








Martins C, et al.

J Investig Allergol Clin Immunol 2017; Vol. 27(1): 46-57 © 2017 Esmon Publicidad
doi: 10.18176/jiaci.0086

Briefly, the initial surface staining step included incubation 
with anti-CD3-FITC (clone SK7, BDBiosciences), anti-CD8 
APC (clone SK1, Biolegend), and anti-CD19 PerCP Cy5.5 
(clone HIB19, Biolegend). After fixing and permeabilizing, 
the cells were marked with anti-IL10 PE (clone JES3-19F1, 
Biolegend). A minimum of 2000 B cells (CD19+) or 10 000 T 
cells (CD3+) were acquired.

Multicolor Flow Cytometry and Data Analysis

Flow cytometry was performed in a 4-color BD 
FACSCalibur (BD Biosciences) equipped with a 488-nm blue 
laser and a 647-nm red laser. Equipment setup, calibration, 
and quality control protocols were performed to ensure trough 
time stability in measurements. Figure 1 presents the gating 
strategy for Treg assessment and Foxp3 expression (assessed 
as geometric mean values of mean fluorescence intensity [MFI] 

units). To reduce the impact of day-to-day variations, the ratio 
between the MFI of Foxp3 in CD4DimCD25Hi Tregs and in CD4- 
lymphocytes was calculated. The gating strategies for Breg 
subsets and IL-10 secretion are presented in Figures 2 and 3.  

All evaluations were performed directly in whole blood.

Statistical Analysis

Categorical variables were expressed as absolute 
frequencies and percentages and analyzed using the Fisher 
exact or χ2 test. Normality of distribution was assessed using 
the D'Agostino and Pearson test. Normally distributed data 
are presented as mean (SD) and nonnormally distributed data 
as median (IQR). Multiple group evaluations were performed 
using 1-way analysis of variance or the Kruskal-Wallis test, 
followed by Tukey’s and Dunn’s multiple comparison tests, 
respectively. Data for paired groups were analyzed with the 

Figure 2. Gating strategies for the identification of distinct regulatory B-cell subsets. B cells were identified as the CD19+ population within the lymphocyte 
gate, as displayed in dot plots A and B. C and D dot plots show the identification of regulatory B-cell subsets according to their expression of CD24, 
CD27, and CD38 (CD24HiCD27+ Bregs and CD24HiCD38Hi Bregs).
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paired t test or Wilcoxon test. The unpaired t test or Mann–
Whitney test were used to compare each 2 independent groups.

Statistical significance was defined as a P value of less 
than .05. All data were analyzed using GraphPad Prism software, 
version 6.01 for Windows (GraphPad Software, http://www.
graphpad.com). Tukey box-and-whiskers graphs, also obtained 
with GraphPad Prism, were used to present results.

Results

Demographic and Anthropometric Data

The demographic and anthropometric results for the 
4 groups of women (AP, n=24; ANP, n=32; HP, n=43; and HNP, 

n=35) are summarized in Table 1. On comparing the groups, 
the only statistically significant difference was observed for 
body mass index (BMI). The Kruskal-Wallis test showed a 
P value, and subsequent Dunn's multiple comparisons also 
detected significantly higher BMI values in pregnant women 
(P<.001 for HP vs HNP and P=.001 for AP vs ANP). The AP 
and HP women were comparable in terms of parity. 

