

after 26 d of treatment with yolkin, the even higher B 

cell loss in the bone marrow was fully reconstituted by 

yolkin. The results indicate that depletion of B cells in 

the bone marrow requires a prolonged period of yolkin 

administration. In general, the depletion of CD19+ B 

cells by CP in the lymphoid organs was delayed and 

more significant 26 d after CP administration. The total 

cell number in the mesenteric lymph nodes measured 

on day 15 following CP treatment fell by 52.5%. This 

decrease was probably predominantly associated with 

B cell depletion (by 77.5%). However, after 26 d of 

yolkin administration, the effect of CP injection was 

mostly eliminated, since the cell content in the lymph 

nodes attained 89.9% of the level registered in non-

manipulated control mice. On the other hand, the 

severely diminished T cell levels in the spleen 15 d after 

CP administration substantially recovered after treatment 

with yolkin. This CP-mediated effect was not observed 

after 26-d treatment. It seems that following this 

prolonged period after the application of the 

immunosuppressive agent, the T cell reservoir 

underwent a natural recovery because of the short life 

span of this cell type. No significant changes were 

observed in CP-treated mice in the content of 

macrophages or dendritic cells (not shown) in the bone 

marrow. Additionally, the treatment of mice with CP 

did not affect the level of T regulatory cells, although 

the content of this cell subset played a role in the 

interpretation of the stimulatory effects of yolkin on CS 

in juvenile mice (37). 

In the present experimental protocol using a long-

term treatment of mice with yolkin, the protein exerted 

no stimulatory effect, and we did not note a significant 

decrease of the antibody level following CP despite 

decreased levels of helper type CD4+ and CD19+ cells 

in the spleen upon immunisation with OVA. In fact, 

these lower cell numbers were not recovered by yolkin. 

Nevertheless, the observed minor changes in the 

antibody levels were anticipated changes in the 

respective mouse groups. It is possible that a more 

optimal experimental protocol could have revealed  

a significant restorative effect of yolkin on the humoral 

immune response in CP-treated mice. 

We managed to demonstrate a reconstituting effect 

on the humoral immune response in CP-treated mice by 

LF, another potent immune regulator and agonist of 

TLR4 (25). In this model, orally administered LF 

restored the humoral immune response, but only to 

some degree (5, 6). Nevertheless, the models using 

yolkin and LF differed in terms of the experimental 

design and the antigens used (sheep red blood cells in 

the case of LF). Additionally, the number of antibody-

forming cells in the spleen was measured, and not the 

antibody titre. 

We also envisage that yolkin may induce 

myelopoiesis like LF, which accelerates the renewal of 

granulopoiesis through its ability to induce GSF (28). 

Such a mechanism is very likely in the case of yolkin, 

as it is a strong TLR agonist. In fact, the level of blood 

neutrophils in mice treated with yolkin and in which 

CS developed was higher than in control animals (37). 

In addition (data to be published), mice that ingested 

yolkin prior to LPS injection had enhanced levels of 

granulocytes in the blood. Thus, beside lymphopoiesis, 

yolkin may also induce myelopoiesis. Such a property 

may predispose yolkin to use as a preventive measure 

against bacterial infection. 

In summary, this study showed that yolkin 

administered orally in drinking water significantly 

recovered CP-induced immunosuppression of contact 

sensitivity in BALB/c mice. This effect correlated with 

the renewal of T cell content in the spleen. Although 

neither marked suppression nor reconstitution of the 

antibody response was found in this model, the 

prolonged treatment of CP-immunocompromised mice 

with yolkin led to a complete reconstitution of the total 

cell and B cell numbers in the bone marrow. 
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Conclusion 

To conclude, evidence is accumulating that yolkin, 

which under normal conditions suppresses cellular 

immune response in adult mice, exhibits 

immunostimulatory or normalising effects on the altered 

parameters of the immune system in immature or 

experimentally manipulated mice (stressed or 

immunocompromised animals). In addition, taking into 

account its protective effects on the central nervous 

system, it may be concluded that certain egg-derived 

proteins contained in nutraceuticals, as well as the 

consumption of eggs in normal diets (26), may offer 

benefits for human health. 

 

Conflict of Interests Statement: The authors declare 

that there is no conflict of interests regarding the 

publication of this article. 

 

Financial Disclosure Statement: This research was 

funded in whole by the National Science Centre, 

Poland, No. DEC-2021/41/B/NZ6/01167. For the 

purpose of Open Access, the author has applied a CC-

BY public copyright license to any Author Accepted 

Manuscript (AAM) version arising from this 

submission. 

