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Abstract

Regulation of human immune cell cytokine production in vivo is not well understood due in part to 

limitations on imposing experimental conditions. We proposed that life-imposed conditions 

(pregnancy, birth, age, gender), combined with large sample size, repeat sampling, and family-

based recruitment would serve to reveal peripheral blood cell-derived cytokine patterns reflective 

of in vivo regulation regarding Th1/Th2 balance and familial correlation. Mononuclear cells were 

obtained from 483 trios in the Tucson Infant Immune Study: from mothers pre- and postpartum, 

infants at birth and at 3 mo, and fathers. Con A/PMA-stimulated supernatants were assayed by 

ELISA for IFN-γ, IL-4, IL-13, IL-5, and IL-10 and allergen-stimulated supernatants for IFN-γ, 

IL-4, and IL-13. Mitogen-stimulated prepartum samples were not globally Th2 biased, differing 

from postpartum only by a modestly reduced IFN-γ:IL-5 ratio. Prepartum samples actually 

produced less IL-10 and IL-13 although more IL-5 than paternal samples. Newborns were also not 

globally Th2 biased, with mitogen stimulation producing ~10-fold less IL-4, IL-5, and IFN-γ than 

adults but only 2- to 3-fold less IL-13 and IL-10. Despite these group differences, all cytokines 

showed marked positive intraindividual correlations (all p < 0.001). Allergen stimulation gave 

results consistent with a lack of global Th2 bias. Mitogen stimulation revealed parent-child and 

parent-parent correlations. Thus, rather than a global Th2 bias, cytokine production in pregnant 

mothers and newborns appears regulated so as to maintain a relative balance among the cytokines, 

with the nature of the balance differing in mothers and infants and with production influenced by 

familial factors that include shared environment.

Very little is known as yet about the in vivo regulatory pathways that control the capacity of 

adaptive immune cells in humans to produce cytokines. This lack occurs in large part 

because of individual heterogeneity, obvious limitations to controlling experimental 

1This work was funded in part by National Institutes of Health Grants AI 42268, AI 61811, and HL67672.
2Address correspondence and reprint requests to Dr. Marilyn Halonen, Arizona Respiratory Center, University of Arizona HSC, 
Tucson, AZ 85724. mhalonen@arc.arizona.edu. 

Disclosures
The authors have no financial conflict of interest.

HHS Public Access
Author manuscript
J Immunol. Author manuscript; available in PMC 2017 November 27.

Published in final edited form as:
J Immunol. 2009 March 01; 182(5): 3285–3293. doi:10.4049/jimmunol.0711996.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



conditions, and challenges in gaining access to the major sites of immune activity in vivo. 

Nevertheless, hypotheses of immune regulation can be tested by sampling circulating 

immune cells from individuals in different maturational stages or experiencing different life 

events or conditions and, if cytokine production patterns associated with the stages or events 

can be identified, inferences of regulation can be made. Also, sampling family members can 

allow the assessment of familial patterns such that inferences regarding genetic or 

environmental influences can be drawn.

An example of this approach has been the testing of the proposal made by Wegmann et al. 

(1) some years ago that pregnancy is a Th2-polarized condition. With Th2 cells at that time 

having been newly described as critical to Ab production but not involved in the induction of 

CTLs, a Th2 status or bias for pregnancy provided a satisfying explanation for the well-

known immunologic enigma of the pregnant female immune system permitting the presence 

and growth of the fetal allograft. This proposal of altered immune status developed in part 

from animal model studies demonstrating that immune responses to infection or to 

administration of a Th1 cytokine (IFN-γ or IL-2) increased the risk of abortion of the fetus 

(2). Further support was provided by studies in humans reporting greater production of Th1 

and/or lesser production of Th2 cytokines from PBMCs at the time of spontaneous abortion 

(3, 4) or during preeclampsia (5) when compared with PBMCs from women with normal 

pregnancies. Still, these differences may represent immune occurrences during and perhaps 

limited to extreme circumstances and thus they show the maternal immune status of normal 

pregnancy only in relation to (and as different from) the pathologic state likely due either to 

acute infection or a prepregnancy condition. Although a few studies have compared the 

immune status of normal pregnancy more directly to that of the immune status in 

nonpregnant or postpartum women (4–7), they have been mainly cross-sectional case control 

studies, most with relatively small group sizes and unspecified matching criteria, and the 

results have been conflicting.

