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Abstract 

Mycoplasma hyopneumoniae is the primary agent of enzootic pneumonia in pigs. To minimize the economic losses 
caused by this disease, M. hyopneumoniae vaccination is commonly practiced. However, the persistence of M. hyo-
pneumoniae vaccine‑induced immunity, especially the cell‑mediated immunity, till the moment of slaughter has not 
been investigated yet. Therefore, on two commercial farms, 25 pigs (n = 50) received a commercial bacterin intramus‑
cularly at 16 days of age. Each month, the presence of M. hyopneumoniae‑specific serum antibodies was analyzed 
and the proliferation of and TNF‑α, IFN‑γ and IL‑17A production by different T cell subsets in blood was assessed 
using recall assays. Natural infection with M. hyopneumoniae was assumed in both farms. However, the studied pigs 
remained M. hyopneumoniae negative for almost the entire trial. Seroconversion was not observed after vaccina‑
tion and all pigs became seronegative at two months of age. The kinetics of the T cell subset frequencies was similar 
on both farms. Mycoplasma hyopneumoniae‑specific cytokine‑producing  CD4+CD8+ T cells were found in blood of 
pigs from both farms at one month of age but decreased significantly with increasing age. On the other hand, T cell 
proliferation after in vitro M. hyopneumoniae stimulation was observed until the end of the fattening period. Further‑
more, differences in humoral and cell‑mediated immune responses after M. hyopneumoniae vaccination were not 
seen between pigs with and without maternally derived antibodies. This study documents the long‑term M. hyopneu-
moniae vaccine‑induced immune responses in fattening pigs under field conditions. Further research is warranted to 
investigate the influence of a natural infection on these responses.
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Introduction
One of the most important respiratory pathogens in pigs 
is Mycoplasma hyopneumoniae (M. hyopneumoniae). 
It is the primary agent of enzootic pneumonia, endemi-
cally present on most farms and responsible for signifi-
cant economic losses in the pig production worldwide 
[1, 2]. Vaccination is the most commonly used manage-
ment practice to control M. hyopneumoniae, since it can 
minimize the clinical signs and performance losses, and 
reduce treatment costs [3]. The goal of M. hyopneumo-
niae vaccination is to raise pathogen-specific immune 
responses which respond fast and effectively upon a 
natural M. hyopneumoniae infection. Most commercially 
available M. hyopneumoniae vaccines for pigs are regis-
tered for administration between one and three weeks of 
age [4]. The onset of M. hyopneumoniae-specific immu-
nity varies from one to four weeks and aims to protect 
against infections during the complete fattening period, 
until slaughter [4].

Overall, vaccination or infection of pigs triggers the dif-
ferentiation of memory B cells and  CD4+CD8+ T cells, 
ensuring a fast antibody and cell-mediated immune 
response after a second contact with the pathogen [5]. 
Vaccination against M. hyopneumoniae may result in 
seroconversion and an increase in M. hyopneumoniae-
specific antibodies locally in the respiratory tract [6–9]. 
In vaccinated animals, higher levels of IFN-γ-producing 
lymphocytes were observed together with a higher lym-
phocyte proliferation rate after in  vitro M. hyopneumo-
niae stimulation compared to non-vaccinated animals 
[9–11]. Furthermore, polyfunctional  CD4+CD8− and 
 CD4−CD8+ T cells, producing INF-γ and TNF-α, were 
found after M. hyopneumoniae vaccination [12]. How-
ever, it is not completely clear how long M. hyopneu-
moniae-specific vaccine-induced immunity persists. In 
most M. hyopneumoniae vaccine efficacy studies, pigs are 
already challenged a few weeks after vaccination to inves-
tigate coughing, immune parameters, pathogen load, 
and lung lesions [13–16]. When the long-term efficacy 
was studied, mostly in field trials, often only production 
parameters and lung lesions at slaughter were examined 
and immune parameters were not or only poorly inves-
tigated [17–20]. To our knowledge, M. hyopneumoniae-
specific vaccine-induced cell-mediated immunity from 
the moment of vaccination until slaughter under field 
conditions has not yet been investigated.

Besides piglet vaccination, M. hyopneumoniae 
vaccination of breeding gilts is a commonly used 
acclimation practice [21]. Mycoplasma hyopneumo-
niae-specific cytokine-producing  CD4+CD8+ and 
polyfunctional  CD4−CD8− T cells are present after 
vaccination of breeding animals [22]. Piglets suckling 
colostrum from immunized sows have high levels of M. 

hyopneumoniae-specific maternally derived antibod-
ies (MDA) and cell-mediated immunity in their blood 
which can persist till weaning or even longer [7, 22, 23]. 
When piglets are vaccinated against M. hyopneumoniae 
in the presence of (high levels of ) MDA, seroconver-
sion is often lacking [24–26]. However, the proliferation 
response of lymphocytes after in  vitro stimulation was 
significantly higher in M. hyopneumoniae vaccinated pig-
lets compared to non-vaccinated piglets, regardless of 
the levels of MDA [26]. Although these authors showed 
that the cell-mediated immunity was primed upon M. 
hyopneumoniae vaccination in the presence of high lev-
els of MDA, further differentiation of the T cell subsets 
and their cytokine production is needed to gain better 
insights in these cell-mediated immune responses and 
eventually the influence of a natural infection on these 
responses.

The objective of the present study was to investigate the 
humoral and cell-mediated immune responses upon M. 
hyopneumoniae vaccination in pigs on two commercial 
farms. To this end, serum antibodies and proliferation of 
and cytokine production by different T cell subsets were 
monitored from the moment of vaccination at 16 days 
of age until slaughter age. The potential influence of M. 
hyopneumoniae-specific maternally derived immunity on 
humoral and cell-mediated vaccine responses in piglets 
was also investigated.

Materials and methods
Herd description and animal selection
Two commercial farrow-to-finish farms were included in 
the study based on the willingness of the farmer to par-
ticipate. On both farms, circulation of M. hyopneumo-
niae was assumed based on the presence of the pathogen 
in tracheobronchial swabs (TBS) taken from fattening 
pigs in the past. Danbred breeding gilts were reared on 
farm A and purchased on farm B. On farm A, the breed-
ing gilts were vaccinated once against M. hyopneumo-
niae four weeks prior to first insemination with Ingelvac 
 MycoFLEX® (Boehringer Ingelheim Vetmedica GmbH, 
Ingelheim am Rhein, Germany). On farm B, breeding 
gilts were vaccinated with  Stellamune® Mycoplasma 
(Elanco, Utrecht, The Netherlands) at six months of age 
upon arrival at the farm and a second time four weeks 
later. Furthermore, on farm B gilts were also booster vac-
cinated twice shortly before farrowing. On both farms, 
sows were not vaccinated against M. hyopneumoniae.

