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a Department of Microbiology and Immunology, University of Belgrade-Faculty of Pharmacy, Belgrade, Serbia 
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A B S T R A C T   

Aims: Given that deprivation of noradrenaline acting on lymphocytes through β-adrenoceptor influences anti-
body response, the effects of propranolol treatment beginning two days before immunization with quadrivalent 
inactivated influenza vaccine (QIV) on IgG response and underlying cellular molecular mechanism in mice were 
investigated. 
Main methods: Twenty-one days post-immunization the total QIV antigen-specific IgG titer and IgG subclass titers 
in sera were determined using ELISA. Additionally, the total counts of germinal centre (GC) B cells, T follicular 
helper (Tfh) and T follicular regulatory (Tfr) cells in draining lymph nodes (dLNs) and spleens, in vitro prolif-
eration of interacting B cells and Th cells and IL-21 synthesis in Th cells in response to QIV antigens and/or 
mitogen were attested using flow cytometry analysis. In QIV antigen-stimulated dLN cell and splenocyte cultures 
were also measured concentrations of INF-γ and IL-4, cytokines upregulating IgG2a and IgG1 synthesis, 
respectively. 
Key findings: Propranolol decreased the total QIV antigen-specific IgG titer. This correlated with lower GC B cell 
count and the shift in Tfr/Tfh cell and Tfr/GC B cell ratio towards Tfr in propranolol-treated mice compared with 
controls. Consistently, QIV antigen-stimulated proliferation of B cells and Th cells from propranolol-treated mice 
in vitro was impaired. This correlated with the lower frequency of QIV antigen-specific IL-21-producing cells 
among Th cells. Additionally, in propranolol-treated mice, in accordance with the changes in INF-γ/IL-4 ratio in 
dLN cell/splenocyte cultures, serum IgG2a/IgG1 ratio was shifted towards IgG1 reflecting decreased IgG2a 
response. 
Significance: The study indicates that chronic propranolol treatment may impair response to QIV.   

1. Introduction 

The immunomodulatory role of sympathetic-adrenal-medullary axis- 
derived catecholamines is well-established [1]. Their selective depletion 
in brain by 6-hydroxydopamine (6-OHDA) injection into the cisterna 
magna before immunization with T-dependent antigens profoundly 
impairs the primary antibody response and development of immuno-
logical memory in mice [2]. Findings obtained by chemical ablation of 
sympathetic nerve fibres by peripheral 6-OHDA injection are conflict-
ing, as depending on mouse strain and the sympathectomy timing in 

respect to immunization its enhancing [3] and inhibitory influence on 
antibody response has been reported [4–6]. Additionally, it has been 
shown that splenic denervation in mice compromises the formation of 
plasma cells during a T-cell-dependent, but not T-cell-independent im-
mune response [7]. Considering that CD4+ and B lymphocytes almost 
exclusively express β2-adrenoceptor [8], it may be assumed that pe-
ripheral catecholamine effects are β-adrenoceptors-mediated. Given that 
6-OHDA does not cross blood-brain barrier in adult animals [9], 
mechanism behind the effects of peripheral and central 6-OHDA appli-
cation may not be fully comparable. 

Abbreviations: QIV, quadrivalent inactivated influenza vaccine; IgG subclass, Immunoglobulin G subclass; Tfh cells, T follicular helper cells; Tfr cells, T follicular 
regulatory cells; Th cell cytokine profile, T helper cell cytokine profile. 
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Influenza infection still remains the leading cause of infectious death 
among the elderly [10], and annual influenza vaccine is the most 
effective means to prevent severe outcomes caused by the most 
commonly circulating influenza virus strains. The post-vaccination 
antibody titers are widely accepted indicator of immune responses to 
inactivated influenza virus vaccine, the most commonly administered 
influenza vaccine [11]. Changes in catecholamine levels in response to 
inactivated vaccines suggest their immunomodulatory role [12]. 

Having all aforementioned in mind, it is clear that factors affecting 
efficiency of humoral immune response may influence the outcome of 
influenza vaccine effectiveness. Consequently, considering that pro-
pranolol, a non-selective β-adrenoceptor antagonist, which crosses 
blood-brain barrier [13], has been widely prescribed for the treatment of 
numerous conditions, including hypertension, cardiac arrhythmias, 
myocardial infarction, migraine, portal hypertension, anxiety, essential 
tremors, hyperthyroidism, and pheochromocytoma, it may be specu-
lated that chronic propranolol treatment affects humoral response to 
influenza vaccine by modulating the germinal centre (GC) reaction, the 
basis of T-dependent humoral immunity against pathogens [14]. During 
this multistep reaction encompassing somatic hypermutations enabling 
the selection of B cells producing high-affinity antibodies, antibody af-
finity maturation and class switch recombination [15], T cells termed 
follicular helper T (Tfh) cells interact with B cells to support their sur-
vival, differentiation and proliferation via direct contact and soluble 
signals [14]. Another T-cell subset - follicular helper Foxp3+ regulatory 
T (Tfr) cells act as key regulators of this interaction [14]. Thus, to test 
propranolol treatment influence on antibody response to influenza 
vaccine, BALB/c mice immunized with seasonal quadrivalent inacti-
vated influenza vaccine (QIV) were administrated with propranolol 
daily, beginning two days before immunization, and the virus-specific 
IgG titer and the IgG subclass profile in serum, and number and/or 
functional properties of GC B cells, Tfh and Tfr cells in mouse spleens/ 
draining lymph nodes (dLNs) were investigated. 

