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A B S T R A C T   

The Bacille Calmette-Guérin (BCG) is a potent immunomodulator. It was initially used by oral administration, 
but it is mostly used subcutaneously nowadays. This study shows that oral BCG vaccination modifies the immune 
response to a second non-related antigen (Ovalbumin) systemic immunization. Airway Ovalbumin challenge six 
months after the systemic intraperitoneal immunization resulted in a potent γδ+ T cell response in the lungs 
biased to IFN-γ and IL-17 production ex vivo and a mixed TH1, TH2, and TH17 T cells upon further stimulation 
with anti-CD3 mAb in vitro. Higher percentages of CD4+ T cells accompanied the augmented T cell response in 
oral BCG vaccinated mice. Also, the proportion of Foxp3+ Tregs was diminished compared to PBS-gavaged and 
OVA-immunized mice. The anti-OVA-specific antibody response was also influenced by oral exposure to BCG so 
that these mice produced more IgG2a and less IgE detected in the sera. These results suggest that oral BCG 
vaccination can modify future immune responses to vaccines and improve immunity to pathogen infections, 
especially in the mucosal interfaces.   

1. Introduction 

The mucosal is an attractive surface to induce long-term modifica
tions in immune reactivities at the mucosal level and systemically [1]. 
For instance, it has been known for a long time that tolerance induced 
via mucosal antigen administration results in detectable levels of local 
mucosal immune response and stabilization of systemic immune re
sponses at very low levels [2]. Bacille Calmette-Guérin (BCG), used as a 
vaccine for tuberculosis, was initially applied orally [3]. However, 
doubts about its systemic activities were, among other reasons, argu
ments to change its administration to a subcutaneous route [3]. 
Recently, it was shown that intravenous, subcutaneous, or mucosal 
administration of BCG might act on the innate immune cells, producing 
long-term immune responses towards a more robust natural and adap
tative immune response to unrelated antigen immunization, infection, 
or cancer [4-7]. This long-term effect is called "Trained Immunity" and is 

now considered an innate immunity memory [8]. Although the mech
anisms behind trained immunity are not fully elucidated, epigenetic 
modifications at the level of innate cell precursors are known to 
participate [8,9]. 

Recently, a BCG-adjuvanted COVID-19 vaccine was successfully used 
to establish sterilizing immunity to SARS-CoV-2 after a single adminis
tration, demonstrating its potential as a useful adjuvant and immuno
modulator [4]. However, systemic BCG administration does not boost or 
correct the deficiency in tissue immune responses during senescence 
[10]. Therefore, safe and effective mucosal adjuvants/immunomodula
tors are necessary. 

Here, we investigated if oral BCG administration could induce long- 
term modifications of systemic immunization to a non-related antigen 
(Ovalbumin). In addition, we have studied lung mononuclear cells in 
response to aerosolized OVA challenge nearly eight months after BGC 
gavage and systemic OVA immunization. 
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This study shows for the first time that a single dose of BCG by oral 
route can modify future immune responses to unrelated antigens. The 
modifications include an IFN-γ and IL-17-biased response at distant 
tissue sites like the lungs upon antigenic challenge and a potential to 
make mixed TH1, TH2, and IL-17 cytokine responses when memory T 
cells were further stimulated in vitro with anti-CD3 mAb. The potenti
ated mixed local cytokine response may be interesting in some infectious 
conditions, allowing the host to contain different pathogens faster 
11––13]. We also show that the percentage of lung Tregs decreases 
substantially after the local OVA challenge. This latter finding may 
justify the increased presence of a higher frequency of cells spontane
ously secreting cytokines and the potentiated local T cell immune 
response. The functional IFN-γ-biased response is also reflected in the 
Immunoglobulin isotype pattern produced in response to OVA adsorbed 
in alum. After months of systemic immunization, augmented production 
of OVA-specific IgG2a/c in the sera could be demonstrated along with a 
reduced level of antigen-specific IgE. 

These observations suggest that oral administration of BCG prepa
rations may induce trained immunity. Therefore, it could be useful to 
boost cellular vaccine responses even if a TH2 adjuvant inducer is used 
to improve the immune response to certain pathogens. Although oral 
BCG administration diminishes IgE production, the lower frequency of 
Treg cells and increased numbers of IL-17-secreting T cells in the lungs 
after the airway challenge may pose cautionary questions in conditions 
related to respiratory allergies [14–16]. However, other studies suggest 
a protective role of IL-17, and further studies are required to clarify the 
issue [17,18]. 

2. Materials and methods 

2.1. Animals 

Female C57BL/6 mice were four weeks old at the beginning of the 
experiments. Mice were maintained under conventional conditions in 
the Animal Facility of the Petrópolis Medical School, UNIFASE, Pet
rópolis, RJ. The animal house receives sunlight and therefore is sub
mitted to natural light/dark cycles. Food and water were provided ad 
libitum. All experiments were conducted according to protocols 
approved by the Institutional Animal Use Ethics Committee (CEUA- 
FMP-UNIFASE, protocol #P-001/2018). 

2.2. Experimental groups, gavages, OVA immunization, and challenge 

The experimental groups were: PBS-gavaged, OVA-immunized, and 
BCG-gavaged, OVA-immunized. BCG gavage was performed once in 
four-week-old mice. Two hours before BCG or PBS gavage, mice were 
pre-treated with ranitidine at 8mg/kg (AntakR, GSK). A total of 1mg of 
live BCG (Moreau strain, kindly donated by Ataulpho de Paiva Foun
dation) diluted in PBS was used per animal/gavage. PBS alone was used 
in control gavaged animals. After one month, mice were immunized 
with 1μg of OVA (grade V, Sigma Aldrich) diluted in PBS and adsorbed 
in 1mg of alum via the i.p. route. Immunization with OVA in alum was 
repeated three more times, two weeks apart. Mice were used after six 
months of the last OVA injection. OVA aerosol challenge was performed 
using OVA solution (OVA grade III from Sigma-Aldrich, 10mg/ml, 
diluted in PBS) nebulized for 30 minutes. A commercial ultrasonic 
nebulization machine coupled to a chamber with enough room space for 
five mice was used. Mice were killed 48hs after OVA aerosol challenge 
by an excess sodium pentobarbital i.p. injection, perfused with PBS/ 
Heparin as described elsewhere [19]. 