 

Animal Rights Statement: The study was conducted 

with the authorisation No. 014/2023 of the Local Ethics 

Committee for Animal Experiments of the Hirszfeld 

Institute of Immunology in Wrocław, Poland. 

 

CRediT Authorship Contribution Statement: Michał 

Zimecki: research concept and design, data analysis 

and interpretation, critical revision of the article, final 

approval of the article. Jolanta Artym: collection and 

assembly of data, critical revision of the article, final 

approval of the article. Maja Kocięba: collection and 

assembly of data, critical revision of the article. Ewa 

Zaczyńska: collection and assembly of data, critical 

revision of the article. Angelika Sysak: collection and 

assembly of data, critical revision of the article, final 

approval of the article. Marianna Szczypka: collection 

and assembly of data. Magdalena Lis: collection and 

assembly of data. Bożena Obmińska-Mrukowicz: 

research concept and design, data analysis and 

interpretation, critical revision of the article. 

Aleksandra Zambrowicz: collection and assembly of 

data. Łukasz Bobak: collection and assembly of data. 

References 

1. Ali M.S., Lee E.-B., Quah Y., Birhanu B.T., Suk K., Lim S.-K., 

Park S.-C.: Heat-killed Limosilactobacillus reuteri PSC102 

ameliorates impaired immunity in cyclophosphamide-induced 

immunosuppressed mice. Front Microbiol 2022, 13, 820838, doi: 

10.3389/fmicb.2022.820838. 

2. Anton E.: Ultrastructural changes of stromal cells of bone 

marrow and liver after cyclophosphamide treatment in mice. 

Tissue Cell 1997, 29, 1–9, doi: 10.1016/s0040-8166(97)80066-3. 

3. Artym J., Zimecki M., Kruzel M.L.: Normalization of peripheral 

blood cell composition by lactoferrin in cyclophosphamide-

treated mice. Med Sci Monit 2004, 10, BR84–BR89. 

4. Artym J., Zimecki M., Kruzel M.L.: Reconstitution of the 

cellular immune response by lactoferrin in cyclophosphamide-

treated mice is correlated with renewal of T cell compartment. 

Immunobiol 2003, 207, 197–205, doi: 10.1078/0171-2985-

00233. 

5. Artym J., Zimecki M., Kuryszko J., Kruzel M.L.: Lactoferrin 

accelerates reconstitution of the humoral and cellular immune 

response during chemotherapy-induced immunosuppression and 

bone marrow transplant in mice. Stem Cell Dev 2005, 14, 548–

555, doi: 10.1089/scd.2005.14.548. 

6. Artym J., Zimecki M., Paprocka M., Kruzel M.L.: Orally 

administered lactoferrin restores humoral immune response in 

immunocompromised mice. Immunol Lett 2003, 89, 9–15, doi: 

10.1016/s0165-2478(03)00102-0. 

7. Askenase P.W., Tsuji R.F.: B-1 B cell IgM antibody initiates  

T cell elicitation of contact sensitivity. Curr Top Microb 

Immunol 2000, 252, 171–177, doi: 10.1007/978-3-642-57284-

5_18. 

8. Asou N., Suzushima H., Nishimura S., Okubo T., Yamasaki H., 

Osato M., Hoshino K., Takasuki K., Mitsuya H.: Long-term 

remission in an elderly patient with mantle cell leukemia treated 

with low-dose cyclophosphamide. Am J Hematol 2000, 63, 35–

37, doi: 10.1002/(sici)1096-8652(200001)63:1<35::aid-ajh8>3.0.co;2-l. 

9. Chabner B.A., Allegra C.J., Curt G.A., Calabresi P.: 

Antineoplastic agents. In: The pharmacological basis of 

therapeutics, Ninth Edition, edited by J.G. Hardman,  

L.E. Limbird, P.B. Molinoff, R.W. Ruddon, A. Goodman 

Gilman, McGraw-Hill, New York, USA, 1996, pp. 1233–1287. 

10. Chen L., Ren A., Wang Y., Qu Y., Gong H., Mayo K.H.,  

Zhou Y., Cheng H.: Heterogalactan WPEP-N-b from Pleurotus 

eryngii enhances immunity in immunocompromised mice. Int J 

Biol Macromol 2023, 225, 1010–1020, doi: 

10.1016/j.ijbiomac.2022.11.163. 

11. Dale D.C., Crawford J., Klippel Z., Reiner M., Osslund T.,  

Fan E., Morrow P.K., Allcott K., Lyman G.H.: A systematic 

literature review of the efficacy, effectiveness, and safety of 

filgrastim. Supp Care Can 2018, 26, 7–20, doi: 10.1007/s00520-

017-3854-x. 