2. Materials and methods 

2.1. Experimental animals 

The study included female BALB/c mice (three-month-old) that were 
bred at the Institute of Virology, Vaccines and Sera “Torlak”, under the 
standard housing conditions (12 h light/dark cycle in a temperature- 
and humidity-controlled environment) and given mice chow and tap 
water ad libitum. The animal care and all experimental procedures were 
performed in accordance with the Directive 2010/63/EU of the Euro-
pean Parliament and of the Council on the protection of animals used for 
scientific purposes and with the governmental regulations (Law on 
Animal Welfare, “Official Gazette of Republic of Serbia”, no. 41/2009). 
The study protocol was evaluated by the Animal Care and Use Com-
mittee of Institute of Virology, Vaccines and Sera “Torlak” and approved 
by The Ministry of Agriculture, Forestry and Water Economy of the 
Republic of Serbia - Veterinary Directorate (permit no. 323-07-01577/ 
2016-05/1). 

2.2. Immunization and treatment 

Experimental animals were immunized with QIV (split virion) for 
season 2019/2020 encompassing A/Brisbane/02/2018, IVR-190 - virus 
antigenically like A/Brisbane/02/2018 (H1N1)pdm09, A/Kansas/14/ 
2017, NYMC X-327- virus antigenically like A/Kansas/14/2017 (H3N2), 
B/Maryland/15/2016, NYMC BX-69A virus antigenically like B/Colo-
rado/06/2017, and B/Phuket/3073/2013, wild type virus, antigenically 
like B/Phuket/3073/2013, each virus strain/lineage represented in 
amount of 15 μg HA (Sanofi Pasteur – Val de Reuil, Val de Reuil, France). 
QIV was applied in a dose containing 3 μg of HA of each virus strain/ 
lineage, and was given intramuscularly 50 μL in each caudal tight. 
Immunized animals were monitored daily by researchers and 

veterinarian. In none of immunized animals were detected signs of 
either local or systemic reactions. 

Propranolol (20 mg/kg) or saline (control) were administered to 
mice subcutaneously each day during the study, starting from 2 days 
before immunization. This dose was chosen as previously propranolol 
was shown to block all β-AR receptors without producing any toxic ef-
fects in rodents [16]. 

2.3. Reagents and antibodies 

For making anesthesia cocktail, ketamine (Ketamidor, Richter 
Pharma AG, Wels, Austria) and xylasine (Xylased, Bioveta, Ivanovice na 
Hané, Czech Republic) were used. 

Propranolol (±)-propranolol hydrochloride is purchased from 
Sigma-Aldrich Chemie GmbH Taufkirchen, Germany. 

Horseradish peroxidase (HRP)-conjugated: goat anti-mouse IgG, 
IgG1, IgG2a, IgG2b, IgG3 antibodies purchased from Jackson Immu-
noResearch Laboratories Inc., WestGrove, PA, USA, and o-phenyl-
enediamine (OPD) from Sigma were used for antibody titer 
determination in the sera of the experimental mice. 

For flow cytometric analysis (FCA), fluorescein isothiocyanate 
(FITC)-conjugated anti-B220 (CD45R, clone RA3-6B2; eBiolegend, 
Carlsbad, CA, USA; Cat. No. 103205), phycoerythrin (PE)-conjugated 
anti-GL7 (clone GL7; eBiolegend; Cat. No. 144607), peridinin chloro-
phyll protein (PerCP)-eFluor™ 710-conjugated anti-CD95 (APO-1/Fas) 
(clone 15A7; eBioscience; Cat. No. 46-0951-80), PE-conjugated anti- 
CD4 (clone RM4-5; eBiolegend; Cat. No. 100511), FITC-conjugated anti- 
Foxp3 (clone FJK-16s; Invitrogen; Cat. No. 11-5773-82), PerCP-cyanine 
5.5-conjugated anti-CXCR5 (Clone 2G8; BD Biosciences Pharmingen, 
Mountain View, CA, USA; Cat. No. 560528), alexa fluor 647-conjugated 
anti-Bcl6 (K112-91; BD Biosciences Pharmingen; Cat. No. 561525), and 
rabbit polyclonal anti-IL-21 antibody (Merck KGaA, Darmstadt, Ger-
many; Cat. No. ABF184) were used. As secondary antibody, FITC- 
conjugated goat anti-rabbit Ig (BD Biosciences Pharmingen; Cat. No. 
554020) was used. 

Fluorescein-isothiocyanate- and PE-conjugated anti-Ki67 (clone 
SolA15; eBioscience Inc. San Diego, CA, USA; Cat. No. 11-5698-82 and 
Cat. No. 12-5698-80, respectively) were used for proliferation analyses. 

Of note, all primary antibodies for flow cytometry were specific for 
mouse antigens and have been validated for this application by the 
antibody manufacturer. Additionally, specificity of all antibodies for 
target cell antigens was confirmed in our previous and the present study 
using multi-colour analysis (including positive and negative cell types). 
Moreover, all antibodies were subjected to titration to optimize the 
concentration of antibody used by determination of the best signal to 
noise ratio, and thereby the best separation of cell populations. 

Medium for cell cultivation consisted of RPMI 1640 (Sigma-Aldrich) 
with 2 mM L-glutamine (Serva, Heidelberg, Germany), 1 mM sodium 
pyruvate (Serva), 100 units/mL penicillin (ICN, Costa Mesa, CA, USA), 
100 μg/mL streptomycin (ICN) and 10% fetal bovine serum (FBS; Gibco, 
Grand Island, NY, USA). 

Phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich Chemie 
GmbH), ionomycin (Sigma-Aldrich Chemie GmbH) and brefeldin A 
(eBioscience) were applied for IL-21 expression. 

Concanavalin A (ConA) purchased from Sigma was used as nonspe-
cific mitogen for T cell stimulation. 