2.3. ELISA assays 

Blood from all mice groups was collected before the last OVA aerosol 
challenge. Blood was collected from the tail vein. Sera were separated 
and kept frozen at -20◦C until used. Standard ELISA procedures assayed 

anti-ovalbumin antibodies. In short, polystyrene plates (Falcon) were 
coated overnight at 4◦C with 2 μg of OVA (grade V) per well, blocked 
with 0.25% casein in phosphate-buffered saline (PBS), washed with PBS- 
0.05% Tween 20, and then incubated with serial dilutions of mouse sera, 
starting at 1/25. After one hour at 37◦C, plates were washed and set for 
an additional hour at 37◦C with a monoclonal antibody to mouse IgG2a/ 
c conjugated to peroxidase (BD Bioscience, clone R19-15). After further 
washing, H202 and orthophenylenediamine (OPD) were used for 
detection. The reaction was stopped and read in a Titertek Multiskan at 
492nm. Antibody titers are shown as ELISA*, a running sum of O.D. 
values for ELISA readings from l/25 to l/l2800 serum dilutions. The 
results are expressed as the mean of ELISA* values [20,21]. The assays 
were performed in duplicate. Normal sera gave scores below 400. This 
form of expressing the results was equivalent to showing titration curves 
or electing the absorbance at one particular serum dilution as repre
sentative of the others. For OVA-specific IgE detection, a modified 
sandwich assay was used. A purified rat anti-mouse IgE monoclonal 
antibody (BD Bioscience, clone R35-92) diluted in PBS was incubated for 
12hs in Maxsorp ELISA plates (Nunc) in a concentration/volume of 
10μg/50μl/well. Plates were washed with PBS-0.05% Tween 20 and 
incubated with different serial diluted sera, starting at 1/2 up to 1/128. 
Plates were washed and incubated for one additional hour with bio
tinylated Ovalbumin (prepared in-house). After washing, 
streptavidin-HRP at appropriate dilution was used for one hour. The 
assay was revealed and read as described above. The results are 
expressed as the mean of ELISA* values. 

2.4. Preparation of lung mononuclear cells 

Perfused lungs, devoided of the tracheas and large bronchus, were 
sliced into small pieces and incubated in collagenase (Sigma-Aldrich) at 
a 1 mg/ml diluted in RPMI for 45 min, 37◦C. Cell suspension and the 
remaining tissue were further passed through a metal mesh (70μm 
pore). The recovered cell suspension was washed in incomplete RPMI, 
and the pellet was diluted in 40% Percoll (GE Healthcare Biosciences 
AB, Uppsala, Sweden). A discontinuous Percoll gradient of 40/80% 
separated mononuclear cells. Cells at the 40/80 interface were recov
ered, washed three times in incomplete RPMI, and used further. In 
addition, cells from different individual mice in the same group were 
used for in vitro culture and further analysis. Cell viability evaluated by 
trypan blue exclusion was above 80%, invariably. 

2.5. Cell cultures 

Lung mononuclear cells prepared as above were washed and resus
pended to determine the number of cells per milliliter. Cells were plated 
in 24-well culture plates. Each well contained 2.5×106 cells/mL, which 
were incubated in RPMI containing 10% FBS in a 5% CO2 at 37º C. Cells 
were left with medium alone or stimulated with anti-CD3 mAb (clone 
2C11) at a concentration of 2μg/ml. Brefeldin-A was added 4 hours 
before the cells were harvested and stained for flow cytometric analysis. 
After 12 hours in culture, harvested cells were plated in 96-well plates 
containing 2,5 × 105 cells, each 100 μL. Subsequently, the cells were 
centrifuged at 2000 rpm for 3 seconds and stained. 

2.6. Flow cytometric analysis 

Lung mononuclear cells were resuspended in FACS buffer (PBS, 2% 
FBS, 2 mg/ml of Protein-A Sepharose purified polyclonal rabbit IgG, and 
0,1% sodium azide). Aliquots of the cell suspensions were incubated for 
20 minutes with the following mAbs: Anti-CD8 (Clone 53-6.7) PerCP-Cy 
5.5 or FITC, anti-CD4 (Clone GK1.5) PerCP-Cy 5.5 or FITC, anti-TCR γδ 
FITC (Clone GL-3), and anti-CD25 (clone PC-61). The previously stained 
cells were fixed with 0,1% paraformaldehyde for one hour and washed 
three times in BD Perm/Wash buffer for intracellular cytokinestaining. 
The intracellular cytokine staining was performed with anti-IFN-γ 
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(Clone XMG1.2), anti-IL-4 (clone 11B11), anti-IL-5 (clone TRFK5), and 
anti-IL-17 (clone TC11-18H10.1). All the anti-cytokine antibodies were 
PE-labeled.Monoclonal antibodies for cytometry were from Invitrogen, 
Tonbo Bioscience, Biolegend, or eBioscience. Antibodies were diluted in 
Perm/Wash buffer, and the cells were incubated for 1 hour. They were 
washed twice with Perm/Wash and with FACS buffer. Intranuclear 
staining for foxp3 was performed following the manufacturer’s in
structions. Anti-foxp3 (clone 150D) PE and buffer set were from Bio
legend. A BD FACScan instrument was used for readings. Spleen cells 
from naïve mice (4-6 weeks old) cultured in medium alone as described 
for lung mononuclear cellswere stained with each monoclonal antibody 
combination and further used to establish the fluorescence backgrounds 
and the manual compensation. 

2.7. Gating strategies for the Flow Cytometry analysis 

CD4+, CD8+, and  γδ+ T cells were gated in a previous forward versus 
side scatter (FSC vs. SSC) lymphocyte gate. CD4+, CD8+, or γδ+ T cells 
were identified in FL3 or FL1. Then, cytokine-producing cells or foxp3 
stainings were studied in FL2. At least100.000 events were collected per 
sample. Results were analyzed using Flowjo software. 

2.8. Statistical analysis 

The results are presented as means ± SD. The significance of differ
ences between the experimental and control groups was determined as 
described in each figure legend. P values below 0.05 were considered 
significant. 

3. Results 

3.1. Oral BCG administration before OVA systemic immunization reduces 
tissue-Treg cells upon airway antigenic challenge 

Fig. 1A shows that the percentage of CD4+ T cells in the lungs within 
48hs after OVA aerosol challenge is higher in animals with BCG before 
systemic OVA immunization than in PBS-gavaged control mice. The 
proportion of tissue CD4+Foxp-3+ is lower in mice previously gavaged 
with BCG compared to control mice (Fig. 1B). In addition, the percent
age of CD4+CD25+ foxp3+ T cells is also lower in mice pre-treated with 
BCG (Fig. 1C). The plot panel illustrates Fig. 1, representing one studied 
animal of each group. 