Asthma and/or rhinitis complications are also summarized 
in Table 1. Four women (16.7%) reported asthma exacerbations 
during the third trimester of pregnancy, while 2 (8.3%) reported 
rhinitis (nasal symptoms). Postpartum, 1 woman (4.2%) 
reported an asthma exacerbation and 2 (8.3%) reported rhinitis 
(nasal symptoms). None of these complications required 
hospitalization or treatment at an emergency department. 
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Figure 3. Gating strategies for the identification of IL-10 secretion in T and B cells. A-B, T cells were identified according to their positive expression of 
CD3 as shown in the CD3/SSC (side scatter) dot plot, and were further gated in CD8- T cells (CD4) and CD8+ T cells (CD8), according to expression of 
CD8. C-D, CD19+ B cells (gated as shown in Figure 2)  and CD4+ and CD8+ T cells (gated as shown in Figure 3 – A and B) were analyzed for expression 
of IL-10 after stimulation with PMA+Ionomycin and lipopolysaccharide. Unstimulated samples (C) were used to assess the cutoff for the expression of 
IL-10 after stimulation in B cells and CD3+, CD4+, and CD8+ T cells (D).
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Figure 4. Immune parameters in healthy nonpregnant (HNP), healthy pregnant (HP), asthmatic nonpregnant (ANP), and asthmatic pregnant (AP) women. 
A, Representative Tukey box-and-whisker plots of CD4+CD25HiFoxp3+ regulatory T-cell (Treg) subset frequencies and Foxp3 expression within CD4DimCD25Hi 
Tregs in HNP, HP, ANP, and AP, including postpartum evaluation of pregnant women. B, Representative Tukey box-and-whisker plots of circulating regulatory 
B-cell (Breg) subset frequencies in HNP, HP, ANP, and AP women, including postpartum (PP) evaluation of pregnant women. C, Representative Tukey box-and-
whiskers of IL-10 secreting T and B cells in HNP, HP, ANP and AP, including the PP evaluation of pregnant women. All comparisons were performed with the 
Mann-Whitney U test, except paired groups comparisons (AP vs AP PP; and HP vs HP PP), which were performed with the Wilcoxon test.
Central line: median; box: interquartile range; whiskers, range; dots, outliers. *P<.05; **P<.001.
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Although all the asthmatic women took asthma medication 
during pregnancy, just 13 (54.2%) continued to do so (ICS 
therapy and/or LABA and antileukotrienes) in the postpartum 
period. The postpartum measurements were performed a 
median of 44 (8) days after delivery.

Increase in CD4+CD25HiFoxp3+ Tregs in ANP Women 
and in AP Women Postpartum 

CD4+CD25HiFoxp3+ Treg frequencies were significantly 
increased in ANP women compared with HNP women 
(P=.002) (Figure 4A).

No differences were observed between third-trimester and 
postpartum results in either AP or HP women. On comparing 
Treg levels for the third trimester between pregnant and 
nonpregnant women, no significant differences were found 
between AP and ANP women or between HP and HNP 
women. Nevertheless, in the postpartum period, Tregs were 
significantly increased in both AP and HP women compared 
with HNP women (AP vs HNP, P=.041; HP vs HNP, P=.005). 
These results would seem to point towards an increase in Tregs 
after pregnancy.

Foxp3 Expression Is Increased in Asthmatic Women, 
but Varies From Pregnancy to Postpartum 

We also studied Foxp3 expression in CD4DimCD25Hi Tregs 
(Figure 4A), and found that it was significantly increased 
(P<.001) in ANP compared with HNP women. 

During pregnancy, and at least until delivery (data not 
shown), decreased Foxp3 expression in CD4DimCD25Hi Tregs 
was observed in both AP and HP women. The decrease was 
more pronounced in the HP group, where expression levels 
were significantly lower (P=.007) than those observed in the AP 
group. Both groups of women had significantly downregulated 
Foxp3 expression in the third trimester of pregnancy compared 
with both HNP and ANP women (P<.001 in both cases). Foxp3 
expression levels increased significantly (P<.001) in AP and 
HP women postpartum compared with values observed in the 

third trimester of pregnancy. Postpartum, both the asthmatic 
and healthy women achieved expression levels similar to those 
observed in their nonpregnant counterparts.  

CD24HiCD38Hi Regulatory B cells Are Increased 
Postpartum in AP and HP Women

As shown in Table 2, CD24HiCD27+ Breg levels were 
similar in all groups of women studied at both time points. 
Thus, no differences were observed between pregnancy and 
postpartum levels in either AP or HP women (Figure 4B). 
CD24HiCD38Hi Bregs, a transitional subset of B cells, displayed 
mostly pregnancy-associated changes. Comparable levels 
were observed in ANP and HNP women. No differences were 
observed between AP and HP women at either of the time 
points analyzed. During pregnancy, CD24HiCD38Hi Breg levels 
displayed similar fluctuations to those observed for Foxp3 
levels. Reduced proportions of circulating CD24HiCD38Hi 
Bregs were observed during pregnancy in AP and HP women 
compared with nonpregnant controls (P≤.004). In both groups 
of pregnant women, CD24HiCD38Hi Breg frequencies were 
significantly increased postpartum compared with third-
trimester levels (P<.001) but also compared with levels in 
ANP and HNP women (P≤.003). 

In the third trimester, a positive correlation was found 
between CD24HiCD38Hi Bregs and Foxp3 expression in HP 
women (P=.002, r=0.457; Spearman correlation test), but the 
significance was lost postpartum.