2.4. Antibody titer determination 

Four weeks after the immunization animals were bled from retro-
orbital sinuses upon anesthesia with ketamine (80 mg/kg)/xylazine (8 
mg/kg) cocktail for antibody titer determination. In order to collect 
serums, blood samples were left to coagulate for 1 h at the room tem-
perature (RT) and then centrifuged at 1620 xg for 30 min. Serums were 
decomplemented for 30 min at 56 ◦C and stored at − 20 ◦C for IgG 
antibody titer determination. 
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Serum titers of total influenza virus-specific IgG antibody and 
influenza virus-specific IgG antibody subclasses (IgG1, IgG2a, IgG2b, 
IgG3) in mice immunized with QIV were assessed by end-point dilution 
enzyme-linked immunosorbent assay (ELISA). As described previously 
[17] mice sera were serially diluted in PBS with 1% BSA, and added to 
Nunc MaxiSorp 96 well flat bottom plates pre-coated with 2.5 μg of HA/ 
well of QIV. After one-hour incubation at RT, plates were firstly washed 
with 0.05% Tween 20/PBS and then with PBS. Horse radish peroxidase 
conjugated IgG and IgG subclass specific goat anti-mouse antibodies in 
appropriate dilutions: IgG (1:10000), IgG1 (1:10000), IgG2a (1:10000), 
IgG2b (1:20000), IgG3 (1:5000) were added and incubated for 1 h at RT. 

After washing the plates, HRP substrate OPD with H2O2 was added. 
Reaction was stopped after 15 min with 2 M H2SO4 and optical density 
(OD) was measured with Multiscan Ascent (Labsystems) at 490 nm and 
620 nm. Titers were calculated as the reciprocal of the highest dilution 
of test sera that gave an absorbance reading value of 3 standard de-
viations above the control sera at an equivalent dilution, as stated pre-
viously [17]. 

2.5. Preparation of cells 

In order to examine cellular immune response, two weeks after the 
immunization animals were deeply anesthetized with ketamine/xyla-
zine cocktail, and spleens and draining lymph nodes (dLNs) (inguinal) 
were removed. Organs were grinded through 60 μm sieve screen in 10% 
FBS/RPMI 1640 under the sterile conditions. Lysis buffer (0.15 M 
NH4Cl, 1 mM KHCO3, and 0.1 mM Na2EDTA in H2O, pH 7.2) was added 
to suspensions of splenocytes to remove red blood cells. After 10 min of 
incubation cell suspensions were centrifuged for 10 min at 300 ×g, 
washed once, resuspended in 10% FBS/PBS and counted in 0.2% trypan 
blue dye using the improved Neubauer haemocytometer. Isolated cells 
were further subjected to examination of phenotype, cytokine produc-
tion and proliferation capability. 

2.6. Cultivation of cells 

Splenocytes and dLN cells were suspended in medium (10% FBS/ 
RPMI 1640) and dispersed (5 × 105 cells/well) in Nunc MaxiSorp 96 
well U-bottom plates and cultured in the presence or in the absence of 
stimuli for 72 h at 37 ◦C in a 5% CO2 humidified air atmosphere. After 
incubation cells were stained and subjected to FCA of cell proliferation 
(splenocytes), and intracellular IL-21 cytokine production (splenocytes 
and dLN cells). 

Additionally, splenocytes' and dLN cells' culture supernatants were 
collected for IFN-γ and IL-4 cytokine determination. 

2.6.1. Assessment of cell proliferation 
For assessment of splenic CD4 + CXCR5+ T cell and B220+ B cell 

proliferation capacity, after in vitro (re)stimulation with 5 μg of HA/well 
of QIV or with 2.5 μg/ml ConA, cells were processed for further im-
munostaining. Briefly, after surface antigen CD4, CXCR5 and B220 
staining, cells were fixed/permeabilized overnight at 4 ◦C. Further, after 
fixation/permeabilization cells were washed and incubated with anti- 
Ki67 for 30 min at 4 ◦C and subjected to FCA. 

2.6.2. Assessment of intracellular cytokine production 
For intracellular IL-21 cytokine production assessment, splenocytes 

and dLN cells, both freshly isolated and in vitro restimulated with 5 μg of 
HA/well of QIV were cultivated for 4 h in the presence of 200 ng/mL 
PMA, 400 ng/mL ionomycin, and 3 μg/mL of brefeldin A in a 5% CO2 
humidified atmosphere at 37 ◦C. Following this incubation, the cells 
were subjected to surface CD4 and intracellular IL-21 antigen 
immunostaining. 

2.6.3. Assessment of cytokine IFN-γ and IL-4 production 
For assessment of IFN-γ and IL-4 production, supernatants from 

splenocytes and dLN cells cultivated for 72 h at 37 ◦C in a 5% CO2 hu-
midified air atmosphere in the presence or in the absence of 5 μg of HA 
of QIV were collected and stored at − 20 ◦C upon determination. 

2.7. Immunostaining and FCA 

2.7.1. Surface antigens immunostaining 
Freshly isolated splenic and dLN cells (1 × 106 cells) were incubated 

with monoclonal antibodies against surface antigens (CD4, CXCR5, 
B220, CD95 and GL7) for 30 min at 4 ◦C. After incubation cells were 
washed in 0.1% NaN3/PBS and then resuspended in PBS for FCA or fixed 
and permeabilized overnight at 4 ◦C for intracellular staining using 
fixation/permeabilization buffers (eBioscience) according to manufac-
turer's manual. 

2.7.2. Intracellular antigen staining 
For intracellular antigen staining, overnight fixed/permeabilized 

cells were washed and incubated with fluorochrome-conjugated or un-
conjugated antibodies specific for intracellular antigens (Foxp3, Bcl6, 
Ki67, IL-21) for 30 min at RT. The cells incubated with unconjugated 
anti-IL-21 antibody were washed and then incubated with FITC- 
conjugated goat anti-rabbit Ig for further 30 min at RT. Following 
washing in PBS the cells were subjected to FCA. 