3.2. Oral treatment with BCG increased the potential of lung-tissue 
memory CD4+ and CD8+ T cells to produce IL-4 upon polyclonal 
stimulation in vitro but not after antigenic challenge in vivo 

Mice previously gavaged with BCG were immunized with OVA and 
challenged eight months later with aerosolized Ovalbumin. After 48 
hours, lung cells were separated and set for a short period in culture with 
or without anti-CD3 monoclonal antibodies. Figs. 2A and 2B show lung 
CD8+ and CD4+ T cells from mice pre-treated with BCG or PBS did not 
differ in their production of IL-4 after in vivo antigenic stimulation. 
However, the potential of CD8+ and CD4+ T cells from mice pre-treated 
with BCG to produce IL-4 was enhanced by the previous contact with 
BCG when these cells were further stimulated in vitro with antibodies to 
CD3 molecules. The flow cytometry plots shown in Fig. 2 illustrate the 
data in Figs. 2A and 2B, depicting lung mononuclear cells from one 
studied mouse out of five. 

Fig. 1. Oral BCG administration before OVA systemic immunization reduces tissue Treg cells upon airway antigenic challenge. Lung mononuclear cells 
were studied by cytometry. Five different animals from oral BCG vaccinated and PBS-gavaged groups were analyzed. Cells were stained with anti-CD4, anti-CD25, 
and anti-foxp3. In Fig.-1A, the frequencies of lung CD4+ T cells are shown. Figs. 1B and 1C show the frequencies of CD4+Foxp3+ and CD4+CD25+Foxp3+ T cells. 
FACS plots in the upper panel show one representative mouse of each experimental group. Different gates are specified on the top of the plots. Experiments were 
repeated three times on different occasions with similar results. Kruskal-Wallis test was used to compare different groups of mice (***P≤0.001, n=5). 
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3.3. Upon ovalbumin aerosol challenge, BCG oral administration 
followed by systemic OVA immunization does not increase IL-5 production 
by lung-tissue T cells. Still, oral BCG augments the frequency of IL- 
5+CD8+ T cells after stimulation with anti-CD3 mAb 

Fig. 3 shows that previous BCG oral administration does not change 
the production of IL-5 by memory lung tissue CD8+ (Fig. 3A) or CD4+

(Fig. 3B) T cells. Mononuclear cells were prepared from the lungs after 
48 hours of OVA challenge in the airways of mice previously gavaged 
with BCG or PBS and immunized with OVA. Cells were left in culture for 
an additional 12 hours in the presence of medium or anti-CD3 mAb. 
Figs. 3A and 3B show lung CD8+ and CD4+ T cells from mice pre-treated 
with BCG or PBS did not differ in their production of IL-5 after in vivo 
antigenic stimulation. However, a short in vitro stimulation with anti- 
CD3 mAb induced higher frequencies of IL-5±CD8± but not IL-5±CD4±

T cells in mice gavaged with BCG. The flow cytometry plots shown in 
Fig. 3 illustrate the data in Figs. 3A and 3B, depicting lung mononuclear 
cells from one studied mouse out of five. 

3.4. Upon aerosolized OVA challenge, the IFN-γ recall response is greatly 
enhanced by previous exposure to BCG by oral route 

Next, we analyzed the production of IFN-γ by lung CD4+ and CD8+ T 
cells 48hs after aerosolized OVA. Fig. 4 shows that the frequencies of 
IFN-γ+CD8+ (4A), but not IFN-γ+CD4+ (4B) T cells, increased in animals 
exposed to BCG by oral gavage compared to controls. Differences were 
further potentiated by a short in vitro stimulation with anti-CD3 mAb 

where mice gavaged with BCG had higher frequencies of T cells pro
ducing IFN-γ. The flow cytometry plots shown in Fig. 4 illustrate the data 
in Figs. 4A and 4B, depicting lung mononuclear cells from one studied 
mouse out of five. 

3.5. The percentage of TH17 cells in the lungs of mice challenged with 
aerosolized OVA was increased by previous mucosal exposure to BCG 

The frequencies of TH17 lymphocytes among mononuclear lung cells 
of mice pre-exposed to mucosal BCG and then immunized and chal
lenged with aerosolized OVA were greatly increased compared to con
trol PBS-gavaged mice. A short stimulation of anti-CD3 mAb further 
reveals an augmented percentage of potential IL-17 secreting CD4+ T 
cells among mononuclear cells infiltrating the lungs upon local antigenic 
stimulation. These results are shown in the graph in Fig. 5. The flow 
cytometry plots illustrate these results, showing one studied mouse out 
of five. 

3.6. The frequency of lung-infiltrating γδ T cells spontaneously secreting 
Th2 cytokines was not elevated by previous BCG mucosal contact despite 
an increased percentage of IL-5+ γδ T cells upon stimulation with anti-CD3 
mAb in vitro 

γδ T cells secreting IL-4 (Fig. 6A) and IL-5 (Fig. 6B) spontaneously 
were not increased in mononuclear cells, infiltrating the lungs after 48hs 
of OVA aerosolized challenge in oral BCG vaccinated animals when 
compared to control mice. In addition, stimulation with anti-CD3 mAb in 

Fig. 2. Oral treatment with BCG increased 
the potential of lung-tissue memory CD4þ

and CD8þ T cells to produce IL-4 upon 
polyclonal stimulation in vitro but not after 
antigenic challenge in vivo. Fig. 2 shows the 
frequencies of IL-4+CD8+ (A) and IL-4+CD4+

(B) T cells in lung mononuclear cells from mice 
orally vaccinated with BCG or gavaged with 
PBS followed by systemic OVA immunization. 
Lung mononuclear cells were obtained 48 hours 
after the aerosolized OVA challenge. Cells were 
either left in the medium alone or stimulated 
with anti-CD3 mAb in vitro. The Material and 
Methods section described cell culture condi
tions. ANOVA, Bonferroni post-tests compared 
groups, (***P<0.001, n=5). FACS plots in the 
upper panel show one representative mouse of 
each experimental group. Different groups are 
specified on the top of the plots. Experiments 
were repeated twice with similar results.   
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vitro increased the percentages of IL-5+ and IL-4+ γδ+ T cells. However, 
after anti-CD3 stimulation, only the frequency of IL5+γδ+ T cells was 
higher in oral BCG vaccinated mice. Flow cytometry plots in Fig. 6 
illustrate these results by showing one representative mouse out of five 
for each experimental group. 