Farm A practiced a 5-week batch-farrowing-system 
and piglets were weaned and moved to the nursery unit 
at approximately 22 days of age. The piglets were vacci-
nated at 16 days of age against M. hyopneumoniae with 
an inactivated whole cell J strain-based bacterin (Ingelvac 
 MycoFLEX®, Boehringer Ingelheim Vetmedica GmbH, 
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Ingelheim am Rhein, Germany), porcine circovirus type 
2 (PCV2) (Ingelvac  CircoFLEX®, Boehringer Ingelheim 
Vetmedica GmbH) and porcine reproductive and res-
piratory syndrome virus (PRRSV)  (UNISTRAIN® PRRS, 
HIPRA, Amer, Spain). Pigs were moved to the fattening 
unit at 9 weeks of age.

Farm B worked in a 4-week batch-farrowing-system 
and piglets were weaned and moved to the nursery 
unit at approximately 22 days of age. They were vacci-
nated at 16 days of age against M. hyopneumoniae with 
the same vaccine as in farm A (Ingelvac  MycoFLEX®, 
Boehringer Ingelheim Vetmedica GmbH) and PRRSV 
 (UNISTRAIN® PRRS, HIPRA). The piglets were moved 
to the fattening unit at 10 weeks of age. On both farms, 
five breeding animals (two gilts and three sows of mixed 
parity) were included in the study. The farrowing pro-
cess was monitored by the main investigator and from 
each litter, five healthy piglets (birth weight >1  kg) were 
selected, ear notched and followed up monthly from 
birth till slaughter (n = 25 piglets / farm). Cross-fostering 
of the ear notched piglets was not allowed and pigs did 
not receive antibiotics active against M. hyopneumoniae 
on both farms during the entire trial.

Study design and sampling
The study was approved by the Ethical Committee of the 
Faculty of Veterinary Medicine and the Faculty of Bio-
science Engineering, Ghent University (approval num-
ber 2020 / 31). From the sows, colostrum was collected 
during the farrowing process. Within 6  h after farrow-
ing, a TBS (60  cm sucking-catheter, Medinorm GmbH, 
Spiesen-Elversberg, Germany) and blood in a sterile 
serum tube (clotted blood) were collected from the sows. 
At two days of age, blood was taken from the piglets in 
serum tubes. From one to six months of age, blood in 
sterile serum and EDTA (non-clotted blood) tubes and 
a TBS were taken from the piglets on a monthly basis. 
On farm A, pigs were slaughtered at 177 days of age, and 
therefore, the last sample was taken at 5.5 months of age. 
On farm B, pigs were sent to the slaughterhouse at 191 
days of age so the last sample was taken at 6 months of 
age. Colostrum and serum samples were stored at -20 °C 
and TBS samples at -80  °C until further analysis. Non-
clotted blood was processed immediately for cell-medi-
ated immunity analysis.

Digital PCR for M. hyopneumoniae DNA detection
To test for the presence of M. hyopneumoniae, DNA 
was extracted from the TBS samples using a commer-
cial kit  (DNeasy® Blood & Tissue kit, Qiagen, Venlo, The 
Netherlands) and a digital PCR (dPCR) protocol target-
ing the P102 gene was performed following a previously 
described protocol [27].

Mycoplasma hyopneumoniae‑  specific antibodies
Mycoplasma hyopneumoniae-specific antibodies in 
serum and colostrum samples were analyzed using a 
commercial indirect ELISA (M. hyo Ab test, IDEXX 
Laboratories Inc., Westbrook, ME, USA) following the 
manufacturer’s instructions. Samples were considered 
positive if the sample to positive (S / P) ratio was higher 
than 0.40 and negative if the S / P ratio was equal to or 
lower than 0.40.

T cell cytokine production
From the fresh, non-clotted blood, peripheral blood 
mononuclear cells (PBMCs) were isolated using a Lym-
phoprep™ density gradient (Stemcell technologies, Van-
couver, Canada). Isolation, stimulation and staining of 
the PBMCs were performed as previously described with 
some minor modifications [22]. Cells were stimulated 
overnight (20 h) with in-house made M. hyopneumoniae 
J strain bacterin and for each animal a negative medium 
and positive Concanavalin A (ConA) control were 
included. The M. hyopneumoniae J strain bacterin was 
made based on the protocol for production of M. hyo-
pneumoniae F7.2 C bacterin [16]. To investigate cytokine 
production, Brefeldin A (eBioscience™, San Diego, CA, 
USA) was added to each well for the last 4 h of stimula-
tion to inhibit protein secretion. For extracellular stain-
ing, the PBMCs were incubated with anti-CD3 (clone 
PPT3), anti-CD4 (clone 74-12-4), and anti-CD8α (clone 
11-295-33) monoclonal antibodies. Next, correspond-
ing secondary antibodies anti-mouse IgG1 APC-Cy7 
(Abcam, Cambridge, UK), anti-mouse IgG2b FITC (Bio-
legend, San Diego, CA, USA) and anti-mouse IgG2a 
PE-Cy7 (Abcam, Cambridge, UK) were added. Subse-
quently, a blocking step with mouse IgG1 (10  µg / mL) 
was performed. Following surface staining, cells were 
fixed, permeabilized and an intracellular staining for 
TNF-α, IFN-γ, and IL-17A was performed [22]. Data 
were acquired with a CytoFLEX flow cytometer (Beck-
man Coulter, Bea, CA, USA) and the results were further 
analyzed with CytExpert software (Beckman Coulter). 
The gating hierarchy is shown in Additional file 1.

T cell proliferation assay
Isolated PBMCs were stimulated in  vitro with in-house 
made M. hyopneumoniae J strain bacterin to assess pro-
liferation of T cells. The protocol used was described in 
detail in a previous study [22]. For the surface staining, 
cells were first incubated with anti-CD3, anti-CD4, and 
anti-CD8α monoclonal antibodies and subsequently with 
the corresponding secondary antibodies anti-mouse IgG1 
APC-Cy7 (Abcam, Cambridge, UK), anti-mouse IgG2b 
FITC (Biolegend, San Diego, CA, USA), and anti-mouse 
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IgG2a AlexaFluor 647 (Biolegend, San Diego, CA, USA) 
together with propidium iodide. Data were acquired with 
a CytoFLEX flow cytometer and the results were further 
analyzed with CytExpert software. The gating hierarchy 
is shown in Additional file 2.

Data analyses
Statistical analyses were performed using IBM  SPSS® 
Statistics Version 27 (IBM, Chicago, IL, USA) to com-
pare results within farms. A descriptive analysis was per-
formed for M. hyopneumoniae-specific antibody levels 
and the frequency of different T cell subsets. Kolmogo-
rov-Smirnov and Shapiro-Wilk tests were used as tests 
for normality of the residuals. For normally distributed 
data, repeated measures analyses of variance were used 
and post-hoc pairwise comparisons were made with 
a Bonferroni correction to assess possible differences 
between successive sampling moments. For not nor-
mally distributed data, a non-parametric Friedman test 
was used together with a Wilcoxon signed rank test with 
Bonferroni correction to compare the different sampling 
moments.