2.7.3. FCA 
To secure relevant number of event for statistical analysis in each 

gate 100,000 events per sample were acquired using FACSCalibur flow 
cytometer (Becton Dickinson, Mountain View, CA, USA) as calculated by 
Poisson statistics. Frequency of a marker positive cells were determined 
using FlowJo software version 7.8. (TreeStar Inc., Ashland, OR, USA). 
To optimize analyses, unstained cells, fluorochrome-matched isotype 
staining and secondary antibody only controls were used. With the 
exception of markers exhibiting clear bimodal staining [18], fluores-
cence minus one (FMO) controls were used to determine the gating 
boundaries. 

2.8. ELISA 

As stated above, supernatants from splenocyte and dLN cell cultures 
were collected and IL-4 and IFN-γ concentrations were determined using 
Biolegend ELISA kits (San Diego, CA, USA). Both assays were performed 
according to the manufacturer's instructions. Briefly, plates were 
washed with assay buffer and 50 μL/well of appropriately diluted 
standards and samples were added to the wells. After two-hour incu-
bation at RT, plates were washed and detection antibody was added and 
incubated for additional 1 h at RT while shaking. Following washing, 
avidin-HRP solution was added and incubated for 30 min at RT while 
shaking. After washing, the substrate solution was added and incubated 
for following 15 min in the dark. The reaction was stopped with the stop 
solution and OD was measured with Multiscan Ascent was read at 450 
nm and 570 nm. Standard curve to determine concentrations was 
calculated for each assay with the limit of detection of 0.5 pg/mL and 8 
pg/mL for IL-4 and IFN-γ, respectively. 

2.9. Statistics 

Statistically significant differences between the groups were assessed 
by Student's t-test if not otherwise stated. All statistical analyses were 
performed using GraphPad Prism 6 software (GraphPad Software, Inc., 
La Jolla, CA, USA). Data are presented as mean ± SEM. Differences are 
considered significant when p < 0.05. 
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3. Results 

3.1. Lower the total serum titer of influenza virus-specific IgG in 
propranolol-treated QIV-immunized mice correlated with the reduced 
numbers of GC B cells in dLNs and spleen 

Propranolol treatment reduced the total serum titer of influenza 
virus-specific IgG in QIV-immunized mice (Fig. 1A). This effect of pro-
pranolol treatment correlated with the lower count of B220 + CD95 +
GL7+ cells, presumably GC B cells [19] in their dLNs and spleen 
compared with control QIV-immunized mice injected with saline 
(Fig. 1B). 

To elucidate the putative mechanisms underlying the diminished 
count of GC B cells in propranolol-treated mice proliferative response of 
B splenocytes expressing the pro-apoptotic receptor CD95 (also known 
as FAS), which is crucial for regulation of B-cell–T-cell interactions, and 
thereby maintaining homeostasis of peripheral lymphoid organs [20], to 
stimulation with QIV antigens in vitro was examined (Fig. 1C). In the 
presence of QIV antigens the frequency of proliferating Ki67+ cells 
among GC B cells markedly increased in splenocyte cultures from both 
propranolol-treated mice and controls (Fig. 1C). However, this increase 
was less prominent in splenocyte cultures from propranolol-treated mice 

than in those from controls (Fig. 1C). 

3.2. Propranolol treatment reduced Tfh cell count in dLNs and spleen of 
QIV-immunized mice 

Considering the role of Tfh cells in promoting B-cell proliferation 
[21], the counts of CD4 + CXCR5 + Bcl6 + Foxp3- cells, presumably Tfh 
cells [22], in dLNs and spleen were determined. Indeed, their counts in 
both the secondary lymphoid organs from propranolol-treated QIV- 
immunized mice were lower compared with controls (Fig. 2). 

Given that IL-21 is not essential only for B cell activation, expansion, 
and plasma cell generation during CD4+ T cell-B cell collaboration 
[23,24], but also for Tfh cell differentiation through up-regulation of 
Bcl6 expression in naive CD4+ T cells [25,26] is necessary, its expres-
sion in CD4+ dLN lymphocytes and splenocytes was examined. Indeed, 
the frequency of IL-21+ cells was lower among both CD4+ dLN lym-
phocytes and splenocytes CD4+ from propranolol-treated QIV-immu-
nized mice compared with control mice (Fig. 3). Additionally, although 
the frequency of IL-21+ cells markedly increased among CD4+ cells 
upon stimulation with QIV antigens in dLN cell and splenocyte cultures 
from both propranolol-treated QIV-immunized mice and control mice, 
their frequency was lower in both cultures from propranolol-treated 