In nonpregnant women, percentages of IL-10-secreting 
T cells (CD3, CD4, and CD8) were higher in asthmatics 
than in healthy controls (P=.024 for CD3; P=.034 for CD4; 
P=.009 for CD8). In the third trimester, however, AP women 
had significantly increased percentages of IL-10-secreting B 
cells, but not T cells, compared with both HP (P=.022) and 
HNP (P=.008) women. Postpartum, IL-10-secreting T cells 
(CD3 and CD8) were again increased in AP compared with 
HNP women (P=.046 for CD3 and P=.016 for CD8); a similar 
result was observed for IL-10-secreting B cells (P=.031). 

Table 2. Percentages and Absolute Counts of T- and B-Cell Subsets in Pregnant and Nonpregnant Women With and Without Asthmaa  

Cell Subsets AP Women AP Women PP ANP Women HP Women HP Women PP HNP Women 
  (n=24) (n=24) (n=32) (n=43) (n=43) (n=35)

Regulatory T cells       
 CD4+ CD25Hi Foxp3+, %) 6.14 (1.54) 5.90 (2.43) 6.88 (2.17) 6.07 (3.44) 6.63 (2.85) 5.48 (1.69) 
 CD4+ CD25Hi Foxp3+, cells/µL 52 (22) 65 (29) 83 (33) 50 (25) 71 (39) 56 (31) 
 Foxp3 expression in CD4DimCD25Hi    1.64 (1.26) 1.94 (0.46) 2.09 (0.43) 1.49 (0.19) 1.93 (0,30) 1.80 (0.25)
Regulatory B cells       
 CD24HiCD27+, % 25.47 (16.75) 27.26 (20.46) 31.77 (13.37) 26.92 (15.02) 25.76 (14.30) 27.46 (49.80) 
 CD24HiCD27+, cells/µL 45 (47) 59 (45) 102 (97) 44 (41) 57 (47) 54 (40) 
 CD24HiCD38Hi, % 1.87 (2.97) 7.13 (8.84) 3.84 (2.74) 1.42 (1.38) 5.62 (5.58) 3.63 (2.48) 
 CD24HiCD38Hi, cells/µL 3 (4) 14 (25) 12 (7) 2 (2) 11 (14) 8 (8)
IL-10 secreting cells       
 IL10+ CD3+ T cells, % 0.83 (0.69) 0.91 (0.70) 0.94 (0.46) 0.77 (0.47) 0.83 (0.50) 0.72 (0.57) 
 IL10+ CD3+ CD4+ (CD8-) T cells, % 1.00 (0.76) 1.03 (0.78) 1.04 (0.71) 0.92 (0.54) 0.95 (0.53) 0.84 (0.54) 
 IL10+ CD3+ CD8+ T cells, % 0.66 (0.69) 0.65 (0.86) 0.73 (0.51) 0.49 (0.55) 0.59 (0.47) 0.40 (0.59) 
 IL10+ CD19+ B cells, % 1.26 (0.67) 1.24 (0.83) 1.04 (0.73) 1.00 (0.90) 1.17 (0.91) 0.92 (0.70)

Abbreviations: ANP, asthmatic nonpregnant; AP, asthmatic pregnant; HNP, healthy nonpregnant; HP, healthy pregnant; PP, postpartum. 
aAll results are presented as median (IQR).
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Interestingly, during the postpartum period, HP women had 
higher percentages of IL-10-secreting B cells than their 
nonpregnant counterparts (P=.019), suggesting that IL-10 
production by B cells is impaired during healthy pregnancies. 
On analyzing levels in the pregnancy groups, no significant 
changes were observed from pregnancy to postpartum in 
asthmatic women, but a significant increase in IL-10-secreting 
B cells was detected in healthy women in the postpartum period 
(P=.037), as shown in Figure 4C.

Discussion

Regulatory cells have an important role in immune 
tolerance and inflammation. To our knowledge this is the 
first study to report variations in regulatory T- and B-cell 
subsets and to describe IL-10 secretion profiles in women 
with asthma between the third trimester of pregnancy and 
postpartum. While Treg populations do not appear to vary 
significantly through this period, CD24HiCD38Hi Bregs were 
found to be decreased in the third trimester of pregnancy 
and to be considerably increased in the postpartum period in 
both asthmatic and healthy women. Moreover, the reduction 
observed in Foxp3 expression in Tregs in late pregnancy 
(and at least until delivery) was no longer evident 6 weeks 
after delivery. Women with asthma were also found to have 
more IL-10-producing T cells than HNP women. In the third 
trimester of pregnancy, atopic women had higher levels of 
IL-10-secreting B cells than their healthy counterparts, but no 
significant differences were observed postpartum. 