Descriptive results were given to discuss whether the 
presence (S / P > 0.40) or absence (S / P ≤ 0.40) of MDA 
had an influence on the humoral and cell-mediated 
immunity after piglet vaccination.

Results
On each farm, five pigs were excluded during the trial 
due to death or loss of ear tag. The data of these pigs were 
included in the analysis till the last correctly documented 
sampling moment.

Presence of natural infection with M. hyopneumoniae 
on the farms
On farm A, all TBS samples (from sows, piglets and fat-
tening pigs) tested negative for the presence of M. hyo-
pneumoniae DNA. On farm B, all TBS samples from the 
sows, piglets and fattening pigs tested negative for the 
presence of M. hyopneumoniae DNA till five months of 
age. At six months of age, four fattening pigs tested posi-
tive for M. hyopneumoniae with 300, 7, 22 and 14 M. hyo-
pneumoniae organisms/µL DNA.

Persistence of M. hyopneumoniae‑specific antibodies 
in pigs
On both farms, four out of five sows had M. hyo-
pneumoniae-specific antibodies in serum and colos-
trum at farrowing (Figures  1A and C). Two-day-old 
piglets suckling colostrum from those sows had M. 
hyopneumoniae-specific maternal antibodies (MDA 
present), while piglets from seronegative sows were 

also seronegative (MDA absent) (Figures  1B and D). 
Despite vaccination at 16 days of age, on both farms, 
the level of M. hyopneumoniae-specific antibodies in 
serum of the pigs decreased significantly from two days 
of age to one month, from one month to two months, 
and from two months to three months of age (Fig-
ure  1E). No significant differences were seen between 
the later sampling moments. From two months of age 
onwards, all pigs, except two on farm A at four months 
of age, were M. hyopneumoniae seronegative. The M. 
hyopneumoniae-specific antibody levels from piglets 
with MDA decreased over time and at two months of 
age reached the same levels as those in piglets without 
MDA (Figure 1F).

Kinetics of T cell subset frequencies in pigs
During the life of a pig, the frequency of the different 
T cell subsets in blood changes due to maturation of 
the immune system and contact with microorganisms 
[28]. To investigate the kinetics of the different T cell 
subsets, the blood PBMCs from the non-stimulated 
medium control were evaluated by flow cytometry. At 
one month of age, the frequency (average ± SD %) of 
 CD4−  CD8+ T cells was 13.6 ± 2.8% and 10.5 ± 3.4% in 
pigs from farm A and B, respectively. This frequency 
significantly increased at two months of age on both 
farms, and declined again significantly at three months 
of age on farm A. From three months of age onwards it 
remained stable on farm A, while on farm B a signifi-
cant increase was again observed at six months of age 
(Figure 2A).

On both farms, the frequency of  CD4+CD8− T cells 
was highest at one month of age with 37.5 ± 6.0% 
(farm A) and 42.3 ± 5.9% (farm B). This frequency sig-
nificantly decreased at two months of age. On farm A, 
the frequency stabilized from two months onwards, 
while on farm B the decrease occurred more gradually 
(Figure  2B). At one month of age, the CD4/CD8 ratio 
was 2.8 (farm A) and 4.0 (farm B). The ratio dropped 
at two months of age and remained below 1.0 from 
three months of age onwards on both farms. The fre-
quency of  CD4−CD8− T cells in one-month-old pigs 
was 31.1 ± 7.2% and 25.6 ± 5.4% on farm A and B, 
respectively. On both farms, the frequency remained 
similar at two months of age but significantly increased 
afterwards to reach the highest levels at five months 
of age (Figure  2C). The frequency of  CD4+CD8+ T 
cells was lowest at one month of age with 3.3 ± 1.1% 
and 4.0 ± 1.0% on farm A and B, respectively. This fre-
quency significantly increased at two months of age. 
On farm A, it remained stable afterwards, while on 
farm B it gradually increased further until four months 
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Figure 1 Presence of Mycoplasma hyopneumoniae‑specific antibodies in sows and pigs. A, C Presence of M. hyopneumoniae‑specific 
antibodies in serum and colostrum of sows at farrowing; B, D Presence of M. hyopneumoniae‑specific antibodies in serum of two‑day‑old piglets 
(5 piglets per sow). Color coding of the piglets corresponds to the color of their mother of which they ingested colostrum; E Persistence of M. 
hyopneumoniae‑specific antibodies in serum of pigs at the different sampling moments on both farms; F Persistence of M. hyopneumoniae‑specific 
antibodies in pigs with (S / P ratio > 0.40) and without (S / P ratio ≤ 0.40) M. hyopneumoniae‑specific maternal antibodies at the different sampling 
moments on both farms. Pigs were vaccinated against M. hyopneumoniae at 16 days of age. ***, P ≤ 0.001 between the sampling moments. d: days, 
m: months, MDA: maternally derived antibodies; dashed red line = S / P ratio ≤ 0.40 are seronegative animals according to the manufacturer’s 
instructions of the commercial ELISA used.
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Figure 2 Monthly frequency (%) of CD3+ T cell subsets in blood of pigs. A  CD4−CD8+ T cells; B  CD4+CD8− T cells; C  CD4−CD8− T cells; 
D  CD4+CD8+ T cells. Figures on the left: farm A, Figures on the right: farm B. On each farm, pigs were vaccinated against M. hyopneumoniae at 16 
days of age. *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001 between the sampling moments.
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of age to decrease again significantly at five months of 
age (Figure 2D).

Proliferation of T cells
The M. hyopneumoniae-stimulated PBMCs were ana-
lyzed to investigate the percentage of proliferating T 
cells. As shown in Figures 3A and B, proliferating  CD3+ 
T cells were present in blood of pigs at each sampling 

moment on both farms after in  vitro stimulation with 
M. hyopneumoniae bacterin, although the percentages 
of some animals were higher on farm A. On farm A, the 
percentage of proliferating T cells significantly decreased 
at six months of age as compared to the percentage at five 
months of age, while on farm B, no significant decrease 
or increase in the percentage of proliferating T cells could 
be observed. The  CD4−CD8− T cells were the dominant 

Fig. 3 Persistence of circulating proliferating CD3+ T cells in pigs. A, B Frequency (%) of proliferating  CD3+ T cells on farm A and B, respectively. 
The horizontal grey line indicates the median C, D Frequency (%) of the proliferating T cell subsets in pigs at the different sampling moments. 
On each farm pigs were vaccinated against M. hyopneumoniae at 16 days of age. ***, P ≤ 0.001 between the sampling moments. Red dot: M. 
hyopneumoniae PCR positive animal.
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 CD3+ T cell subset proliferating in response to M. hyo-
pneumoniae stimulation on both farms, followed by the 
 CD4+CD8− T cell subset (Figures 3 C and D).