Fig. 1. Propranolol-induced decrease in the antibody response to QIV in mice correlated with the lower numbers of GC B cells in dLNs and spleen and lower 
proliferative response of GC B cells to stimulation with QIV antigens in vitro. 
(A) Serum titers of the influenza virus-specific IgG in QIV-immunized mice treated with saline (QIV-immunized) or propranolol (QIV-immunized + Prop) determined 
four weeks post-immunization. Bar graph shows geometric mean titer with 95% confidence interval. Mann Whitney test was used for assessment of statistically 
significant difference between the groups. (B) Number of B220 + CD95 + GL7+ cells (GC B cells) in (i) draining lymph nodes (dLNs) and (ii) spleens of QIV- 
immunized mice administered with saline or propranolol two weeks post-immunization. Gating strategy for flow cytometry analyses of GC B cells in (iii) dLNs 
and (iv) spleen. Flow cytometry dot plots (right) indicates GL7 vs CD95 staining of B220+ cells gated as shown in middle flow cytometry dot plots. B220+ cells were 
gated within “lymphocytes” as shown in left flow cytometry dot plots. (C) (i) Percentage of Ki67+ cells among B220+ CD95+ splenocytes in cultures from QIV- 
immunized mice treated with saline or propranolol two weeks post QIV immunization and stimulated with QIV (+QIV) or cultured in medium alone (-QIV). (ii) 
Gating strategy for flow cytometry analysis of Ki67+ cells within B220+ CD95+ splenocytes. Flow cytometry dot plot (right) indicates Ki67+ staining of B220+
CD95+ cells gated as indicated in the corresponding middle flow cytometry dot plot. B220+ CD95+ cells were gated within “lymphocytes”, as shown in left flow 
cytometry dot plot. Two-way ANOVA (treatment×culturing conditions) followed by Bonferroni post-hoc test showed significant interaction between the factors for 
the frequency of Ki67+ cells among B220 + CD95+ splenocytes (F(1,20) = 9.550; p < 0.01). Each bar represents mean ± SEM. n = 6 mice per group. *p < 0.05, ***p 
< 0.001. 
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QIV-immunized mice (Fig. 3). 
To further elucidate putative mechanisms standing behind the lower 

counts of Tfh cells in dLNs and spleen from propranolol-treated QIV- 
immunized mice compared with controls, the proliferative response of 
CD4+ cells expressing CXCR5, the chemokine receptor necessary to 
localise Tfh cells to B cell-rich areas of secondary lymphoid organs [22], 
to ConA and QIV antigens in splenocyte cultures was investigated. The 
frequency of proliferating Ki67+ cells was higher among CD4 +
CXCR5+ splenocytes from both propranolol-treated QIV-immunized 
mice and control mice (Fig. 4). Additionally, ConA-induced proliferative 
response was comparative in splenocyte cultures from propranolol- 
treated QIV-immunized mice and control mice (Fig. 4). Differently, 
CD4 + CXCR5+ splenocyte proliferative response to QIV antigen- 

specific stimulation was less prominent in propranolol-treated QIV- 
immunized mice compared with controls (Fig. 4), suggesting that pro-
pranolol affects antigen-specific proliferative response. 

3.3. Propranolol treatment increased the count of Tfr cells in dLNs and 
spleen of QIV-immunized mice 

Next, considering that Tfr cells inhibit Tfh cell proliferation and the 
production of IL-21 [27,28] which, in turn, regulates Tfr cell develop-
ment and function, and maintenance of a normal Tfr/Tfh cell ratio [29], 
Tfr cell count and Tfr/Tfh cell ratio in dLNs and spleens from QIV- 
immunized mice were determined. Propranolol treatment increased 
the number of Tfr cells, which were identified by characteristic 

Fig. 2. Propranolol reduced the number of Tfh cells in dLNs and spleen of QIV-immunized mice. 
Number of CD4 + CXCR5 + Bcl6 + Foxp3- cells (Tfh cells) in (i) drain lymph nodes (dLNs) and (ii) spleens of QIV-immunized mice treated with saline (QIV- 
immunized) or propranolol (QIV-immunized + Prop) determined two weeks post-immunization. Gating strategy for flow cytometry analyses of Tfh cells in (iii) dLNs 
and (iv) spleen. Flow cytometry dot plots (right) indicate CXCR5 vs Bcl6 staining of CD4 + Foxp3- cells gated as shown in middle flow cytometry dot plots. CD4 +
Foxp3- cells were gated within “lymphocytes” from (iii) dLNs and (iv) spleens as shown in the appropriate middle flow cytometry dot plots. “Lymphocyte” gate was 
set as shown in the corresponding left flow cytometry dot plots. Each bar represents mean ± SEM. n = 6 mice per group. *p < 0.05, **p < 0.01, ***p < 0.001. 

Fig. 3. Propranolol decreased the frequency of IL-21-producing CD4+ cells in dLNs and spleen of QIV-immunized mice. 
The frequency of IL-21+ cells among freshly isolated (i) CD4+ drain lymph nodes (dLN) lymphocytes and (ii) CD4+ splenocytes from QIV-immunized mice treated 
with saline (QIV-immunized) or propranolol (QIV-immunized + Prop) and CD4+ cells from (iii) dLN cell and (iv) splenocyte cultures of QIV-immunized mice treated 
with saline or propranolol and stimulated for 72 h with QIV (+QIV) or cultured in medium alone (-QIV). Gating strategy for flow cytometry analysis of IL-21+ cells 
among CD4+ cells in (v) freshly isolated dLN cells and (vi) splenocytes and (vii) cultivated dLN cells and (viii) splenocytes. Flow cytometry dot plots indicates IL-21 
vs CD4 staining of CD4+ cells gated as shown in right flow cytometry dot plots. CD4+ cells were gated within freshly isolated and cultured cells from (v, vii) dLNs and 
(vi, viii) spleens, as shown in middle flow cytometry dot plots. “Lymphocyte” gate was set as shown in the corresponding left flow cytometry dot plots. Two-way 
ANOVA (treatment×culturing conditions) followed by Bonferroni post-hoc test showed significant interaction between the factors for the frequency of IL-21+
cells among CD4+ dLN cultured lymphocytes (F(1,20) = 14.78; p < 0.01) and among CD4+ cultured splenocytes (F(1,20) = 20.61; p < 0.001). Each bar represents mean 
± standard error of the mean SEM. n = 6 mice per group. *p < 0.05, **p < 0.01, ***p < 0.001. 
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constellation of surface markers (CD4 + Foxp3 + CXCR5 + Bcl6+ cells) 
[30] in both dLNs and spleens from QIV-immunized mice (Fig. 5A). 
Given that Tfr cells differentiate from CD4 + Foxp3+ thymic precursors 
[30], to assess propranolol influence on their differentiation, the fre-
quency of CXCR5 + Bcl6+ cells within CD4 + Foxp3+ cells was deter-
mined. Their frequency was higher among CD4 + Foxp3+ cells from 
both dLNs and spleen of propranolol-treated QIV-immunized mice 
compared with controls (Fig. 5A). Consequently, this treatment shifted 
Tfr/Tfh cell ratio towards Tfr cells in dLNs and spleens from QIV- 
immunized mice (Fig. 5B). 