12. Enk A.H., Katz S.I.: Early molecular events in the induction 

phase of contact sensitivity. Proc Nat Acad Sci U S A 1992, 89, 

1398–1402, doi: 10.1073/pnas.89.4.1398. 

13. Hemendinger R.A., Bloom S.E.: Selective mitomycin C and 

cyclophosphamide induction of apoptosis in differentiating B 

lymphocytes compared to T lymphocytes in vivo. Immunopharm 

1996, 35, 71–82, doi: 10.1016/0162-3109(96)00124-5. 

14. Huang J., Huang J., Li, Y., Wang Y., Wang F., Qiu X., Liu X., 

Li H.: Sodium alginate modulates immunity, intestinal mucosal 

barrier function, and gut microbiota in cyclophosphamide-

induced immunosuppressed BALB/c mice. J Agr Food Chem 

2021, 69, 7064–7073, doi: 10.1021/acs.jafc.1c02294. 

15. Kan Y., Liu Y., Huang Y., Zhao L., Jiang C., Zhu Y., Pang Z.,  

Hu J., Pang W., Lin W.: The regulatory effects of 

Pseudostellaria heterophylla polysaccharide on immune function 

and gut flora in immunosuppressed mice. Food Sci Nutr 2022, 

10, 3828–3841, doi: 10.1002/fsn3.2979. 

16. Kazana W., Jakubczyk D., Pacyga-Prus K., Leszczyńska K., 

Górska S., Siednienko J., Macała J., Piechowiak G.,  

Zabłocka A.: A novel mechanism of macrophage activation by 

the natural yolkin polypeptide complex from egg yolk. Int J Mol 

Sci 2022, 23, 3125, doi: 10.3390/ijms23063125. 

17. Kazana W., Mitkiewicz M., Ochnik M., Sochocka M., 

Zambrowicz A., Piechowiak G., Macała J., Miernikiewicz P., 

Zabłocka A.: Yolkin isolated from hen egg yolk as a natural 

immunoregulator, activating innate immune response in BMDM 

macrophages. Oxid Med Cell Long 2020, 5731021, doi: 

10.1155/2020/5731021. 

18. Lacki J.K., Mackiewicz S.H., Leszczyński P., Müller W.: The 

effect of intravenous cyclophosphamide pulse on peripheral 



 M. Zimecki et al./J Vet Res/69 (2025) 403 

 

blood lymphocytes in lupus erythematosus patients. Rheumat Int 

1997, 17, 55–60, doi: 10.1007/pl00006852. 

19. Liu F., Zhang L., Feng X., Ibrahim S.A., Huang W., Liu Y.: 

Immunomodulatory activity of carboxymethyl pachymaran on 

immunosuppressed mice induced by cyclophosphamide. 

Molecules 2021, 26, 5733, doi: 10.3390/molecules26195733. 

20. Mattos M.S., Vandendriessche S., Waisman A., Marques P.E.: 

The immunology of B-1 cells: from development to aging. 

Immun Ageing 2024, 21, 54, doi: 10.1186/s12979-024-00455-y. 

21. Noonan F.P., Halliday W.J.: Studies of contact hypersensitivity 

and tolerance in vivo and in vitro. I. Basic characteristics of the 

reactions and confirmation of an immune response in tolerant 

mice. Int Arch Allerg Immunol 1978, 56, 523–532. 

22. Obmińska-Mrukowicz B., Szczypka M., Lis M., Pawlak A., 

Suszko-Pawłowska A., Sysak A., Zambrowicz A., Burster T., 

Kocięba M., Artym J., Zaczyńska E., Kochanowska I.,  

Zimecki M.: Effects of yolkin on the immune response of mice 

and its plausible mechanism of action. Immunol Lett 2020, 220, 

21–31, doi: 10.1016/j.imlet.2020.01.003. 

23. Petri M.: Cyclophosphamide: new approaches for systemic lupus 

erythematosus. Lupus 2004, 13, 366–371, doi: 

10.1191/0961203303lu1028oa. 

24. Polanowski A., Sosnowska A., Zabłocka A., Janusz M.,  

Trziszka T.: Immunologically active peptides that accompany 

hen egg yolk immunoglobulin Y: separation and identification. 

Biol Chem 2013, 394, 879–887, doi: 10.1515/hsz-2012-0337. 

25. Puddu P., Latorre D., Carollo M., Catizone A., Ricci G.,  

Valenti P., Gessani S.: Bovine lactoferrin counteracts Toll-like 

receptor mediated activation signals in antigen presenting cells. 