Despite the lack of clarity, the proposed concept of Th2 bias in pregnancy has held on and 

has been extended to the immune system of the newborn child (8), following the logic that 

the child’s immune system, having been exposed mainly to the supposed Th2 or the Th2-

inducing maternal environment, is also likely skewed toward Th2. Support of this proposal, 

however, comes from only a few murine (9) and human studies (10), whereas other studies 

are not in agreement. Indeed, Wilson and Lewis (11) and Wilson et al. (12) demonstrated 

that the capacities to produce both IFN-γ and IL-4 were suppressed to approximately the 

same degree in newborns compared with adults. Nonetheless, the concept of “Th2ness” for 

the pregnant mother and newborn permeate much of the current thinking regarding the 

immune susceptibility status of the mother and the readiness of the infant to encounter a 

world laden with pathogens. The importance of establishing the immune status at birth is 

underscored by several studies that suggest that variations in early immune development 

have long-term sequelae with regard to the prevalence of many diseases (13–15).

Another approach to elucidating in vivo regulatory mechanisms in infants is to determine 

whether familial patterns can be identified in relation to cytokine production. This approach 

has been used to a very limited extent and only in relation to maternal-child (and not 
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paternal-child) relations (16), thus leaving unaddressed whether such an influence is 

environmental or genetic.

The limitations of our understanding of immune regulation in vivo in relation to the immune 

status of pregnancy and birth suggest a need for investigating these issues within a large 

population of parents and newborn infants. In the study presented here, we report on 

cytokine production following stimulation of mononuclear cells in blood samples from 

mothers during the third trimester of pregnancy and 3 mo postpartum, fathers, and infants at 

birth and 3 mo after birth. These trios are enrolled in the Tucson Infant Immune Study (IIS). 

The spectrum of cytokines produced by mitogen stimulation was assessed as an approximate 

indicator of T cell polarization status in relation to the processes of pregnancy for the 

mother, and birth for the infant, and compared with samples taken 3 mo after these events. 

Similarly, allergen stimulation was compared among these groups. In addition, we have 

sought evidence for whether the cytokine production capacities of the mother and the father 

relate to the child’s capacity to produce cytokines at birth or 3 mo.

Materials and Methods

Subjects

Pregnant women visiting their obstetrician between 25 and 44 wk of gestation were 

approached by the study nurse without selection and asked whether they and the child’s 

father would like to enroll themselves and their newborn in the IIS, a prospective birth 

cohort study of the development of immune markers for asthma risk in childhood. Between 

1996 and 2004, 484 infants and their parents were enrolled as trios in the study. Parents 

completed a questionnaire at enrollment describing their respiratory health history and their 

child’s health was followed prospectively during the first year of life by questionnaires. 

Allergy in the parents was defined as physician diagnosed asthma or allergic rhinitis. 

Diagnoses were made by physicians independent of the study investigative team. Skin test 

positivity was defined as a wheal of at least 3 mm (sum of perpendicular diameters) to any 

of 15 aeroallergens. The University of Arizona Institutional Review Board approved the 

study and informed consent was obtained for all participants.

Samples

Heparinized blood samples were obtained during the last trimester of pregnancy and 

processed within 24 h of collection (prepartum sample, n 428; mean age, 29.5 (SD 6.1) 

years; mean gestational age, 37.2 (SD 1.9) wk) and ~3 mo postpartum (postpartum sample, 

n 438; postpartum mean, 3.5 (SD 1.7) months). A heparinized blood sample was collected 

from the fathers at enrollment or at the 3-mo visit (paternal sample, n 365; mean age, 32.3 

(SD 6.6) years). Heparinized umbilical cord blood samples were collected at birth (cord 

sample, n 294) and peripheral blood samples were collected from the infants at 3 mo of age 

(3-mo infant sample, n 323; mean age, 2.8 (SD 1.2) months). Samples were obtained from 

one or more members of the 483 trios of the 484 enrolled in IIS.
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PBMC and cord blood mononuclear cell (CBMC)3 stimulations and cytokine analyses