T cell cytokine production
To gain a better insight in the presence and persistence of 
M. hyopneumoniae-specific T cells in pigs, TNF-α, IFN-γ 
and IL-17A production by blood PBMCs stimulated 
in vitro with M. hyopneumoniae bacterin were evaluated 
by flow cytometry. As shown in Figure 4, on both farms, 
stimulated  CD4+CD8+ T cells produced cytokines, 
which was more pronounced in pigs of a younger age. 
The percentage of TNF-α+  CD4+CD8+ T cells decreased 
significantly in pigs on farm A from one to two months 
of age and from two to three months of age on farm B. 
A significant drop in IFN-γ+  CD4+CD8+ T cells was 
observed from one to two months of age in pigs on both 
farms, and from two to three months of age on farm B. 
The percentage of  CD4+CD8+ T cells producing both 
TNF-α and IFN-γ decreased significantly in pigs from 
one to two months of age at farm A and from two to three 
months at farm B. At one month of age, the percentage 
of IL-17A+  CD4+CD8+ T cells was higher compared to 

the percentage at two months of age, but this difference 
was not statistically significant. The four animals on farm 
B that tested M. hyopneumoniae positive at six months 
of age had a similar cytokine production by  CD4+CD8+ 
T cells as compared to the M. hyopneumoniae negative 
animals. In addition to the  CD4+CD8+ T cell subset, we 
also observed differences in cytokine production by other 
T cell subsets on farm B. Figure  5 shows data of clear 
responses and significant differences in cytokine pro-
duction by the other T cell subsets which only occurred 
in farm B. For the other parameters and on farm A, no 
differences were observed in the cytokine production of 
 CD4−CD8+,  CD4+CD8− or  CD4−CD8− T cells. The per-
centage of TNF-α+  CD4+CD8− T cells increased signifi-
cantly, while the percentage of IFN-γ+  CD4−CD8+ T cells 
decreased significantly from one to two months of age. 
Of note, the pig that was M. hyopneumoniae positive at 
six months of age with 7 M. hyopneumoniae organisms/
µL DNA had high percentages of TNF-α+  CD4+CD8− 
and IL-17A+  CD4−CD8+ T cells in its blood. The other 
M. hyopneumoniae positive pigs at six months of age had 
similar percentages of cytokine-producing T cells than 
the M. hyopneumoniae negative pigs.

Figure 4 Circulating Mycoplasma hyopneumoniae‑specific cytokine‑producing CD4+CD8+ T cells in blood of pigs on both farms. A TNF‑α; 
B IFN‑γ, C TNF‑α IFN‑γ; D IL‑17A. The horizontal grey line indicates the median. On both farms, pigs were vaccinated against M. hyopneumoniae at 16 
days of age. PBMCs were stimulated with M. hyopneumoniae J strain bacterin and T cell phenotype and cytokine production were assessed by flow 
cytometry on a monthly basis. **, P ≤ 0.01; ***, P ≤ 0.001 between the sampling moments. Red dot: M. hyopneumoniae PCR positive animal.
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On each farm, M. hyopneumoniae-specific MDA were 
present in serum of 20 two-day-old piglets and absent in 
serum of five piglets, which came from the sow without 
M. hyopneumoniae-specific serum antibodies. To inves-
tigate if MDA had an influence on the M. hyopneumo-
niae-specific vaccine-induced cell-mediated immunity, 
the distinction was made between the piglets with and 
without MDA, and differences between the two groups 
were investigated for the T cell subsets for which signifi-
cant differences were observed in cytokine production 
(Figures  6A–E). On farm B, the percentage of TNF-α+ 
 CD4+CD8+ T cells tended to be higher in one-month-
old pigs with MDA, as compared to one-month old 
pigs without MDA. For the other cytokine-producing 
 CD4+CD8+ T cells, the average percentages were simi-
lar between the two groups of pigs at one month of age, 
on each farm. Over time, there was a decreasing trend in 
average percentages of cytokine producing  CD4+CD8+ 
T cells in blood of pigs with only small to no differ-
ences at six months of age between pigs with and with-
out MDA (Figures  6A–C). The same was observed for 
IFN-γ-producing  CD8+ T cells in blood of pigs on farm 
B (Figure 6D). At one and two months of age, the aver-
age percentage of TNF-α+  CD4+CD8− T cells on farm B 
was similar for pigs with or without MDA, while at six 
months of age, a higher percentage of TNF-α-producing 
 CD4+CD8− T cells was observed in the blood of pigs 
without MDA (Figure 6E).

Discussion
This is the first study providing insights in the long-term 
M. hyopneumoniae-specific vaccine-induced immune 
responses in pigs from birth till slaughter under field con-
ditions. A humoral immune response in serum, assessed 
with the IDEXX ELISA, was absent after vaccination but 
cell-mediated immune responses were present. Prolifera-
tion of T cells after in vitro M. hyopneumoniae stimula-
tion was observed till the end of the fattening period. 
Furthermore, at one month of age, after M. hyopneumo-
niae vaccination, M. hyopneumoniae-specific cytokine-
producing  CD4+CD8+ T cells, which include memory 
T cells, were present but decreased with increasing age. 
Maternal antibodies did not seem to affect the humoral 
and cell-mediated vaccine-induced immune responses 
during the life of the pig, except for the presence of TNF-
α+  CD4+CD8+ T cells.

To evaluate the persistence and differences in 
immune response in M. hyopneumoniae vaccinated 
piglets at farm level, we included two commercial 
farms. Although circulation of M. hyopneumoniae was 
assumed on both farms, the studied pigs remained M. 
hyopneumoniae negative the entire trial, except four 
pigs on farm B at the end of the trial, which allowed us 
to investigate the persistence of the vaccine-induced 
immune responses without the influence of natural 
infection. The four M. hyopneumoniae PCR-positive 
pigs at six months of age on farm B did not have higher 

Figure 5 Circulating Mycoplasma hyopneumoniae‑specific cytokine‑producing T cell subsets in blood of pigs on farm B. A  CD4+CD8− 
TNF‑α; B  CD4−CD8+ IFN‑γ; C  CD4−CD8+ IL‑17A. The horizontal grey line indicates the median. On both farms pigs were vaccinated against M. 
hyopneumoniae at 16 days of age. PBMCs were stimulated with M. hyopneumoniae J strain bacterin and T cell phenotype and cytokine production 
were assessed by flow cytometry. **, P ≤ 0.01; ***, P ≤ 0.001 between the sampling moments. Red dot: M. hyopneumoniae PCR positive animal.
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M. hyopneumoniae-specific antibody levels compared 
to the PCR-negative pigs. Except for one pig, they also 
did not have higher percentages of cytokine-produc-
ing T cells in their blood after in vitro M. hyopneumo-
niae stimulation. This could be explained by the fact 
that the M. hyopneumoniae infection likely occurred 
shortly before the moment of sampling, which did not 
allow the immune system sufficient time to respond to 
the infection [29–31]. In three out of the four M. hyo-
pneumoniae positive pigs, the pathogen load in the TBS 
sample was also rather low.