3.7. Previous mucosal contact with BCG significantly increases the 
percentage of lung IFN-γ+ but not IL-17+ γδ T cells after in vivo 
restimulation with OVA in the airways 

Fig. 7A shows that gavage with BCG before OVA immunization im
proves the spontaneous production of IFN-γ by γδ T cells in the lungs 
after aerosolized OVA challenge. A brief stimulation with anti-CD3 mAb 
greatly potentiates the production of IFN-γ, demonstrating that most 
infiltrating γδ T cells in the lungs of these animals were INF-γ producers. 
The comparison was made with animals gavaged with PBS as the control 
group. We have also studied the production of IL-17 by γδ+ T cells in the 
lungs of animals pre-treated with BCG or PBS as control and challenged 
with aerosolized OVA. Fig. 7B shows that the frequency of spontaneous 
IL-17 lung γδ+ T cell-producers from mice previously gavaged with BCG 
was not different from PBS-treated controls. However, in vitro, anti-CD3 
mAb stimulation increased the percentage of γδ+ T cells producing IL-17 
in lung mononuclear cells from animals pre-treated with BCG. 

3.8. BCG gavaged mice produced more OVA-specific IgG2a/c and less IgE 
antibodies upon OVA/Alum systemic immunization 

Fig. 8A shows that mice pre-treated with BCG orallyincreased 
antigen-specific IgG2a/c isotype six months after the last OVA systemic 
challenge. In addition, the levels of OVA-specific IgE were reduced in 
BCG pre-treated mice compared to control mice, gavaged with PBS 
before OVA immunization (Fig. 8B). We could not observe significant 
differences in total IgG to OVA at this time, but there was a trend to
wards a higher production in BCG-treated animals (data not shown). 

4. Discussion 

Oral BCG vaccination was used in humans for decades [3]. However, 
its benefits or the extent of collateral biological effects were not carefully 
evaluated. Recently there was a renewing interest in oral BCG vacci
nations because there was evidence of effective protection against 
experimental and natural-transmitted Mycobacterium bovis infection in 
cattle and badgers [22–24]. Another important point to be established is 
whether the oral BCG vaccination induced the so-called trained immu
nity as its subcutaneous version [9] [5]. There is evidence that the 
application of BCG in the urinary bladder mucosa may cause trained 
immunity in humans when this type of immunotherapy is used for 
non-invasive bladder cancer [7,9]. One study has demonstrated that 
antigen-specific effector CD4+ T cells remain in the lungs and mice’s 
spleen for long after oral administration of BCG [25]. The same study 
has shown increased numbers of lung CD4+ T cells producing IFN-γ and 

Fig. 3. BCG oral administration followed by 
systemic OVA immunization does not in
crease IL-5 production by lung-tissue T cells 
upon ovalbumin aerosol challenge. Still, it 
augments the frequency of IL-5þCD8þ T 
cells after stimulation with anti-CD3 mAb. 
Fig. 3 shows the frequencies of IL-5+CD8+ (A) 
and IL-5+CD4+ (B) T cells in lung mononuclear 
cells from mice orally vaccinated with BCG or 
gavaged with PBS followed by systemic OVA 
immunization. Lung mononuclear cells were 
obtained 48 hours after the aerosolized OVA 
challenge. Cells were either left in the medium 
alone or stimulated with anti-CD3 mAb in vitro. 
The Material and Methods section described 
cell culture conditions. ANOVA, Bonferroni 
post-tests compared groups, (**P<0.01, 
***P<0.001, n=5). FACS plots in the upper 
panel show one representative mouse of each 
experimental group. Different groups are spec
ified on the top of the plots. Experiments were 
repeated twice with similar results.   
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other cytokines simultaneously, characterizing multifunctional CD4+ T 
cells [25]. These studies suggest that oral BCG vaccination is a strong 
inducer of systemic and mucosal T cell memory specific to BCG and 
other pathogens as a non-specific effect. The present study evaluated the 
effects of oral BCG administration in mice further submitted to an un
related systemic immunization with Ovalbumin adsorbed in alum 

adjuvant and challenged in vivo with soluble OVA in the airways. Our 
results agreed with previous observations showing an increased per
centage of CD4+ T cells in the lungs upon the OVA challenge (Fig. 1A). In 
addition, we have demonstrated that the proportion of CD4+ foxp3+

Treg cells in the lungs decreased significantly in mice previously oral 
vaccinated with BCG (Figs. 1B and 1C). These results are the first 

Fig. 4. Upon aerosolized OVA challenge, the 
IFN-γ recall response is greatly enhanced by 
previous exposure to BCG by oral route. 
Fig. 4 shows the frequencies of IFN-γ+CD8+ (A) 
and IFN-γ+CD4+ (B) T cells in lung mono
nuclear cells from mice orally vaccinated with 
BCG or gavaged with PBS followed by systemic 
OVA immunization. Lung mononuclear cells 
were obtained 48 hours after the aerosolized 
OVA challenge. Cells were either left in the 
medium alone or stimulated with anti-CD3 mAb 
in vitro. The Material and Methods section 
described cell culture conditions. ANOVA, 
Bonferroni post-tests compared groups, 
(***P<0.001, n=5). FACS plots in the upper 
panel show the frequencies of IFN-γ± T cells in 
CD8+ or CD4+ subpopulations. Plots represent 
one mouse of each experimental group. 
Different groups are specified on the top of the 
plots. Experiments were repeated three times 
with similar results.   