PBMCs were isolated by gradient sedimentation with lymphocyte separation medium (LSM; 

MP Biomedicals) from 7 to 14 ml of heparinized blood. The mononuclear cell layer was 

removed, washed with HBSS, and resuspended at 2 × 106 cells/ml in RPMI 1640 (RPMI+) 

containing 5% heat-inactivated FCS, 1 mM L-glutamine, 10 mM HEPES, and 50 U 

penicillin/50 μg/ml streptomycin. Cord blood mononuclear cells were similarly isolated by 

gradient sedimentation with LSM with further steps to remove nucleated RBC (17, 18). The 

plasma and mononuclear cell layers were removed, added to 6% dextran T500 in 0.9% NaCl 

(ratio of 1:4 dextran to the cell/plasma layer), and incubated for 10 min at 37°C. The 

CBMCs were reisolated by LSM gradient sedimentation of the dextranplasma/cell mixture, 

washed with HBSS without Ca2+ or Mg2+, and resuspended in RPMI+ medium. Cytospin 

slides were prepared and stained, and the percent mononuclear cells was determined. Cell 

concentration was adjusted to 2 × 106 mononuclear cells.

For mitogen stimulation, 2-ml cultures were incubated without stimulant (control) or with 10 

μg/ml Con A and 10 ng/ml PMA (Con A/PMA; Sigma-Aldrich) for (randomly) 18–24 h (19, 

20). For Ag stimulation, 2-ml cultures were incubated without stimulant or with 25 μg/ml 

Alternaria (Alternaria culture filtrate) or 25 μg/ml Bermuda (both from Greer Laboratories) 

for (randomly) 66–72 h. Supernatants were collected following centrifugation and aliquots 

were frozen at −70°C until cytokine assays were performed. Concentrations of IFN-γ, IL-4, 

IL-5, IL-10 (R&D Systems), and IL-13 (Diaclone) in the culture supernatants were 

measured by ELISA using commercially available kits. The limits of detection thresholds in 

pg/ml were 15.6, 0.25, 7.8, 3.1, and 7.8 for IFN-γ, IL-4, IL-5, IL-13, and IL-10, 

respectively. Values below the limit of detection were assigned values of half the lowest 

standard.

Data management

Data are managed by Epi-Logs, a system developed at the Arizona Respiratory Center. Key 

features of this software for enrollment and follow up include management of contact 

information, appointment scheduling, specimen and questionnaire collections, and bar-coded 

label printing for biorepository items. For the laboratory, Epi-logs guides assay set-up 

processes, runs quality control/quality assurance procedures, and uploads data into a data 

warehouse.

Statistical analysis

For each sample type and each individual cytokine measured, the distribution of values was 

initially assessed for the percentage of values that were undetectable. Distributions with 

>20% undetectable values (IL-4 in cord and IL-5 in cord and infant 3-mo samples) were 

analyzed as categorical variables using nonparametric techniques. Cytokine distributions 

with <20% undetectable values were considered as continuous variables and because of 

strong skew to the right were log transformed to yield approximately normal distributions, 

permitting the use of parametric analytic techniques. Cytokine ratios were calculated for 

those variables without truncation and were also log transformed. Means between groups 

3Abbreviations used in this paper: CBMC, cord blood mononuclear cell; LSM, lymphocyte separation medium.
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were compared by Student’s unpaired t test. Random effects models were used to assess 

differences in samples obtained from the same group at two points (mothers pre- and 

postpartum and infants at birth and 3 mo). Pearson correlation was used to assess the relation 

between cytokines within samples or the same cytokine between sample types for all data 

sets containing <20% undetectable values. For data sets with >20% undetectable values, 

analysis of percent positive between groups was assessed by χ2. Multivariate regression was 

used to examine gender-based cytokine differences adjusting for other potential modifiers. 

Significance level for p values for all analyses was set at 0.01 to control for multiple 

comparisons. Analyses were performed using SPSS for Windows version 15.0 and STATA 

version 9.0.