Serum antibody levels in two-day-old pigs corre-
sponded with the levels of M. hyopneumoniae-specific 
antibodies in serum and colostrum from sows at far-
rowing, confirming the transfer of M. hyopneumoniae-
specific maternal immunity via colostrum [22, 23]. 
Seroconversion was not observed after M. hyopneumo-
niae vaccination at 16 days of age. On the contrary, lev-
els of M. hyopneumoniae-specific antibodies decreased 
over time with all animals becoming seronegative at two 
months of age. The commercial M. hyopneumoniae vac-
cine used in this study is known to cause limited sero-
conversion after single administration, which was also 

observed in previous studies [14, 32, 33]. In an experi-
mental study, vaccinating piglets around weaning, 40% of 
the animals had seroconverted 3 weeks post vaccination, 
while in a field trial only 3 out of 40 pigs seroconverted 7 
weeks after vaccination [14, 32]. However, the presence 
(or absence) of M. hyopneumoniae-specific serum anti-
bodies after vaccination does not correspond with pro-
tection (or a lack thereof ) against infection [14, 25, 34].

To protect the host against facultative intracellular and 
extracellular bacterial pathogens like M. hyopneumo-
niae,  CD4+CD8− T helper cells, mainly Th1 and Th17 
cells, play an important role. Th1 cells produce IFN-γ, 
which activates macrophages to kill the pathogen, while 
Th17 cells produce IL-17A to fortify the mucosal barrier 
[35–38]. Recently, it has been shown that a low percent-
age of M. hyopneumoniae cells can also be found intracel-
lularly, and given the crucial role of  CD4−CD8+ cytotoxic 
T cells in protecting the host against intracellular patho-
gens, these cytotoxic T cells might also be important to 
control M. hyopneumoniae infections [31, 35, 39]. To 
investigate the kinetics of the different T cell subset fre-
quencies and the ability of these T cells to proliferate 
after in  vitro M. hyopneumoniae stimulation, PBMCs 

Figure 6 Average percentage of Mycoplasma hyopneumoniae‑specific cytokine‑producing T cell subsets by maternally derived antibody 
levels. A‑C Circulating M. hyopneumoniae‑specific cytokine‑producing  CD4+CD8+ T cells in pigs on farm A and B; D, E cytokine‑producing 
 CD4+CD8− and  CD4−CD8+ T cells in blood of pigs on farm B (farm A is not shown, as there were no significant cytokine responses in  CD4+CD8− 
and  CD4−CD8+ T cells seen in animals from farm A). Pigs were vaccinated against M. hyopneumoniae at 16 days of age on both farms. On each 
farm in 20 piglets M. hyopneumoniae‑specific maternally derived antibodies (MDA) were present and in 5 piglets MDA were absent (present: S / P 
ratio > 0.40; absent: S / P ratio ≤ 0.40) at two‑days of age.
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were isolated from piglets on both farms. The pattern of 
T cell subset frequency was similar on these two farms. 
According to other studies, the percentage of  CD4+CD8− 
T cells is higher than the percentage of  CD4−CD8+ T 
cells at a younger age. With increasing age, the percent-
age of  CD4+CD8− T cells decreases, while the percentage 
of  CD4−CD8+ T cells increases resulting in a decreas-
ing CD4/CD8 ratio over time [40–42]. Piglets are born 
with almost no  CD4+CD8+ T cells. These cells increase 
with age when pigs have contact with microorganisms, 
as some of these cells have a pathogen-specific memory 
function [5, 22, 42–44]. However, on farm A, the fre-
quency of  CD4+CD8+ T cells remained at the same level 
from two months of age onwards. On farm B, there was 
a gradual increase till four months of age, like expected, 
although the percentage of  CD4+CD8+ T cells decreased 
again afterwards. Comparing T cells subsets with other 
studies remains difficult as the PBMCs in this study were 
not measured directly after blood sampling, but first 
incubated for 20 h before measuring the percentage of T 
cell subpopulations. Mycoplasma hyopneumoniae-spe-
cific proliferation of  CD3+ T cells persisted till the end of 
the fattening period, confirming the presence of M. hyo-
pneumoniae-specific T cells in blood of pigs vaccinated 
at 16 days of age. The presence of M. hyopneumoniae-
specific proliferating T cells might be correlated with 
protection against enzootic pneumonia because previous 
research demonstrated that the ability of PBMCs to pro-
liferate, after in vitro stimulation with the mitogen ConA, 
is correlated with the resistance against diseases in pigs 
[45]. The  CD4−CD8− T cells were the main T cell sub-
set proliferating on both farms followed by  CD4+CD8− T 
cells with the percentages fluctuating over time. In pigs, 
most  CD4−CD8− T cells bear invariant γδ T cell recep-
tors in contrast to antigen-specific αβ T cells [31, 42]. 
Upon infection of pigs with other pathogens like PRRSV, 
γδ T cells were also the main proliferative responders 
post PRRSV viremia [46]. Those T cells also play a role in 
the production of neutralizing antibodies after vaccinat-
ing pigs against classical swine fever [47]. Furthermore, 
in bronchoalveolar lavage fluid from pigs infected with 
Actinobacillus pleuropneumoniae, an increase in  CD8− 
γδ T cells was observed [48]. Further research is neces-
sary to investigate the role of γδ T cells in the control and 
protection against M. hyopneumoniae infections.

In recall assays, different T cell subsets were assessed 
for their production of TNF-α, IFN-γ and IL-17A. At 
two months of age, the percentage of TNF-α-, IFN-
γ- and TNF-α/IFN-γ-producing  CD4+CD8+ T cells 
were significantly decreased compared to the percent-
ages at one month of age. Afterwards, the percent-
ages were variable, they either decreased further or 
remained stable over time. The same pattern was seen 

for IL-17A-producing  CD4+CD8+ T cells, although 
not statistically significant. In gilts vaccinated against 
PRRSV, IFN-γ production by PBMCs was also observed 
till 42 days post primo vaccination, but decreased after-
wards till 147 days post-vaccination [49]. Increased 
numbers of IFN-γ secreting lymphocytes after M. hyo-
pneumoniae vaccination has been demonstrated previ-
ously [9, 10].

Recently, evidence is accumulating that polyfunctional 
T cells, which produce more than one cytokine, have a 
pivotal role for protection and clearance of pathogens. 
For instance, in pigs infected with Chlamydia species, 
polyfunctional  CD4+CD8− T cells are correlated with 
protection [50]. Vaccination of piglets against M. hyo-
pneumoniae also increased the percentages of poly-
functional  CD4+CD8− and  CD4−CD8+ T cells [12]. In 
another study, vaccination of pigs against PCV2 resulted 
in higher levels of TNF-α+/IFN-γ+  CD4+CD8+ T cells at 
24 days post-vaccination, decreasing again towards the 
end of the study at 56 days post-vaccination [51]. In our 
study, we also observed that the presence of cytokine-
producing  CD4+CD8+ T cells decreased over time. This 
study focused on circulating blood lymphocytes, but vac-
cination also induces local M. hyopneumoniae-specific 
cell-mediated immune responses in lungs and bronchial 
lymph nodes [8]. Therefore, future research on M. hyo-
pneumoniae-specific vaccine-induced immunity should 
also focus on local cell-mediated immune responses. Fur-
thermore, to immunize the piglets only one commercial 
M. hyopneumoniae vaccine was used in this study. The 
immune responses can differ between vaccines as they 
are influenced by the formulation of a vaccine (adjuvant 
and antigen) and the administration route [16, 52, 53]. 
For example, carbopol, the adjuvant in the commercial 
M. hyopneumoniae vaccine used, is known to direct the 
immune response towards a Th1 response [54].