Fig. 5. The percentage of TH17 cells in the 
lungs of mice challenged with aerosolized 
OVA was increased by previous mucosal 
exposure to BCG. Fig. 5 (graph on the right) 
shows the frequencies of IL-17+CD4+ T cells in 
lung mononuclear cells from mice orally 
vaccinated with BCG or gavaged with PBS fol
lowed by systemic OVA immunization. Lung 
mononuclear cells were obtained 48 hours after 
the aerosolized OVA challenge. Cells were 
either left in the medium alone or stimulated 
with anti-CD3 mAb in vitro. The Material and 
Methods section described stimulated versus 
non-stimulated cell culture conditions. ANOVA, 
Bonferroni post-tests compared groups, 
(*P<0.05, ***P<0.001, n=5). FACS plots on 
the left side of Fig. 5 show the frequency of 
TH17 cells in one representative mouse of each 
experimental group. Different groups are spec
ified on the top of the FACS plots. Experiments 
were repeated three times with similar results.   
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description that oral BCG vaccination diminished Treg cells in the lung 
inflammatory site generated by an unrelated antigenic challenge. Tregs 
are supposed to control tissue inflammation and functional and prolif
erative lymphocyte activities [14]. Therefore, a diminished proportion 
of Tregs versus effector T cells upon antigenic challenge raises concerns 
about the degree of tissue lesions generated by a BCG-potentiated im
mune response that could not avoid constant antigenic contacts as for 
allergens [15]. In addition, some types of allergic conditions are 
aggravated by IL-17 [17]. Our results show that after the OVA challenge, 
the oral BCG vaccination promoted higher frequencies of CD4+IL-17+

TH17 and potential γδ+IL-17+ cells in the lungs (Figs. 5 and 7B). Despite 
the lower production of OVA-specific serum IgE in animals previously 
vaccinated with BCG by the oral route (Fig. 8B), the mucosal BCG 
vaccination strategy deserves more studies before any additional sug
gestions concerning allergy prevention or treatment could be made. Yet, 
small clinical trials suggest that subcutaneously BCG vaccination may 
effectively prevent or treat different types of allergies, and IL-17 is not 
always associated with allergy aggravation but with protection in some 
cases [18,26]. The present study has also shown that previous oral BCG 
administration increased the frequencies of either CD4+ or CD8+ and 
γδ+ T cells producing IFN-γ upon challenge with aerosolized Ovalbumin 
(Figs. 4A, 4B, and 7A). Also, the increased production of IgG2a/c spe
cific for OVA indicates a TH1 bias in vivo since the IgG2a/c subclass 
switch is IFN-γ dependent [27]. However, the potential for making 
TH2-type cytokines (IL-4 and IL-5) in lung-primed T cells remains after a 
brief activation with anti-CD3 mAb (Figs. 2A, 2B, 3A, 3B, and 6B). 
Together, these results indicate that oral BCG vaccination provides the 
environment for a multifunctional immune response to unrelated anti
gens, that is polarized to IFN-γ and IL-17 but can potentially make TH2 

cytokines. We have not directly assessed multifunctional CD4+, CD8+, 
or γδ+ T cells; therefore, we cannot make any argument on individual T 
cells in this study. Multifunctional T cells are related to a more protec
tive and long-term effective immune response to different intracellular 
pathogens, including the Mycobacterium tuberculosis [11,25,28–32]. 
However, we have demonstrated a multilineage immune response 
potentiation by previous oral BCG vaccination. This multilineage im
mune response involves αβ+ and γδ+ T cells and the increased produc
tion of TH1-, TH2-, and TH17-related cytokines and may be part of a 
more effective response, as previously suggested [30]. The CD4 and CD8 
molecules are also expressed in a small subpopulation of mice’s innate 
lymphoid cells (ILC3s and Lti cells) and subpopulations of dendritic cells 
[33,34]. Therefore it remains possible that part of the cytokines pro
duced by CD4+ or CD8+ cells is not derived from T cells. The long period 
between BCG oral priming and the airway OVA challenge (9 months) 
shows that the immune modifications are long-term, if not permanent. 
We have analyzed lung mononuclear cells in a few mice from a pre
liminary study, more than one year after oral BCG exposure, with similar 
findings, suggesting that oral BCG administration may counteract or 
prevent senescent immunodeficiency (data not shown) [10]. The long 
duration of this booster effect in the subsequent OVA immune response 
provided by oral BCG vaccination could be due to the persistence of the 
live BCG in the host. Although we have not studied BCG host persistence, 
previous studies show that BCG may become undetectable in mice 
within two months of oral vaccination/infection [35,36]. Therefore, the 
BCG persistence hypothesis can not explain our long-term effect unless 
the key modification was completely settled during the OVA immuni
zation period. The systemic immunization made with alum adjuvant 
resulted in a discrete lung immune response upon the OVA challenge 

Fig. 6. Oral BCG vaccination increased the potential of lung-tissue γδ± T cells to produce IL-5 upon polyclonal stimulation in vitro. Fig. 6 shows the fre
quencies of IL-4+γδ+ (A) and IL-5+γδ+ (B) T cells in lung mononuclear cells from mice orally vaccinated with BCG or gavaged with PBS followed by systemic OVA 
immunization. Lung mononuclear cells were obtained 48 hours after the aerosolized OVA challenge. Cells were either left in the medium alone or stimulated with 
anti-CD3 mAb in vitro. ANOVA, Bonferroni post-tests compared groups, (**P<0.01, ***P<0.001, n=5). FACS plots in the left panel show each experimental group’s 
representative mouse. Different groups are specified in the graphs and FACS plot panels. Experiments were repeated twice with similar results. 
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compared to animals orally vaccinated with BCG, showing that previous 
exposure to BCG affects future immunizations with unrelated antigens. 
In addition, the BCG-potentiated immune response was spreading to the 
lungs. These observations suggest that oral BCG vaccination may favor 
effective immune responses to different vaccines and pathogen in
fections, especially if boosted immunity is required at the mucosal in
terfaces. It is known that T cell priming at mucosal lymphoid-associated 
structures like mesenteric, cervical lymph nodes, and Peyer’s patches 
may result in the expression of tissue-specific homing markers and 
chemokines [37,38]. Therefore, these homing receptors would drive 
them to major mucosal lymphoid tissues in the body [39]. Indeed, OVA 

immunization was performed one month after oral BCG vaccination by 
intraperitoneal route, using very low amounts of antigen. Therefore, it 
might be possible that some of the mucosal-associated lymphoid struc
tures could be involved in the OVA priming by anatomical proximity and 
local antigen drainage, generating the associative effect [37] [40]. We 
can not reinforce or exclude this possibility, but this is important for 
future investigations as the intraperitoneal route is only used in animal 
experimentation. Yet another possibility remains: oral BCG vaccination 
resulted in innate trained immunity, potentiating the OVA adaptative 
immune response. We have not studied the innate immune system in this 
model. Still, other studies strongly suggest that trained immunity 

Fig. 7. Previous mucosal contact with BCG increases the percentage of lung IFN-γþ but not IL-17þ γδ T cells after in vivo restimulation with OVA in the 
airways. It potentiates the production of these cytokines upon anti-CD3 mAb stimulation. Fig. 7 shows the frequencies of IFN-γ+γδ+ (A) and IL-17+γδ+ (B) T 
cells in lung mononuclear cells from mice orally vaccinated with BCG or gavaged with PBS followed by systemic OVA immunization. Lung mononuclear cells were 
obtained 48 hours after the aerosolized OVA challenge. Cells were either left in the medium alone or stimulated with anti-CD3 mAb in vitro. ANOVA, Bonferroni post- 
tests compared groups, (*P<0.05, ***P<0.001, n=5). FACS plots in the left panel show each experimental group’s representative mouse. Different groups are 
specified in the graphs and FACS plot panels. Experiments were repeated three times with similar results. 