Results

Cytokine production in mothers prepartum, mothers postpartum, and fathers

Production of IFN-γ, IL-4, IL-5, IL-13, and IL-10 in response to Con A/PMA stimulation of 

prepartum PBMCs is shown in the first box of each panel in Fig. 1. Comparing the 

cytokines, IFN-γ was produced in the greatest amounts with a geometric mean of 5270 

pg/ml (geometric SD 3.5, n = 420) being 21-, 47-, 61- and 512-fold greater than the 

concentrations of IL-13, IL-10, IL-5, and IL-4, respectively. When prepartum production of 

each cytokine was compared with production in the postpartum samples (second box in each 

panel of Fig. 1), no significant differences were noted except that IL-4 production (Fig. 1B) 

was modestly lower in the prepartum supernatants. Comparison of maternal to paternal 

cytokine production (third box in each panel of Fig. 1) revealed very similar levels for IFN-γ 
and for IL-4. Fathers’ cells produced greater amounts of IL-13 (Fig. 1C) and less IL-5 (Fig. 

1D) than were produced by the prepartum samples. Fathers’ cells also produced more IL-10 

(Fig. 1E) than did the mothers’ cells either pre- or postpartum.

Cytokine production in the parents was also compared by ratios of Th1:Th2 cytokines (Table 

I) and reflected what could be predicted from the individual cytokines for IFN-γ, IL-5, and 

IL-10. The mean IFN-γ:IL-5 ratio was significantly lower in prepartum samples compared 

with postpartum and paternal samples. The mean IFN-γ:IL-10 ratios did not differ for the 

two sample points for the women but these ratios were higher than the mean ratio for the 

fathers, suggestive of a gender-based increase in IL-10 in the fathers. In contrast, the more 

modest postpartum increase in IL-4 and the paternal increase in IL-13 production were not 

reflected in Th1:Th2 cytokine ratio differences.

Among the IIS trios, 24% consisted of at least one Hispanic parent, 58% had two non-

Hispanic white parents, and the remaining 18% were inclusive of many ethnicities. Allergy 

(asthma and/or rhinitis) prevalence did not differ in Hispanic and non-Hispanic white 

mothers (p = 0.27), but Hispanic fathers had a lower prevalence than non-Hispanic white 

fathers (15% vs 35%, p = 0.001). Upon using multivariate analysis, gender differences 

remained evident for IL-13 and IL-10 production and became significant for IL-5. Thus, 

with adjustment for smoking and ethnicity, prepartum and postpartum maternal IL-5 

production was significantly greater than paternal IL-5 production (p <.001 and p = 0.008, 

respectively; see supplemental Tables 1 and 24) and these differences were independent of 

similar IL-5-raising influences of allergy (asthma or allergic rhinitis (p < 0.001) and skin test 
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reactivity (p < 0.001). For IL-10 production, gender differences were strong (p < 0.001) but 

with fathers having greater production compared with mothers pre- and postpartum (p < 

0.001 for both). Prepartum but not postpartum IL-13 production was lower than that of 

fathers (p = 0.002). In contrast to IL-5, production of neither IL-10 nor IL-13 was affected 

significantly by allergy and skin test reactivity. Postpartum maternal IL-5 was higher and 

IL-10 was lower than paternal IL-10 production. The only ethnic difference in cytokine 

production that was significant was a lower production of IL-13 in Hispanics.

Relation of mitogen-induced cytokine production within parental samples

Despite little difference in mean values of cytokine production between prepartum and 

postpartum samples, it was still possible that mothers might show an inverse relation of Th2 

to Th1 cytokine production that might be more exaggerated in pregnancy. We thus assessed 

the degree and direction of correlation among the cytokines, pairwise, within subjects. These 

comparisons are shown separately for mothers prepartum, mothers postpartum, and fathers 

in Table III. Even though, as noted above, the mean concentrations of the secreted cytokines 

differed from one another over several hundredfold, the level of production of each of the 

Th2 cytokines was found to be closely and directly correlated not only to the level of 

production of the other Th2 cytokines but also to the level of production of the Th1 cytokine 

IFN-γ. This strong direct correlation pattern was evident in both prepartum and postpartum 

samples from the mothers and also in the samples from the fathers, with correlation 

coefficients ranging from 0.378 to 0.841 (all p < 0.001; Table III). Furthermore, correlation 

between IL-10 and each of the Th1 and Th2 cytokines was also direct and impressively 

strong. In accord, correlation coefficients among the ratios of IFN-γ:Il-4, IL-13, IL-5, and 

IL-10 were as high or higher as those for the individual cytokines (data not shown).