On each farm, five piglets were M. hyopneumoniae 
seronegative and in serum of 20 piglets M. hyopneu-
moniae-specific MDA were present. Regardless of their 
MDA status, all pigs were M. hyopneumoniae seron-
egative at two months of age and seroconversion was 
not observed at later time points. Our findings cor-
respond with a previous study in which seven-day-
old piglets with and without MDA were vaccinated 
against M. hyopneumoniae [25]. In both groups, sero-
conversion after vaccination was not observed and all 
pigs were seronegative at 42 days post vaccination. 
On the other hand, others found that M. hyopneumo-
niae vaccination in the presence of MDA resulted in 
higher antibody levels compared to non-vaccinated 
piglets, but the higher the titer of MDA, the lower the 
response [24, 26]. Although an antibody response is not 
always observed after M. hyopneumoniae vaccination, 
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M. hyopneumoniae-specific cell-mediated immune 
responses are induced [26]. No difference was observed 
in proliferation of PBMCs isolated from M. hyopneu-
moniae vaccinated pigs regardless of the levels of MDA 
[26]. In our study, within each farm, no differences 
were observed in cytokine-producing T cells between 
M. hyopneumoniae vaccinated pigs with and without 
MDA at one month of age. Only on farm B, piglets with 
MDA tended to have higher percentages of TNF-α+ 
 CD4+CD8+ T cells at one month of age compared to 
piglets without MDA. The relevance of these findings 
should be further investigated in a study including a 
larger and equal amount of piglets with and without 
M. hyopneumoniae-specific MDA. Then also statistical 
analysis should be performed as this was not done in 
this study due to the low and unequal number of ani-
mals in the group without and with MDA.

In conclusion, the present study showed that, 
although seroconversion after M. hyopneumoniae vac-
cination of piglets was lacking, M. hyopneumoniae-spe-
cific cell-mediated immune responses were detected. 
Polyfunctional cytokine-producing  CD4+CD8+ T cells 
were present till three months of age and proliferating 
T cells were observed till the end of the fattening period 
indicating the presence of a pathogen-specific cell-
mediated immunity in M. hyopneumoniae vaccinated 
pigs. The results form the basis for further research 
assessing the influence of a natural M. hyopneumoniae 
infection on the vaccine-induced immunity under field 
conditions.

Abbreviations
αβT cells   alpha beta T cells
ConA   Concanavalin A
γδT cells   gamma delta T cells
IFN‑γ   interferon gamma
Ig   immunoglobulin
IL‑17A   interleukin 17 A
MDA   maternally derived antibodies
M. hyopneumoniae  Mycoplasma hyopneumoniae
dPCR   digital polymerase chain reaction
PBMCs   peripheral blood mononuclear cells
PCV2   porcine circovirus type 2
PRRSV   porcine reproductive and respiratory syndrome virus
SD   standard deviation
S / P ratio   sample to positive ratio
TBS   tracheobronchial swab
TNF‑α   tumor necrosis factor alpha

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13567‑ 023‑ 01145‑1.

Additional file 1. Gating strategy to assess cytokine production by T cells 
with CytExpert software.

Additional file 2. Gating strategy applied on the T cell proliferation assay 
with CytExpert software.

Acknowledgements
The authors thank the pig farmers and the colleagues from the Unit of Porcine 
Health Management of the Faculty of Veterinary Medicine of Ghent University 
for their help on the sampling moments.

Authors’ contributions
EB, LB performed the animal experimentation, lab work and analyses of the 
data. DM, BD, COGD, FH, FB designed and supervised the overall project. All 
authors read and approved the final manuscript.

Funding
This study was financed by Boehringer Ingelheim but was conducted solely 
by the Unit Porcine Heath Management at the faculty of Veterinary Medicine 
of Ghent University.

Declarations

Ethics approval and consent to participate
The study protocol was approved by the Ethical Committee of the Faculty of 
Veterinary Medicine and the Faculty of Bioscience Engineering, Ghent Univer‑
sity (approval number 2020 / 31).

Competing interests
The authors declare that they have no competing interests.

Received: 29 November 2022   Accepted: 2 February 2023

References
 1. Pieters M, Maes D (2019) Mycoplasmosis. In: Zimmermann JJ, Karriker LA, 

Ramirez A, Schwartz KJ, Stevenson GW, Zhang J (eds) Diseases of swine, 
 11th edn. Wiley, New York

 2. Rycroft A (2020) The general characteristics and classification of porcine 
Mycoplasma species. In: Maes D, Sibila M, Pieters M (eds) Mycoplasmas in 
Swine. Acco, pp 26–46

 3. Maes D, Segalés J, Meyns T, Sibila M, Pieters M, Haesebrouck F (2008) 
Control of Mycoplasma hyopneumoniae infections in pigs. Vet Microbiol 
126:297–309

 4. Garza‑Moreno L, Segalés J, Pieters M, Romagosa A, Sibila M (2018) 
Acclimation strategies in gilts to control Mycoplasma hyopneumoniae 
infection. Vet Microbiol 219:23–29

 5. Saalmüller A, Werner T, Fachinger V (2002) T‑helper cells from naïve to 
committed. Vet Immunol Immunopathol 87:137–145

 6. Ruiz AR, Utrera V, Pijoan C (2003) Effect of Mycoplasma hyopneumoniae 
sow vaccination on piglet colonization at weaning. J Swine Health Prod 
11:131–135

 7. Sibila M, Bernal R, Torrents D, Riera P, Llopart D, Calsamiglia M, Segalés J 
(2008) Effect of sow vaccination against Mycoplasma hyopneumoniae on 
sow and piglet colonization and seroconversion, and pig lung lesions at 
slaughter. Vet Microbiol 127:165–170

 8. Marchioro SB, Maes D, Flahou B, Pasmans F, Del Pozo Sacristán R, Vranckx 
K, Melkebeek V, Cox E, Wuyts N, Haesebrouck F (2013) Local and systemic 
immune responses in pigs intramuscularly injected with an inactivated 
Mycoplasma hyopneumoniae vaccine. Vaccine 31:1305–1311

 9. Martelli P, Saleri R, Cavalli V, De Angelis E, Ferrari L, Benetti M, Ferrarini G, 
Merialdi G, Borghetti P (2014) Systemic and local immune response in 
pigs intradermally and intramuscularly injected with inactivated Myco-
plasma hyopneumoniae vaccines. Vet Microbiol 168:357–364