Fig. 8. Oral BCG vaccinated mice produced 
more OVA-specific IgG2a/c and less IgE an
tibodies six months after OVA/Alum sys
temic immunization. Fig. 8 shows the serum 
levels of anti-OVA IgG2a/c (A) and IgE (B) in 
PBS gavaged compared to oral BCG vaccinated 
mice. ELISA* represents a running sum of O.D. 
values for ELISA readings from l/25 to l/l2800 
serum dilutions. ELISA* is proportional to the 
area under the serum titration curve. Results 
were compared by the Mann-Whitney test 
(*P<0.05, **P<0.01, n=5).   
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induced by oral BCG vaccination may explain our results [25] [41]. 
However, no evidence shows that trained immunity induced by oral BCG 
administration can associate different antigens and immunization sites 
with an integrated long-term mucosal/systemic response. 

Together, the results presented in this study suggest that oral BCG 
vaccination is a viable strategy to increase a multilineage mucosal im
mune response to unrelated antigenic stimulation, opening up new 
possibilities to boost vaccines at the level of mucosal sites. In addition, 
oral BCG vaccination could potentiate non-specifically the mucosal 
immune response to various pathogens, thus making the BCG a very 
interesting biological platform for genetic modifications aiming to insert 
genes coding immunizing proteins. 
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Gualberto). The authors thank Ataulpho de Paiva Foundation for the 
BCG donation. 

Reference 

[1] E.F. Speziali, J.S. Menezes, A.F. Santiago, N.M. Vaz, A.M.C. Faria, Lifelong 
Maintenance of Oral Tolerance and Immunity Profiles in Mice Depends on Early 
Exposure to Antigen, Scandinavian Journal of Immunology 87 (2) (2018) 73–79. 

[2] B.A. Verdolin, S.M. Ficker, A.M. Faria, N.M. Vaz, C.R. Carvalho, Stabilization of 
serum antibody responses triggered by initial mucosal contact with the antigen 
independently of oral tolerance induction, Brazilian Journal of medical and 
biological research = Revista Brasileira de Pesquisas medicas e biologicas 34 (2) 
(2001) 211–219. 

[3] R. Monteiro-Maia, R.T. Pinho, Oral bacillus Calmette-Guerin vaccine against 
tuberculosis: why not? Memorias do Instituto Oswaldo Cruz 109 (6) (2014) 
838–845. 

[4] C. Counoupas, M.D. Johansen, A.O. Stella, D.H. Nguyen, A.L. Ferguson, 
A. Aggarwal, N.D. Bhattacharyya, A. Grey, O. Hutchings, K. Patel, R. Siddiquee, E. 
L. Stewart, C.G. Feng, N.G. Hansbro, U. Palendira, M.C. Steain, B.M. Saunders, J.K. 
K. Low, J.P. Mackay, A.D. Kelleher, W.J. Britton, S.G. Turville, P.M. Hansbro, J. 
A. Triccas, A single dose, BCG-adjuvanted COVID-19 vaccine provides sterilising 
immunity against SARS-CoV-2 infection, NPJ vaccines 6 (1) (2021) 143. 

[5] C. Covian, A. Fernandez-Fierro, A. Retamal-Diaz, F.E. Diaz, A.E. Vasquez, M.K. Lay, 
C.A. Riedel, P.A. Gonzalez, S.M. Bueno, A.M. Kalergis, BCG-Induced Cross- 
Protection and Development of Trained Immunity: Implication for Vaccine Design, 
Frontiers in immunology 10 (2019) 2806. 

[6] K.L. Hilligan, S. Namasivayam, C.S. Clancy, D. O’Mard, S.D. Oland, S.J. Robertson, 
P.J. Baker, E. Castro, N.L. Garza, B.A.P. Lafont, R. Johnson, F. Ronchese, K. 
D. Mayer-Barber, S.M. Best, A. Sher, Intravenous administration of BCG protects 
mice against lethal SARS-CoV-2 challenge, The Journal of experimental medicine 
219 (2) (2022). 

[7] F. Cardillo, M. Bonfim, P. da Silva Vasconcelos Sousa, J. Mengel, L.R. Ribeiro 
Castello-Branco, R.T. Pinho, Bacillus Calmette-Guerin Immunotherapy for Cancer, 
Vaccines 9 (5) (2021). 

[8] M.G. Netea, J. Dominguez-Andres, L.B. Barreiro, T. Chavakis, M. Divangahi, 
E. Fuchs, L.A.B. Joosten, J.W.M. van der Meer, M.M. Mhlanga, W.J.M. Mulder, N. 
P. Riksen, A. Schlitzer, J.L. Schultze, C. Stabell Benn, J.C. Sun, R.J. Xavier, E. Latz, 
Defining trained immunity and its role in health and disease, Nature reviews. 
Immunology 20 (6) (2020) 375–388. 

[9] K. Buffen, M. Oosting, J. Quintin, A. Ng, J. Kleinnijenhuis, V. Kumar, E. van de 
Vosse, C. Wijmenga, R. van Crevel, E. Oosterwijk, A.J. Grotenhuis, S.H. Vermeulen, 
L.A. Kiemeney, F.L. van de Veerdonk, G. Chamilos, R.J. Xavier, J.W. van der Meer, 
M.G. Netea, L.A. Joosten, Autophagy controls BCG-induced trained immunity and 
the response to intravesical BCG therapy for bladder cancer, PLoS pathogens 10 
(10) (2014), e1004485. 

[10] J.M. Scordo, T.J. Piergallini, A.M. Olmo-Fontanez, A. Thomas, H.P. Raue, M. Slifka, 
J. Turner, Recall responses in the lung environment are impacted by age in a pilot 
study of Mycobacterium bovis-BCG vaccinated rhesus macaques, Experimental 
gerontology 167 (2022), 111904. 