Cytokine production in infants at birth and 3 mo of age

Cytokine production in the neonates is shown in Fig. 1 (the two right-most boxes in each 

panel). The rank order of levels of cytokine production in CBMCs was the same as for the 

adult PBMCs, with IFN-γ production the greatest, although only 3- and 11-fold greater than 

IL-13 and IL-10, respectively. Production of IL-4 and IL-5 was very low (undetectable for 

46 and 77% of the newborns, respectively). IFN-γ and IL-13, however, were detectable in 

>95% of cord samples and IL-10 in >80%. By 3 mo of age, each of the cytokines except 

IL-13 increased in production and only IL-5 had >20% undetectable values (47%) at this age 

point (Fig. 1). IFN-γ:IL-13 ratios decreased significantly from birth to 3 mo (Table II). No 

gender, gestational age, or ethnicity differences were evident for production of any of the 

cytokines at either age (data not shown). Neither infant nor maternal cytokine production 

was significantly affected by maternal colds during pregnancy (data not shown).

Relation of mitogen-induced cytokine production within infant samples

The relation among the different cytokines secreted by stimulated CBMCs within individual 

cord samples and, similarly, the relation for cytokines produced by PBMCs at 3 mo is shown 

in a correlation matrix in Table IV, except for those cytokines with a large proportion 

4The online version of this article contains supplemental material
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(>20%) of undetectable values (IL-4 at birth and IL-5 at both ages). The pattern is similar to 

that of the parents in that both Th1 and Th2 cytokines as well as IL-10 show strong direct 

correlations with one another.

Quantitative differences in cytokine production by parents and infants

Despite the general correlation pattern being similar to that of the adults, some differences 

are noted when comparing the mean cytokine production from the immune cells of the 

newborns to that of the adults. The mean amount of IFN-γ produced was on the order of 10-

fold less than that of the adults (Fig. 1). The large proportion of undetectable values for IL-4 

and IL-5 preclude a comparison of means but a comparison of medians shows IL-4 and IL-5 

are also produced in amounts on the order of 10-fold lower than the amounts produced from 

adult cells. This is not the case, however, for either IL-13 or IL-10 production, each of which 

is reduced by only 2- to 3-fold from adult levels. Although by 3 mo of age, significant 

increases have occurred for all cytokines except IL-13, mean and/or median values remain 

substantially below those of the parents.

Cytokine Th1:Th2 ratio assessment (supplemental Table II) revealed that the IFN-γ:IL-4 

ratio at 3 mo of age was similar to that of mothers at 3 mo postpartum (Table I), further 

demonstrating that, within individuals, production of both cytokines is similarly decreased 

compared with adults. In contrast, IFN-γ:IL-13 and IFN-γ:IL-10 ratios at 3 mo and at birth 

were substantially lower than parent ratios (Table II vs I). Thus, production of Th2 cytokines 

did not show an across-the-board elevation, but IL-13 production was increased in early life.

Relation of parent-parent and parent-infant mitogen-stimulated cytokine production

Cytokine production (we reasoned) might be correlated among family members, either 

through genetic mechanisms or mechanisms involving shared environment or possibly both. 

Such relations, however, might be masked or mimicked by technical variation such as a 

small variation among subjects in time of culture during stimulation. To assess whether such 

factors might have influenced our data, we first compared the cytokine production of the two 

maternal samples (Table V). These samples showed a significant direct correlation, 

demonstrating sufficient biologic similarity to outweigh any technical contributions to 

variation. Going on to compare mother with father samples to assess possible shared 

environment influences, we found a significant correlation was also evident for cytokine 

production between postpartum mothers and fathers for IFN-γ, IL-4, IL-13, and IL-10. In 

comparisons of parents to children, there was no evidence of correlation of cytokine 

production by either parent with that of the child at birth (data not shown). However, 

production of IFN-γ and IL-13 from mothers’ PBMCs postpartum correlated significantly 

with production of these cytokines from infants at 3 mo (Table V). Also, IFN-γ production 

from the fathers’ PBMCs correlated with that from PBMCs of the infant at 3 mo. No 

correlation was evident between the two samples obtained from the children (data not 

shown). Very similar correlation coefficients were obtained upon limiting the analyses to the 