Tregs are involved in several human diseases. During 
pregnancy, their numbers increase in the early stages and 
decline from mid-gestation onwards [5]. Our observation of 
similar Treg frequencies in women during the third trimester 
of pregnancy and nonpregnant controls supports previous 
reports [5,22]. Wegienka et al [23] reported a progressive 
increase in Treg percentages from the prenatal period up to 12 
months postpartum in both atopic and nonatopic patients, as 
we observed in our patients.  Although we used different time 
points to Wegienka et al, we also found that both AP and HP 
women had higher percentages of Tregs 6 weeks after delivery 
than healthy nonpregnant controls. Differences between studies 
could be due to variations in cell identification strategies, 
gestational periods analyzed, or use of animal models.

Our results show that pregnant and nonpregnant women 
with controlled asthma have higher Treg percentages than HNP 
women and that these frequencies are maintained postpartum. 
Increased Treg frequencies have been reported for children with 
asthma under ICS treatment compared with nonasthmatic age-
matched controls [24]. Nevertheless, Bohacs et al [15] reported 
a comparable prevalence of Tregs in healthy nonpregnant and 
asthmatic pregnant and nonpregnant women, although values 
were higher in asthmatics. Similar Treg values were seen for 
asthmatic patients taking ICSs, regardless of frequency of 
use. We also observed comparable Treg frequencies in treated 
and untreated AP women in the postpartum period (data not 
shown). Considering that all AP women had been taking ICS 
during pregnancy, the similar postpartum values observed in 
treated and untreated women suggest that ICS may continue 

to have an impact on the frequency of circulating Tregs even 
after treatment is stopped. ICS treatment also upregulates 
Foxp3 expression. Karagiannidis et al [25] reported that 
Foxp3 expression was significantly increased in ICS-treated 
asthmatic patients compared with healthy controls. By contrast, 
Provoost et al [26] only reported increased expression in 
ICS-treated asthmatics compared with untreated asthmatics 
but not healthy controls. Methodological differences could 
explain these opposing results, but our data seem to support the 
findings of Karagianiddis et al. In our study, ANP women had 
higher Foxp3 expression levels than HNP women, but during 
pregnancy, higher expression levels were also observed in AP 
women compared with HP women. Yet, Foxp3 levels were 
considerably decreased in atopic and healthy women during 
pregnancy. Progesterone receptors were recently identified in 
Tregs [27], supporting the immunomodulatory potential of 
pregnancy hormones. Without compromising the regulatory 
potential of Tregs during pregnancy, and even promoting 
their proliferation [28] and proportions [29], progesterone 
and 17β-estradiol are thought to reduce Foxp3 expression in 
Tregs in second-trimester pregnant women [30]. Our detection 
of a decrease in Foxp3 expression during the third trimester 
of gestation supports and complements these findings. In 
addition, we observed this pregnancy-derived decrease in 
Foxp3 expression in ICS-treated atopic women, although levels 
were higher than those observed in their healthy counterparts. 
Considering that Foxp3 expression can be induced in activated 
T cells and that our study did not assess the functional status 
of Tregs, we can only speculate that Treg function is normal 
in AP women. This speculation, however, is supported by the 
protective role described for Tregs in terms of the suppression 
of asthma manifestations [31] and the fact that the AP women 
had controlled asthma at the time of recruitment. Nevertheless, 
further studies are needed to complete and confirm our 
observations.

Foxp3 expression levels normalized in both atopic and 
healthy women postpartum; they returned to levels found in 
nonpregnant controls, reinforcing the theory that pregnancy 
modulates Foxp3 expression. 

One of the novel aspects of our study is the evaluation 
of Breg levels in asthmatic pregnant women. Although the 
regulatory capacities of B cells were recently reported [32], 
there is a lack of consensus on their phenotype [33]. IL-10-
mediated regulatory functions have been proposed for both 
CD24HiCD27+ and CD24HiCD38Hi B cell subsets [10,34]. 
Decreased frequencies of CD24HiCD27+ Bregs have been 
observed in patients with asthma and/or allergic rhinitis [10,35], 
although increased CD24HiCD38Hi Breg frequencies have been 
observed in asthmatic patients not taking medication [10]. 
In our study, there were no differences in Breg subsets on 
comparing asthmatic and nonasthmatic patients, but our 
patients were all taking medication at recruitment. Similarly 
to reports for Tregs [24], our data suggest that the beneficial 
effects of treatments such as ICS in atopic diseases may include 
the normalization of Breg frequencies. 