 10. Thacker EL, Thacker BJ, Kuhn M, Hawkins PA, Waters WR (2000) Evaluation 
of local and systemic immune responses induced by intramuscular 
injection of Mycoplasma hyopneumoniae bacterin to pigs. Am J Vet Res 
61:1384–1389

 11. Seo HW, Han K, Oh Y, Park C, Choo EJ, Kim SH, Lee BH, Chae C (2013) 
Comparison of cell‑mediated immunity induced by three commercial 
single‑dose Mycoplasma hyopneumoniae bacterins in pigs. J Vet Med Sci 
75:245–247

https://doi.org/10.1186/s13567-023-01145-1
https://doi.org/10.1186/s13567-023-01145-1


Page 13 of 14Biebaut et al. Veterinary Research           (2023) 54:16  

 12. Matthijs AMF, Auray G, Jakob V, Garcia‑Nicolas O, Braun RO, Keller I, 
Bruggman R, Devriendt B, Boyen F, Guzman CA, Michiels A, Haesebrouck 
F, Collin N, Barnier‑Quer C, Maes D, Summerfield A (2019) Systems immu‑
nology characterization of novel vaccine formulations for Mycoplasma 
hyopneumoniae bacterins. Front Immunol 10:1087

 13. Villarreal I, Meyns T, Dewulf J, Vranckx K, Calus D, Pasmans F, Haeseb‑
rouck F, Maes D (2011) The effect of vaccination on the transmission 
of Mycoplasma hyopneumoniae in pigs under field condition. Vet J 
188:48–52

 14. Arsenakis I, Panzavolta L, Michiels A, Del Pozo Sacristán R, Boyen F, 
Haesebrouck F, Maes D (2016) Efficacy of Mycoplasma hyopneumoniae 
vaccination before and at weaning against experimental challenge 
infection in pigs. BMC Vet Res 12:63

 15. Park C, Jeong J, Choi K, Chae C (2016) Efficacy of a new bivalent vac‑
cine for porcine circovirus type 2 and Mycoplasma hyopneumoniae 
(Fostera™ PCV MH) under experimental conditions. Vaccine 34:270–275

 16. Matthijs AMF, Auray G, Boyen F, Schoos A, Michiels A, García‑Nicolás O, 
Barut GT, Barnier‑Quer C, Jakob V, Collin N, Devriendt B, Summerfield A, 
Haesebrouck F, Maes D (2019) Efficacy of three innovative bacterin vac‑
cines against experimental infection with Mycoplasma hyopneumoniae. 
Vet Res 50:91

 17. Reynolds SC, St Aubin LB, Sabbadini LG, Kula J, Vogelaar J, Runnels P, 
Peters AR (2009) Reduced lung lesions in pigs challenged 25 weeks 
after the administration of a single dose of Mycoplasma hyopneumo-
niae vaccine at approximately 1 week of age. Vet J 181:312–320

 18. Wilson S, Van Brussel L, Saunders G, Taylor L, Zimmermann L, Heinritzi 
K, Ritzmann M, Banholzer E, Eddicks M (2012) Vaccination of piglets at 
1 week of age with an inactivated Mycoplasma hyopneumoniae vaccine 
reduces lung lesions and improvers average daily gain in body weight. 
Vaccine 30:7625–7629

 19. Del Pozo Sacristán R, Sierens A, Marchioro SB, Vangroenweghe F, 
Jourquin J, Labarque, Haesebrouck F, Maes D (2014) Efficacy of early 
Mycoplasma hyopneumoniae vaccination against mixed respiratory 
disease in older fattening pigs. Vet Rec 174:197

 20. Cvjetkovíc V, Sipos S, Szabó I, Sipos W (2018) Clinical efficacy of two 
vaccination strategies against Mycoplasma hyopneumoniae in a pig 
herd suffering from respiratory disease. Porc Health Manag 4:19

 21. Garza‑Moreno L, Segalés J, Pieters M, Romagosa A, Sibila M (2017) 
Survey on Mycoplasma hyopneumoniae gilt acclimation practices in 
Europe. Porc Health Manag 3:21

 22. Biebaut E, Beuckelaere L, Boyen F, Haesebrouck F, Gomez‑Duran CO, 
Devriendt B, Maes D (2021) Transfer of Mycoplasma hyopneumoniae‑
specific cell mediated immunity to neonatal piglets. Vet Res 52:96

 23. Bandrick M, Ariza‑Nieto C, Baidoo SK, Molitor TW (2014) Colostral anti‑
body‑mediated and cell‑mediated immunity contributes to innate and 
antigen‑specific immunity in piglets. Dev Comp Immunol 43:114–120

 24. Hodgins DC, Shewen PE, Dewey CE (2004) Influence of age and maternal 
antibodies on antibody response of neonatal piglets vaccinated against 
Mycoplasma hyopneumoniae. J Swine Health Prod 12:10–16

 25. Martelli P, Terreni M, Guazzetti S, Cavirani S (2006) Antibody response to 
Mycoplasma hyopneumoniae infection in vaccinated pigs with or without 
maternal antibodies induced by sow vaccination. J Vet Med 53:229–233

 26. Bandrick M, Theis K, Molitor TW (2014) Maternal immunity enhances 
Mycoplasma hyopneumoniae vaccination induced cell‑mediated immune 
responses in piglets. BMC Vet Res 10:124

 27. Beuckelaere L, Haspeslagh M, Biebaut E, Boyen F, Haesebrouck F, Krejci 
R, Meyer E, Gleerup D, De Spiegelaere W, Devriendt B, Maes D (2022) 
Different local, innate and adaptive immune responses are induced by 
two commercial Mycoplasma hyopneumoniae bacterins and an adjuvant 
alone. Front Immunol 13:1015525

 28. Gerner W, Mair KH, Schmidt S (2022) Local and systemic T cell immu‑
nity in fighting pig viral and bacterial infections. Annu Rev Anim Biosci 
10:349–372

 29. Calsamiglia M, Pijoan C, Bosch GJ (1999) Profiling Mycoplasma hyopneu-
moniae in farms using serology and a nested PCR technique. J Swine 
Health Prod 7:263–268

 30. Pieters M, Daniels J, Rovira A (2017) Comparison of sample types and 
diagnostic methods for in vivo detection of Mycoplasma hyopneumoniae 
during early stages of infection. Vet Microbiol 203:103–109

 31. Tizard IR (2018) Veterinary immunology,  10th edn. Elsevier, St. Louis, 
Missouri

 32. Arsenakis I, Michiels A, Del Pozo Sacristán R, Boyen F, Haesebrouck F, Maes 
D (2017) Mycoplasma hyopneumoniae vaccination at or shortly before 
weaning under field conditions: a randomised efficacy trial. Vet Rec 
181:19

 33. Betlach AM, Fano E, Vanderwaal K, Pieters M (2021) Effect of multiple 
vaccinations on transmission and degree of Mycoplasma hyopneumoniae 
infection in gilts. Vaccine 39:767–774