Hispanic population (although significance is decreased with the reduction in group size; 

data not shown).
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Relation of allergen-stimulated cytokine production in parents and infants

To determine whether cytokine production by specific allergens might differ in relation to 

Th2 bias during pregnancy and birth, we compared cytokine production following 

stimulation with two allergens common in the southwest environment, Alternaria and 

Bermuda. The data, given as percent with detectable cytokine production in Table VI, 

demonstrate that the rank order of frequency of detectable cytokine production upon 

Alternaria stimulation was greater for IL-13 than IL-4 or IFN-γ in mothers and fathers and 

that mothers prepartum did not differ from postpartum mothers or from fathers in the 

frequency of these responses. When stimulated by Bermuda, the frequency rank order 

differed with IL-4 produced most frequently and was increased in prepartum vs postpartum 

samples, although the prepartum responses were equivalent to those of the fathers. Thus, 

pregnancy showed an enhanced frequency of IL-4 (but not IL-13) responses to the grass 

allergen Bermuda. Stratifying by allergy revealed only that IL-13 production to Alternaria 
was reduced in pregnancy compared with fathers among allergics (supplemental Table 3). 

Stratifying by immediate skin test reactivity in the parents indicated that IL-4 responses 

were increased in frequency for mothers prepartum for both allergens but only among the 

nonatopics (supplemental Table 4). Ethnicity did not affect sensitization to these allergens.

In infants at birth (Table VII), IFN-γ and IL-13 were produced at frequencies (for 

Alternaria) similar to or (for Bermuda) even greater than those in the parent samples. In 

contrast, IL-4 production was extremely infrequent at birth. From birth to 3 mo, IFN-γ and 

IL-4 showed little change, whereas IL-13 production decreased. These data, along with 

those from mitogen stimulation, suggest that IL-13 and IL-4 production have quite distinct 

patterns of production in early life.

Discussion

Findings from our study demonstrate fundamental characteristics of mitogen-stimulated 

cytokine production in a large population of triads: very similar cytokine production during 

and after pregnancy (except for small but significantly lower means for IL-4 and the IFN-

γ:IL-5 ratio); very strong direct correlations of Th1 to Th2 cytokines and to IL-10; 

discernable characteristic patterns of production by age (with a relative enhancement in 

IL-13 and IL-10 production for infants compared with adults) and by gender in adults (with 

higher IL-13 and IL-10 and lower IL-5 in males); and familial patterns that include both 

parent-parent and parent-child correlations. These findings allow us to address several issues 

regarding the in vivo regulation of the capacity of human immune cells to produce and 

secrete adaptive immune cytokines. From our findings, we suggest (and expand on below) 

that 1) a general Th2 bias is not evident in pregnancy or at birth; 2) regulation of cytokine 

production results in strong intrasample correlations that are evident in both males and 

females and are maintained within groups at major life stages (infancy vs adulthood), and 

while undergoing major events (like pregnancy and birth) and despite relative between-

group shifts in production of certain cytokines; and 3) shared environment appears to 

participate in the familial correlations in cytokine production.

The differentiation of Th1 and Th2 cells identified first in mice and subsequently (although 

less cleanly) in humans led to the proposal that at least some human conditions might be 
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associated with immunity that is preponderantly Th1 or Th2, with one such proposed Th2 

condition being pregnancy. We examined PBMCs from 400 women obtained during their 

third trimester of pregnancy and found, first, that upon stimulation with Con A/PMA, the 

Th1 cytokine IFN-γ was produced in many times greater amounts than the Th2 cytokines. 

Also, the mean production levels of IFN-γ, IL-13, and IL-5 did not differ in the same 

women assessed 3 mo postpartum, whereas the mean level of IL-4 produced was actually 

lower during pregnancy compared with postpartum. These findings provide no support for 

the oft-cited concept that pregnancy is a Th2-biased condition.