Given that Tfr cells are suggested to directly suppress some aspects of 
B cell differentiation in a T-cell independent fashion [31], Tfr/GC B cell 
ratio was also determined. This ratio was shifted to the side of Tfr cells in 
dLNs and spleens of propranolol-treated QIV-immunized mice compared 
with controls (Fig. 5B). 

3.4. Propranolol treatment affected the serum IgG response to QIV by 
shifting IgG2a/IgG1 response ratio towards IgG1 response by diminishing 
IgG2a response 

Given that when CD4+ T cells provide help to B cells, they (apart 

from B-cell survival, proliferation and differentiation into plasma cells) 
directly influence isotype switching [32], IgG subclass profile was ana-
lysed. Propranolol treatment influenced only the serum titer of QIV 
antigen-specific IgG2a response (Fig. 6A). This treatment decreased the 
serum titer of QIV antigen-specific IgG2a antibody (Fig. 6A). Conse-
quently, IgG2a/IgG1 response ratio was shifted towards IgG1 response 
in propranolol-treated QIV-immunized mice compared with controls 
(Fig. 6A). 

Considering that INF-γ secreted by CD4+ T helper (Th)1 cells pro-
mote the secretion of IgG2a, whereas IL-4-secreting Th2 cells promote 
switching to IgG1, so that the degree of Th1/Th2 immune polarization 
indicates IgG2/IgG1 ratio [33], the levels of these Th1 and Th2 signature 
cytokines in dLN cell and splenocyte cultures stimulated with QIV an-
tigens were investigated. Upon stimulation with QIV antigens the levels 
of INF-γ and IL-4 increased in dLN cell cultures and splenocyte cultures 
from both propranolol-treated QIV-immunized mice and control mice, 
but the increase in cytokine production differed between the corre-
sponding cultures from propranolol-treated mice and controls (Fig. 6B). 
Given that the basal levels (levels in unstimulated cultures) were com-
parable in cultures of dLN cells and splenocytes from propranolol- 
treated QIV-immunized mice and controls, the increases in INF-γ 

Fig. 4. Propranolol lessened the proliferative response of Tfh cells to stimulation with QIV antigens in vitro. 
Percentage of Ki67+ cells among CD4+CXCR5+ cells in splenocyte cultures from QIV-immunized mice treated with saline (QIV-immunized) or propranolol (QIV- 
immunized + Prop) cultured for 72 h in (i, ii) medium alone (-QIV, -ConA) or stimulated with (i) QIV (+QIV) or (ii) ConA (+ConA). (iii) Gating strategy for flow 
cytometry analysis of Ki67+ cells within CD4+CXCR5+ splenocytes. Flow cytometry dot plot (right) indicates Ki67+ staining of CD4+CXCR5+ cells gated as 
indicated in middle right flow cytometry dot plot. CXCR5+ cells were gated within CD4+ lymphocytes, as shown on the appropriate middle left flow cytometry dot 
plot. “Lymphocyte” gate was set as shown in the corresponding left flow cytometry dot plot. Two-way ANOVA (treatment×culturing conditions) followed by 
Bonferroni post-hoc test showed significant interaction between the factors for the frequency of Ki67+ cells among CD4+CXCR5+ splenocytes restimulated with QIV 
(F(1,20) = 14.35; p < 0.01) and non-significant interaction between the factors for the frequency of Ki67+ cells among CD4+CXCR5+ splenocytes stimulated with 
ConA (F(1,20) = 0.748; p > 0.05). Each bar represents mean ± SEM. n = 6 mice per group. ***p < 0.001. 
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levels were lower, whereas those in IL-4 levels were higher in cultures 
from propranolol-treated mice when compared with the corresponding 
control cultures (Fig. 6B). Consequently, as expected [33], INF-γ/IL-4 
ratio in both dLN cell cultures and splenocyte cultures from propranolol- 
treated QIV-immunized mice was skewed towards IL-4 when compared 
with the corresponding control cultures (Fig. 6B). 

4. Discussion 

The study disclosed that chronic treatment with propranolol begin-
ning before immunization with QIV impairs GC reaction leading to 
decrease in the total serum QIV antigen-specific IgG titer and IgG2a titer, 
at least partly reflecting impaired CD4+ T cell help to B cells. This is 
consistent with data indicating that the central and peripheral chemical 
sympathectomy before immunization have inhibitory effect on the pri-
mary antibody response to T cell-dependent antigens [2,4,6,7]. In the 
same vein are findings indicating that administration of a β2-agonist 
alone to asthmatics increases the serum level of IgG, but did not affect 
the serum level of any other Ig isotype [34]. Noradrenaline was also 
found to exert stimulatory effect on LPS-stimulated Ig synthesis in vitro 
when added 2 h before LPS, but not when added after LPS [35], sug-
gesting modulatory action of noradrenaline on B-cells at early stages of 
the antibody response. It was shown that whatever the source of 
lymphoid cells (spleen, lymph nodes or Peyer's patches) stimulatory 
influence of noradrenaline on Ig synthesis always paralleled its 
enhancing effect on B-cell proliferative response [35]. Additionally, 
these enhancing effects of noradrenaline were found to be antagonizable 
by propranolol, but not by phentolamine, an alpha-receptor blocking 
agent [35]. Complementary, the enhancing effect of noradrenaline on 
antibody production was suggested to be attributable to a rise in cyclic 
adenosine monophosphate (AMP) [36], as it was shown that cyclic AMP- 
elevating agents can increase antigen-specific or polyclonal antibody 
production by B lymphocytes from mouse spleen [37–39]. In keeping 
with aforementioned findings, less GC B cells were recovered from dLNs 