 34. Martínez‑Boixaderas N, Garza‑Moreno L, Sibila M, Segalés J (2022) Impact 
of maternally derived immunity on immune responses elicited by piglets 
early vaccination against the most common pathogens involved in 
porcine respiratory disease complex. Porc Health Manag 8:11

 35. Schroder K, Hertzog PJ, Ravasi T, Hume DA (2004) Interferon‑γ: an over‑
view of signals, mechanisms and functions. J Leukoc Biol 75:163–189

 36. Dobbs NA, Odeh AN, Sun X, Simecka JW (2009) The multifaceted role of T 
cell‑mediated immunity in pathogenesis and resistance to Mycoplasma 
respiratory disease. Curr Trends Immunol 10:1–19

 37. Ge Y, Huang M, Yao Y (2020) Biology of interleukin‑17 and its pathophysi‑
ological significance in sepsis. Front Immunol 11:1558

 38. Summerfield A (2020) Immune responses against porcine Mycoplasma 
infections. In: Maes D, Sibila M, Pieters M (eds) Mycoplasmas in Swine. 
Acco, pp 110–125

 39. Raymond BBA, Turnbull L, Jenkins C, Madhkoor R, Schleicher I, Uphoff CC, 
Whitchurch CB, Rohde M, Djordjevic SP (2018) Mycoplasma hyopneumo-
niae resides intracellular within porcine epithelial cells. Sci Rep 8:17697

 40. Borghetti P, De Angelis E, Saleri R, Cavalli V, Cacchioli A, Corradi A, 
Mocchegiani E, Martelli P (2006) Peripheral T lymphocytes changes in 
neonatal piglets: relationship with growth hormone (GH), prolactin (PRL) 
and cortisol changes. Vet Immunol Immunopathol 110:17–25

 41. Brown DC, Maxwell CV, Erf GF, Davis ME, Singh S, Johnson ZB (2006) 
Ontogeny of T lymphocytes and intestinal morphological characteristics 
in neonatal pigs at different ages in the postnatal period. J Anim Sci 
84:567–578

 42. Stepanova H, Samankova P, Leva L, Sinkora J, Faldyna M (2007) Early post‑
natal development of the immune system in piglets: the redistribution of 
T lymphocyte subsets. Cell Immunol 249:73–79

 43. Hernández J, Garfias Y, Nieto A, Mercado C, Montaño LF, Zenteno E (2001) 
Comparative evaluation of the CD4 + CD8 + and CD4 + CD8‑ lym‑
phocytes in the immune response to porcine rubulavirus. Vet Immunol 
Immunopathol 79:249–259

 44. Blanc F, Prévost‑Blondel A, Piton G, Bouguyon E, Leplat J, Adréoletti F, 
Egidy G, Bourneuf E, Bertho N, Vincent‑Naulleau S (2020) The composi‑
tion of circulating leukocytes varies with age and melanoma onset in the 
MeLiM pig biomedical model. Front Immunol 11:291

 45. Jeon RL, Gilbert C, Cheng J, Putz AM, Dyck MK, Plastow GS, Fortin F, 
Canada P, Dekkers JC, Harding JCS (2021) Proliferation of peripheral blood 
mononuclear cells from healthy piglets after mitogen stimulation as 
indicators of disease resilience. J Anim Sci 99:skab084

 46. Kick AR, Amaral AF, Cortes LM, Fogle JE, Crisci E, Almond GW, Käser T 
(2019) The T‑cell response to type 2 porcine reproductive and respiratory 
syndrome virus (PRRSV). Viruses 11:796

 47. Petersen B, Kammerer R, Frenzel A, Hassel P, Dau TH, Becker R, Breithaupt 
A, Ulrich RG, Lucas‑Hahn A, Meyers G (2021) Generation and first charac‑
terization of TRDC‑knockout pigs lacking γδT cells. Sci Rep 11:14965

 48. Faldyna M, Nechvatalova K, Sinkora J, Knotigova P, Leva L, Krejci J, Toman 
M (2005) Experimental Actinobacillus pleuropneumoniae infection in pig‑
lets with different types and levels of specific protection: immunophe‑
notypic analysis of lymphocyte subsets in the circulation and respiratory 
mucosal lymphoid tissue. Vet Immunol Immunopathol 107:143–152

 49. Sánchez‑Matamoros A, Camprodon A, Maldonado J, Pedrazuela R, 
Miranda J (2019) Safety and long—lasting immunity of the combined 
administration of a modified—live virus vaccine against porcine reproduc-
tive and respiratory syndrome virus 1 and an inactivated vaccine against 
porcine parvovirus and Erysipelothrix rhusiopathiae in breeding gilts. Porc 
Health Manag 5:11

 50. Käser T, Pasternak JA, Delgado‑Ortega M, Hamonic G, Lai K, Erickson 
J, Walker S, Dillon JR, Gerdts V, Mearens F (2017) Chlamydia suis and 
Chlamydia trachomatis induce multifunctional CD4 T cells in pigs. Vaccine 
35:91–100



Page 14 of 14Biebaut et al. Veterinary Research           (2023) 54:16 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 51. Koinig HC, Talker SC, Stadler M, Ladinig A, Graage R, Ritzmann M, Hennig‑
Pauka I, Gerner W, Saalmüller A (2015) PCV2 vaccination induces IFN‑γ/
TNF‑α co‑producing T cells with a potential role in protection. Vet Res 
46:20

 52. Xiong Q, Wei Y, Xie H, Feng Z, Gan Y, Wang C, Liu M, Bai F, Xie F, Shao G 
(2014) Effect of different adjuvant formulations on the immunogenicity 
and protective effect of a live Mycoplasma hyopneumoniae vaccine after 
intramuscular inoculation. Vaccine 32:3445–3451

 53. Maes D, Boyen F, Devriendt B, Kuhnert P, Summerfield A, Haesebrouck 
F (2021) Perspectives for improvement of Mycoplasma hyopneumoniae 
vaccines in pigs. Vet Res 52:67

 54. Gartlan KH, Krashias G, Wegmann F, Hillson WR, Scherer EM, Greenberg 
PD, Eisenbarth SC, Moghaddam AE, Sattentau QJ (2016) Sterile inflam‑
mation induced by Carbopol elicits robust adaptive immune responses 
in the absence of pathogen‑associated molecular patterns. Vaccine 
34:2188–2196

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Long-term follow-up of Mycoplasma hyopneumoniae-specific immunity in vaccinated pigs
	Abstract 
	Introduction
	Materials and methods
	Herd description and animal selection
	Study design and sampling
	Digital PCR for M. hyopneumoniae DNA detection
	Mycoplasma hyopneumoniae-  specific antibodies
	T cell cytokine production
	T cell proliferation assay
	Data analyses

	Results
	Presence of natural infection with M. hyopneumoniae on the farms
	Persistence of M. hyopneumoniae-specific antibodies in pigs
	Kinetics of T cell subset frequencies in pigs
	Proliferation of T cells
	T cell cytokine production


	Discussion
	Acknowledgements
	References