PLoS One 2011, 6, e22504, doi: 10.1371/journal.pone.0022504. 

26. Réhault-Godbert S., Guyot N., Nys Y.: The golden egg: 

nutritional value, bioactivities, and emerging benefits for human 

health. Nutrients 2019, 11, 684. doi: 10.3390/nu11030684. 

27. Ren Z., Yang F., Yao S., Bi L., Jiang G., Huang J., Tang Y.: 

Effects of low molecular weight peptides from monkfish 

(Lophius litulon) roe on immune response in immunosuppressed 

mice. Front Nutr 2022, 9, 929105, doi: 

10.3389/fnut.2022.929105. 

28. Sawatzki G., Rich I.N.: Lactoferrin stimulates colony stimulating 

factor production in vitro and in vivo. Blood Cells 1989, 15, 

371–385. 

29. Tian J., Zhao X., Tang C., Wang X., Zhang X., Xiao L., Li W.: 

Protective effect of Paecilomyces cicadae TJJ11213 

exopolysaccharide on intestinal mucosa and regulation of gut 

microbiota in immunosuppressed mice. Food Res Int 2023, 165, 

112477, doi: 10.1016/j.foodres.2023.112477. 

30. Wang J.-D., Wang L., Yu S., Jin Y.-T., Wang Y.-Y., Chai R.-D., 

Zhao Z.Y., Bian Y.-H., Zhao S.-W.: Condensed Fuzheng extract 

increases immune function in mice with cyclophosphamide-

induced immunosuppression. Food Sci Nutr 2022, 10, 3865–

3875, doi: 10.1002/fsn3.2982. 

31. Weiner H.L., Cohen J.A.: Treatment of multiple sclerosis with 

cyclophosphamide: critical review of clinical and immunologic 

effects. Mult Scler 2002, 8, 142–154, doi: 10.1191/1352458502ms790oa. 

32. Zabłocka A., Sosnowska A., Urbaniak A., Janusz M., Polanowski A.: 

Peptides accompanying chicken egg yolk IgY – alternative 

methods of isolation and immunoregulatory activity. Food Funct 

2014, 5, 724–733, doi: 10.1039/c3fo60391a. 

33. Zambrowicz A., Zabłocka A., Bobak Ł., Macała J., Janusz M., 

Polanowski A., Trziszka T.: A simple and rapid method of 

isolation of active polypeptide complex, yolkin, from chicken 

egg yolk. Food Chem 2017, 230, 705–711, doi: 

10.1016/j.foodchem.2017.03.101. 

34. Zimecki M., Artym J., Kochanowska I., Kocięba M., Zaczyńska E., 

Zambrowicz A.: Immunoregulatory effects of yolkin on cell 

proliferation, cytokine production and cell signaling. Braz J 

Poult Sci. (accepted for publication).  

35. Zimecki M., Artym J., Kocięba M., Obmińska-Mrukowicz B.: 

Restoration of immune system function is accelerated in 

immunocompromised mice by the B-cell-tropic isoxazole R-11. 

Pharmacol Rep 2012, 64, 403–411, doi: 10.1016/s1734-

1140(12)70781-8. 

36. Zimecki M., Artym J., Kocięba M., Obmińska-Mrukowicz B., 

Mączyński M., Ryng S.: Immune function in cyclophosphamide-

treated mice is restored by the T-cell-tropic isoxazole derivative 

R-13. J Immunotoxicol 2015, 12, 322–329, doi: 

10.3109/1547691x.2014.978486. 

37. Zimecki M., Artym J., Kocięba M., Sysak A., Szczypka M., Lis M., 

Pawlak A., Obminska-Mrukowicz B., Kaleta-Kuratewicz K., 

Zambrowicz A., Bobak Ł.: Age-dependent effects of yolkin on 

contact sensitivity and immune phenotypes in juvenile mice. 

Molecules 2024, 29, 3254, doi: 10.3390/molecules29143254. 

38. Zimecki M., Artym J., Kocięba M., Zaczyńska E., Kaleta-

Kuratewicz K., Madej J., Zambrowicz A., Bobak Ł.: Yolkin 

ameliorates effects of the psychic stress on the contact sensitivity 

in mice. Front Biosci (Landmark Ed.) 2025, 30, 27949. 

39. Zimecki M., Artym J., Ryng S., Obmińska-Mrukowicz B.:  

RM-11, an isoxazole derivative, accelerates restoration of the 

immune function in mice treated with cyclophosphamide. Pharm 

Rep 2008, 60, 183–189. 

  

 