and spleen of propranolol-treated QIV-immunized mice compared with 
controls, and CD95+ B splenocytes, which are supposed to interact with 
T cells [20], exhibited lower proliferative response to stimulation with 
QIV antigen in vitro. These finding could reflect impaired proliferation 
and/or impaired differentiation of QIV antigen-specific GC B cells. 
Notwithstanding B cells express β-adrenoceptor [8], so direct modula-
tory effect of noradrenaline on their proliferation/differentiation cannot 
be excluded, a recent study showed that noradrenaline influences anti-
body production indirectly by targeting T cells [7]. Consistently, hereby 
reported findings indicated that propranolol treatment markedly re-
duces the total count of Tfh cells and the frequency of QIV antigen- 
specific IL-21-producing T cells in dLNs and spleen from QIV- 
immunized mice as indicated by QIV antigen recall test in vitro. It is 
noteworthy that within the CD4+ T-cell subsets, IL-21 is expressed at the 
highest levels by Tfh cells [25,40,41], and the effects of IL-21 on GCs are 
not only be secondary to its effects on Tfh cell formation, but also result 
from its direct influence on GC B cell proliferation/differentiation [42]. 
The reduced count of Tfh cells in propranolol-treated rats could be 
associate with data indicating that chronic administration of propran-
olol to rats immunized for experimental autoimmune encephalomyelitis 
induction impairs migration of antigen-carrying antigen presenting cells 
from the site of immunization into dLNs and thereby dictates the 
magnitude of the Tfh cell response, which directly correlated with the 
magnitude of the GC B cell response [43]. This was associated with 
propranolol-induced downregulation of the expression of CCL19 and 
CCL21 [44], the chemokines of critical importance for the homing of 
antigen presenting cells to dLNs [45]. Additionally, our findings indi-
cating that propranolol treatment did not influence Tfh cell ability to 
proliferate in response to mitogen stimulation in vitro, but impaired their 
proliferation in response to QIV antigens in vitro are consistent with 
previously shown enhancing effect of catecholamines on dendritic cell 
antigen uptake and T-lymphocyte proliferation through β2-adrenoceptor 
[46]. Furthermore, hereby reported impaired number Tfh cells and their 
proliferation in vitro is consistent with the greater counts of Tfr cells in 

Fig. 5. Propranolol increased the frequency and number of Tfr cells in dLNs and spleen of QIV-immunized mice and shifted Tfr/Tfh and Tfr/GC B cell ratios towards 
Tfr cells. 
(A) Number of Tfr (CD4 + CXCR5 + Bcl6 + Foxp3+) cells and the percentage of CXCR5+Bcl6+ cells within CD4+ Foxp3+ cell subset in (i) drain lymph nodes (dLNs) 
and (ii) spleens of QIV-immunized mice administered with saline (QIV-immunized) or propranolol (QIV-immunized + Prop) two weeks post QIV immunization. 
Gating strategy for flow cytometry analyses of Tfh cells in (iii) dLNs and (iv) spleen. Flow cytometry dot plots (right) indicate CXCR5 vs Bcl6 staining of CD4 +
Foxp3+ lymphocytes from (iii) dLNs and (iv) spleens gated as shown in middle flow cytometry dot plot. “Lymphocyte” gate was set as shown in the corresponding left 
flow cytometry dot plots. (B) Ratio of Tfr/Tfh cells and Tfr/GC B cells in dLNs and spleens from QIV-immunized and QIV-immunized + Prop mice. Each bar rep-
resents mean ± SEM. n = 6 mice per group. *p < 0.05, **p < 0.01, ***p < 0.001. 