[11] R.A. Seder, P.A. Darrah, M. Roederer, T-cell quality in memory and protection: 
implications for vaccine design, Nature reviews. Immunology 8 (4) (2008) 
247–258. 

[12] J.P. McAleer, J.K. Kolls, Directing traffic: IL-17 and IL-22 coordinate pulmonary 
immune defense, Immunological reviews 260 (1) (2014) 129–144. 

[13] F. Sparber, S. LeibundGut-Landmann, Interleukin-17 in Antifungal Immunity, 
Pathogens 8 (2) (2019). 

[14] S. Sakaguchi, N. Mikami, J.B. Wing, A. Tanaka, K. Ichiyama, N. Ohkura, Regulatory 
T Cells and Human Disease, Annual review of immunology 38 (2020) 541–566. 

[15] E. Martin-Orozco, M. Norte-Munoz, J. Martinez-Garcia, Regulatory T Cells in 
Allergy and Asthma, Frontiers in pediatrics 5 (2017) 117. 

[16] A.C. Jirmo, M. Busse, C. Happle, J. Skuljec, K. Daluge, A. Habener, R. Grychtol, D. 
S. DeLuca, O.D. Breiholz, I. Prinz, G. Hansen, IL-17 regulates DC migration to the 
peribronchial LNs and allergen presentation in experimental allergic asthma, 
European journal of immunology 50 (7) (2020) 1019–1033. 

[17] E.M. Nakada, J. Shan, M.W. Kinyanjui, E.D. Fixman, Adjuvant-dependent 
regulation of interleukin-17 expressing gammadelta T cells and inhibition of Th2 
responses in allergic airways disease, Respiratory research 15 (2014) 90. 

[18] G.M. Hynes, T.S.C. Hinks, The role of interleukin-17 in asthma: a protective 
response? ERJ open research 6 (2) (2020). 

[19] W.M. Gwinn, J.M. Damsker, R. Falahati, I. Okwumabua, A. Kelly-Welch, A. 
D. Keegan, C. Vanpouille, J.J. Lee, L.A. Dent, D. Leitenberg, M.I. Bukrinsky, S. 
L. Constant, Novel approach to inhibit asthma-mediated lung inflammation using 
anti-CD147 intervention, Journal of immunology 177 (7) (2006) 4870–4879. 

[20] J. Mengel, F. Cardillo, L.S. Aroeira, O. Williams, M. Russo, N.M. Vaz, Anti-gamma 
delta T cell antibody blocks the induction and maintenance of oral tolerance to 
ovalbumin in mice, Immunology letters 48 (2) (1995) 97–102. 

[21] J. Mengel, P. Favaro, A. Meyer, V. Motta, R. de Alencar, E. Postol, F. Cardillo, 
Potentiation of immunological tolerance induction in adult mice by co- 
administration of pooled normal IgG and oral tolerogens: a potential therapeutic 
approach for autoimmune diseases, Medical hypotheses 64 (5) (2005) 978–985. 

[22] B.M. Buddle, F.E. Aldwell, M.A. Skinner, G.W. de Lisle, M. Denis, H. 
M. Vordermeier, R.G. Hewinson, D.N. Wedlock, Effect of oral vaccination of cattle 
with lipid-formulated BCG on immune responses and protection against bovine 
tuberculosis, Vaccine 23 (27) (2005) 3581–3589. 

[23] E. Gormley, D. Ni Bhuachalla, J. O’Keeffe, D. Murphy, F.E. Aldwell, T. Fitzsimons, 
P. Stanley, J.A. Tratalos, G. McGrath, N. Fogarty, K. Kenny, S.J. More, L.L. Messam, 
L.A. Corner, Oral Vaccination of Free-Living Badgers (Meles meles) with Bacille 
Calmette Guerin (BCG) Vaccine Confers Protection against Tuberculosis, PloS one 
12 (1) (2017), e0168851. 

[24] A. Balseiro, J.M. Prieto, V. Alvarez, S. Lesellier, D. Dave, F.J. Salguero, I.A. Sevilla, 
J.A. Infantes-Lorenzo, J.M. Garrido, H. Adriaensen, R.A. Juste, M. Barral, 
Protective Effect of Oral BCG and Inactivated Mycobacterium bovis Vaccines in 
European Badgers (Meles meles) Experimentally Infected With M. bovis, Frontiers 
in veterinary science 7 (2020) 41. 

[25] L.R. Ancelet, F.E. Aldwell, F.J. Rich, J.R. Kirman, Oral vaccination with lipid- 
formulated BCG induces a long-lived, multifunctional CD4(+) T cell memory 
immune response, PloS one 7 (9) (2012) e45888. 

[26] M. El-Zein, M.E. Parent, A. Benedetti, M.C. Rousseau, Does BCG vaccination 
protect against the development of childhood asthma? A systematic review and 
meta-analysis of epidemiological studies, International Journal of epidemiology 39 
(2) (2010) 469–486. 

[27] C.M. Snapper, C. Peschel, W.E. Paul, IFN-gamma stimulates IgG2a secretion by 
murine B cells stimulated with bacterial lipopolysaccharide, Journal of 
immunology 140 (7) (1988) 2121–2127. 

[28] S. Schussek, A. Trieu, S.H. Apte, J. Sidney, A. Sette, D.L. Doolan, Novel 
Plasmodium antigens identified via genome-based antibody screen induce 
protection associated with polyfunctional T cell responses, Scientific reports 7 (1) 
(2017) 15053. 

[29] T. Prezzemolo, G. Guggino, M.P. La Manna, D. Di Liberto, F. Dieli, N. Caccamo, 
Functional Signatures of Human CD4 and CD8 T Cell Responses to Mycobacterium 
tuberculosis, Frontiers in immunology 5 (2014) 180. 

[30] D. Gaucher, R. Therrien, N. Kettaf, B.R. Angermann, G. Boucher, A. Filali-Mouhim, 
J.M. Moser, R.S. Mehta, D.R. Drake 3rd, E. Castro, R. Akondy, A. Rinfret, 
B. Yassine-Diab, E.A. Said, Y. Chouikh, M.J. Cameron, R. Clum, D. Kelvin, 
R. Somogyi, L.D. Greller, R.S. Balderas, P. Wilkinson, G. Pantaleo, J. Tartaglia, E. 
K. Haddad, R.P. Sekaly, Yellow fever vaccine induces integrated multilineage and 
polyfunctional immune responses, The Journal of experimental medicine 205 (13) 
(2008) 3119–3131. 