CD24HiCD38Hi Bregs are modulated by pregnancy. 
Pregnancy is associated with B cell lymphopenia and B cell 
lymphopoiesis arrest [13], probably leading to a decrease in 
circulating transitional B-cell subsets, such as CD24HiCD38Hi 
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Bregs. In our series, the reduction in CD24HiCD38Hi Breg 
frequencies observed during pregnancy was considerably 
overturned postpartum, with levels surpassing those observed 
in nonpregnant controls, supporting the recovery of the 
maternal immune system after gestation. In mice, transitional 
B cells express high levels of prolactin receptors, and 
hyperprolactinemia has been shown to increase transitional 
but not mature B cells [36]. A prolactin-mediated response 
may thus explain the accumulation of transitional B cells in 
the postpartum period, when hormone levels are up to 30 times 
higher than before pregnancy [37].  

Promotion of Treg differentiation is believed to be one 
of the mechanisms underlying CD24HiCD38Hi Breg function 
in healthy individuals [34]. Thus, the increase observed 
in CD4+CD25HiFoxp3+ Treg frequencies in HP and AP 
postpartum, which has been previously reported [23], may 
be mediated by CD24HiCD38Hi Bregs. Recent experimental 
data also concluded that CD24HiCD38Hi Bregs promote 
Foxp3 expression in cocultured CD4+ T cells [34]. In our 
study, Foxp3 expression and CD24HiCD38Hi Bregs displayed 
similar changes from pregnancy to postpartum, and there was 
a positive correlation between these parameters in HP women, 
reinforcing the idea that Bregs modulate Tregs. 

The profile of CD24HiCD38Hi Bregs and Foxp3 expression 
is comparable in asthmatic and nonasthmatic women, 
supporting the existence of a pregnancy-derived pattern, 
regardless of the presence of asthma or rhinitis or treatment. 

Studies that have analyzed IL-10 production by peripheral 
blood mononuclear cells (PBMCs) during pregnancy have 
described similar levels before pregnancy and during late 
pregnancy [38]. In line with these reports, our data showed 
that IL-10-secreting T and B cells in healthy women during the 
third trimester of gestation were similar to those observed in 
nonpregnant counterparts. However, in the postpartum period, 
HP women had increased frequencies of IL-10+ B cells after 
lipopolysaccharide stimulation. One possible explanation is 
the postpartum increase in circulating CD24HiCD38Hi Bregs 
(the subset in which IL-10 secretion is mainly described in 
B cells) [32,34]. Other studies have analyzed the production 
of IL-10 in asthmatic and allergic women through total PBMC 
secretion and serum levels [39,40]. Although no differences 
in PBMC production were detected between asthmatic and 
nonasthmatic women [39], IL-10 serum levels were found 
to be increased in allergic mothers (at delivery) and their 
children [40]. To our knowledge, our study is the first to 
report distinct profiles of IL-10-secreting T and B cells in 
pregnant and nonpregnant asthmatic women. The ANP group 
had increased frequencies of IL-10-secreting T cells, but 
during pregnancy asthmatic women had higher percentages 
of IL-10-secreting B cells than healthy women. Nonetheless, 
it should be noted that Tregs, together with other subsets of T 
cells, such as TH2 cells, can secrete IL-10 [4]. TH2 cells, which 
are associated with both pregnancy and allergic diseases, may 
be responsible for the similar levels observed in AP, ANP, 
and HP women. However, the IL-10-secreting capacity of 
B cells in AP women during pregnancy was  distinct to that 
observed in both HP and HNP women, with similar (vs HP) 
or even lower (vs HNP) frequencies of CD24HiCD38Hi Bregs 
observed. Supporting observations in ANP women, during the 

postpartum period, AP women also had higher frequencies of 
IL-10-secreting B and T cells than HNP women.

At the postpartum follow-up, we discovered that several 
of the women had stopped taking their asthmatic or allergic 
rhinitis treatment. Considering the distinguishing features 
of immune profiles in the postpartum period, we compared 
women who had stopped treatment with those who had 
continued to use it, and found that the parameters studied 
were similar in both subgroups, indicating thus that they are 
independent of treatment.

Ideally, we should have monitored AP women before 
pregnancy and at more points during pregnancy, but this would 
have been complicated from both a financial and practical 
perspective. Nevertheless, our results confirm that important 
immune events occur during the third trimester of pregnancy 
and that the situation normalizes postpartum.

In conclusion, pregnant women with controlled asthma 
have a similar profile to their healthy counterparts, although 
they do have a few distinctive features, mainly related 
to Foxp3 expression. The changes observed postpartum 
reinforce the idea of a pregnancy-dependent, probably 
hormone-driven, effect. More studies will clarify if 
the parameters we have analyzed can be used to assess 
complications during pregnancy in women with asthma and 
investigate possible influences on the immune profile of the 
offspring of asthmatic women. 
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