B. Bufan et al.                                                                                                                                                                                                                                   



Life Sciences 301 (2022) 120617

8

Fig. 6. Propranolol shifted QIV antigen-specific IgG2a/IgG1 ratio towards IgG1 response and IFN-γ/IL-4 production ratio towards IL-4 in dLN cell and splenocyte 
cultures from QIV-immunized mice. 
(A) Serum titers of influenza virus-specific IgG antibody subclasses (IgG1, IgG2a, IgG2b, IgG3) and IgG2a/IgG1 ratio in QIV-immunized mice administered with 
saline (QIV-immunized) or propranolol (QIV-immunized + Prop) four weeks post-immunization. Bar graphs show geometric mean titer with 95% confidence in-
terval. Statistically significant difference of the titers between the groups was assessed by Mann Whitney test. (B) Concentrations of IFN-ɣ and IL-4 and IFN-ɣ/IL-4 
ratio in cultures of drain lymph node (dLN) cells and splenocyte retrieved from QIV-immunized and QIV-immunized + Prop mice two weeks post-immunization and 
cultivated for 72 h in the presence (+QIV) or in the absence (-QIV) of QIV antigens. Two-way ANOVA (treatment×culturing conditions) followed by Bonferroni post- 
hoc test showed significant interaction between the factors for the concentration of IFN-γ (F(1,20) = 10.85; p < 0.01), IL-4 (F(1,20) = 18.22; p < 0.001) and IFN-γ/IL-4 
ratio (F(1,20) = 5.859; p < 0.05) in dLN cell cultures and significant interaction between the factors for the concentration of IFN-γ (F(1,20) = 4.91; p < 0.05), IL-4 
(F(1,20) = 6.768; p < 0.05) and IFN-γ/IL-4 ratio (F(1,20) = 8.872; p < 0.01) in splenocyte cultures. Each bar represents mean ± SEM. n = 6 mice per group. *p <
0.05, **p < 0.01, ***p < 0.001. 
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dLNs and spleen from propranolol-treated QIV-immunized mice 
compared with controls [30]. It is noteworthy that Tfr cells are shown to 
inhibit not only Tfh cell proliferation/differentiation, but also their 
functional capacity, viz. the synthesis of IL-21 [27,28,30], which, in 
turn, regulates/suppresses Tfr cell development and function, and 
consequently influence maintenance of Tfr/Tfh cell ratio [29]. Thus, the 
increase in the frequency of CXCR5 + BCl6+ cells within FoxP3 + CD4+
T regulatory (Treg) cells and total count of Tfr cells in propranolol- 
treated QIV-immunized mice compared with controls is in accordance 
with the decreased frequency of IL-21-producing CD4+ cells in their 
dLNs and spleen and in cultures of these cells upon restimulation with 
QIV antigens. Given that Tfr cells represent a subset of Foxp3 + CD4+ T 
regulatory (Treg) cells [30,47,48] their reduced count in dLNs and 
spleens from propranolol-treated QIV-immunized mice was also 
consistent with findings indicating that chemical sympathectomy 
causing noradrenaline deprivation increases the numbers of Treg cells in 
mice [49]. Namely, noradrenaline is shown to diminish the frequency of 
Foxp3 + CD4+ cells by inducing their apoptosis and downregulation of 
Foxp3 mRNA expression via β2-adrenoceptor-mediated mechanisms 
[50]. Moreover, it should be mentioned that propranolol may affect T 
lymphocytes acting not only directly on T cells, but also indirectly acting 
centrally to modulate synthesis/release of some other potent immuno-
modulators, such as glucocorticoids and gonadotropins [51]. It should 
be emphasized that the Tfr/Tfh cell ratio in propranolol-treated QIV 
immunized mice was shifted towards Tfr cells, as the Tfr/Tfh cell ratio is 
more important determinant of the Tfh cell “helping” capacity and 
consequently B-cell response than the absolute number of either Tfr or 
Tfh cells [52]. Additionally, considering that Tfr cells are shown to 
directly suppress some aspects of GC B-cell differentiation [30,31], it is 
noteworthy that the Tfr/GC B cell ratio was also shifted to the side of the 
Tfr cells in propranolol-treated QIV-immunized mice compared with 
controls. 

Finally, hereby presented findings indicate that chronic propranolol 
treatment impairs mouse antibody response to QIV administration not 
only quantitatively but also qualitatively, by altering IgG subclass pro-
file. Specifically, it diminished IgG2a titer and consequently shifted the 
ratio between serum IgG2a and IgG1, which are usually considered to be 
part of the T-dependent response [53], towards IgG1 response. This is 
important as subclasses of IgG display substantial differences in their 
ability to mediate effector responses [53]. The IgG2a response is 
generally considered to be the most potent in activating effector 
response [53]. This response is associated with strong FcγR-mediated 
activity and antigen clearance, and it is believed to dominate antiviral 
immunity [54]. On the other hand, IgG1 antibodies can neutralize vi-
ruses and toxins through steric hindrance, but they are unable to fix 
complement or to trigger FcγR-mediated effector functions, so their 
production can achieve relatively little if such antibodies are produced 
on their own [53]. The selection of a particular C region for class switch 
recombination is regulated by the cytokine milieu present during the 
cell-to-cell interactions. IFN-γ upregulates the production of IgG2a [55], 
whereas IL-4 upregulates the production of IgG1 [56]. Propranolol 
treatment differently affected QIV-induced increase in IFN-γ and IL-4 
production level in QIV antigen-stimulated dLN cell and splenocyte 
cultures, so IFN-γ/IL-4 was skewed towards IL-4 in QIV antigen- 
stimulated dLN cell and splenocyte cultures from propranolol-treated 
QIV-immunized mice compared with controls. To corroborate this 
finding are data from some previous studies indicating that propranolol 
differentially affects IL-4 and INF-γ production in mitogen-stimulated 
mouse and human lymphocyte cultures thereby shifting INF-γ/IL-4 
balance towards the former [57,58]. This, in conjunction with the 
diminished number of GC B cells in secondary lymphoid organs from 
propranolol-treated mice could be associated with decreased QIV- 
specific IgG2a levels, but unaffected QIV-specific IgG1 levels in sera 
from propranolol-treated rats compared with controls. 

5. Conclusion 

The study showed that chronic propranolol treatment beginning 
before immunization impairs the total serum IgG response to QIV, and 
changes its functional profile shifting the IgG2a/IgG1 ratio towards less 
efficient in effector function IgG1 response as a consequence of dimin-
ished IgG2a response. It also indicated that the chronic propranolol 
treatment affects antibody response by impairing differentiation/func-
tion of CD4+ T cells participating in the GC reaction and thereby 
shaping the magnitude and functional characteristics of IgG response. 
Given that data obtained in mouse model cannot be directly translated 
to humans, the study stimulates further translational research to eluci-
date significance of β-adrenoceptor signaling for efficacy of influenza 
vaccine. It seems to be particularly important for subject with suffering 
from comorbidities requiring administration of pharmacological agents 
targeting β-adrenoceptors. Additionally, it may be expected that stress- 
and disease-induced changes in sympathetic nervous system tone may 
also affect antibody response to influenza vaccine. 
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