[31] Y. Flores-Garcia, J.L. Rosales-Encina, A.R. Satoskar, P. Talamas-Rohana, IL-10-IFN- 
gamma double producers CD4+ T cells are induced by immunization with an 
amastigote stage specific derived recombinant protein of Trypanosoma cruzi, 
International Journal of biological sciences 7 (8) (2011) 1093–1100. 

[32] M. Patel, Oral Cavity and Candida albicans: Colonisation to the Development of 
Infection, Pathogens 11 (3) (2022). 

[33] A. Valle-Noguera, M.J. Gomez-Sanchez, M.J.H. Girard-Madoux, A. Cruz-Adalia, 
Optimized Protocol for Characterization of Mouse Gut Innate Lymphoid Cells, 
Frontiers in immunology 11 (2020), 563414. 

[34] D. Vremec, J. Pooley, H. Hochrein, L. Wu, K. Shortman, CD4 and CD8 expression 
by dendritic cell subtypes in mouse thymus and spleen, Journal of immunology 164 
(6) (2000) 2978–2986. 

[35] D.N. Wedlock, F.E. Aldwell, D. Keen, M.A. Skinner, B.M. Buddle, Oral vaccination 
of brushtail possums (Tichosurus vulpecula) with BCG: immune responses, 
persistence of BCG in lymphoid organs and excretion in faeces, New Zealand 
veterinary journal 53 (5) (2005) 301–306. 

[36] D.E. Dorer, W. Czepluch, M.R. Lambeth, A.C. Dunn, C. Reitinger, F.E. Aldwell, A. 
D. McLellan, Lymphatic tracing and T cell responses following oral vaccination 
with live Mycobacterium bovis (BCG), Cellular microbiology 9 (2) (2007) 
544–553. 

[37] W.W. Agace, Tissue-tropic effector T cells: generation and targeting opportunities, 
Nature reviews. Immunology 6 (9) (2006) 682–692. 

[38] L. Lefrancois, L. Puddington, Intestinal and pulmonary mucosal T cells: local heroes 
fight to maintain the status quo, Annual review of immunology 24 (2006) 
681–704. 

A. Hammes et al.                                                                                                                                                                                                                               

http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0001
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0001
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0001
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0002
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0002
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0002
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0002
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0002
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0003
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0003
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0003
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0004
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0004
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0004
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0004
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0004
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0004
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0005
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0005
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0005
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0005
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0006
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0006
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0006
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0006
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0006
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0007
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0007
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0007
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0008
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0008
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0008
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0008
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0008
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0009
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0009
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0009
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0009
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0009
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0009
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0010
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0010
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0010
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0010
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0011
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0011
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0011
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0012
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0012
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0013
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0013
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0014
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0014
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0015
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0015
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0016
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0016
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0016
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0016
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0017
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0017
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0017
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0018
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0018
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0019
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0019
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0019
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0019
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0020
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0020
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0020
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0021
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0021
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0021
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0021
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0022
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0022
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0022
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0022
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0023
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0023
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0023
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0023
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0023
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0024
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0024
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0024
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0024
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0024
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0025
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0025
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0025
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0026
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0026
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0026
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0026
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0027
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0027
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0027
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0028
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0028
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0028
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0028
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0029
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0029
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0029
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0030
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0030
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0030
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0030
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0030
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0030
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0030
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0031
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0031
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0031
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0031
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0032
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0032
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0033
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0033
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0033
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0034
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0034
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0034
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0035
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0035
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0035
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0035
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0036
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0036
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0036
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0036
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0037
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0037
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0038
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0038
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0038


Immunology Letters 249 (2022) 43–52

52

[39] E.C. Butcher, L.J. Picker, Lymphocyte homing and homeostasis, Science 272 
(5258) (1996) 60–66. 

[40] F.E. Aldwell, M.A. Baird, C.E. Fitzpatrick, A.D. McLellan, M.L. Cross, M. 
R. Lambeth, G.S. Buchan, Oral vaccination of mice with lipid-encapsulated 

Mycobacterium bovis BCG: anatomical sites of bacterial replication and immune 
activity, Immunology and cell biology 83 (5) (2005) 549–553. 

[41] T. Cho, C. Khatchadourian, H. Nguyen, Y. Dara, S. Jung, V. Venketaraman, 
A review of the BCG vaccine and other approaches toward tuberculosis eradication, 
Human vaccines & immunotherapeutics 17 (8) (2021) 2454–2470. 

A. Hammes et al.                                                                                                                                                                                                                               

http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0039
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0039
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0040
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0040
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0040
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0040
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0041
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0041
http://refhub.elsevier.com/S0165-2478(22)00115-8/sbref0041

	Oral Bacille Calmette-Guérin (BCG) vaccination induces long-term potentiation of memory immune response to Ovalbumin airway ...
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 Experimental groups, gavages, OVA immunization, and challenge
	2.3 ELISA assays
	2.4 Preparation of lung mononuclear cells
	2.5 Cell cultures
	2.6 Flow cytometric analysis
	2.7 Gating strategies for the Flow Cytometry analysis
	2.8 Statistical analysis

	3 Results
	3.1 Oral BCG administration before OVA systemic immunization reduces tissue-Treg cells upon airway antigenic challenge
	3.2 Oral treatment with BCG increased the potential of lung-tissue memory CD4+ and CD8+ T cells to produce IL-4 upon polycl ...
	3.3 Upon ovalbumin aerosol challenge, BCG oral administration followed by systemic OVA immunization does not increase IL-5  ...
	3.4 Upon aerosolized OVA challenge, the IFN-γ recall response is greatly enhanced by previous exposure to BCG by oral route
	3.5 The percentage of TH17 cells in the lungs of mice challenged with aerosolized OVA was increased by previous mucosal exp ...
	3.6 The frequency of lung-infiltrating ​γδ T cells spontaneously secreting Th2 cytokines was not elevated by previous BCG m ...
	3.7 Previous mucosal contact with BCG significantly increases the percentage of lung IFN-γ+ but not IL-17+ γδ T cells after ...
	3.8 BCG gavaged mice produced more OVA-specific IgG2a/c and less IgE antibodies upon OVA/Alum systemic immunization

	4 Discussion
	Declaration of Competing Interests
	Acknowledgments
	Reference