Our findings differ from those of Marzi et al. (4) who demonstrated lower IFN-γ and higher 

IL-4 production from PHA A–stimulated PBMCs obtained during pregnancy when 

compared with PBMCs from control nonpregnant women. Also, Reinhard et al. (5) and 

Saito et al. (6) found increased IL-4-positive and decreased IFN-γ-positive cells following 

ionomycin/PMA stimulation during pregnancy compared with nonpregnant and postpartum 

controls. However, Keski-Nisula et al. (7), upon stimulation with Con A/PMA, found both 

IL-4 and IFN-γ production to be lower during pregnancy than was the case for samples 

obtained 3 mo later. Rastogi et al. (8), in a study limited to women with asthma, were unable 

to detect differences in intracellular IFN-γ and IL-4 following stimulation with 

ionomycin/PMA in samples obtained during pregnancy compared with those postpartum. 

Although it is possible that different stimuli may be responsible for some of these 

disparities, small group size for most of these studies and (as discussed further below) 

environmental differences between pregnant and control groups might also be involved.

We pursued further the possibility of a Th2 bias in pregnancy in at least some women 

(especially those producing high levels of Th2 cytokines) by determining whether inverse 

correlations or even a shift toward the null might be evident between Th1 and Th2 cytokines 

within individuals. Our data, however, demonstrated strong direct correlations among all of 

the cytokines produced, with IL-4, IL-5, and IL-13 correlations to IFN-γ that were 

comparable to or greater than those obtained postpartum. These correlations (that arise 

because PBMC samples producing low levels of one cytokine produce low levels of the 

other cytokines and similarly for high production) suggest that the presence of a regulatory 

mechanism functioning to maintain a relative balance of the cytokines produced within 

individuals that appears more important than actual amounts. The consistency of this 

balance (seen not only within mothers, but also within fathers and within infants) suggests 

functional significance. Given that the chromosomal locations are different for the genes for 

IFN-γ (chromosome 12), IL-4, IL-5, and IL-13 (chromosome 5), and IL-10 (chromosome 

1) and that production of these cytokines involves more than one cell subtype (at least CD4+ 

and CD8+ cells and possibly NK cells) and cell state (naive vs effector status), (21, 22) it 

seems unlikely that a single common transcriptional regulatory mechanism operating 

simultaneously for each of the cytokine genes is responsible. Instead, we suggest that a 

regulatory mechanism operating at an upstream level of cell activation or perhaps a protein 

secretion mechanism provides major regulation of these responses to mitogen stimulation. 

An example of a feedback mechanism of cytokine regulation involving induction of IL-10 

by all cytokines that utilize the common γ-chain as a component of their receptors has been 

described previously (23) and whether a mechanism similar to this but expanded in scope 

might be responsible is one such possibility. That these close direct relations among the 
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cytokines produced are not unique to stimulation with Con A/PMA is shown by Hartel et al. 

(24), who reported a similar close direct relation between IL-10 and IL-4 following 

stimulation with PMA/ionomycin, by Gabrielsson et al. (25), who showed a direct relation 

between the percentage of cells producing IL-4 and IFN-γ in cord blood stimulated with 

PHA, and by Schaub et al. (26), who found a significant relation between IL-13 production 

and the proliferation response to PHA. The precise mechanisms responsible for these 

correlations remain to be elucidated.

We thought it important to consider that at least part of the correlation among cytokines 

produced upon stimulation might be present in the data as a result of technical procedures. 

To adjust for any systematic influence of culture or other technical issues on variation, we 

assessed correlation among the ratios of each of the Th2 cytokines and IL-10 in relation to 

IFN-γ production and found similar or even stronger correlation coefficients than those for 

the individual cytokines, thus supporting a biologic basis for the correlation. The correlation 

between the maternal ratios from samples taken at different times (Table V) provides further 

support that such a regulatory mechanism not only appears to exist but persists over time.

Comparing the Th1 and Th2 cytokine values and ratios not only between pre- and 

postpartum mothers but also between mothers and fathers provided the opportunity to 

address gender differences. IFN-γ and IL-4 production did not differ between maternal and 

paternal samples. IL-10 and IL-13 production during pregnancy was lower than that of the 

fathers and IL-5 was modestly but significantly increased in mothers prepartum compared 

with the fathers Multivariate regression analyses supported a gender-based difference for 

IL-10 and IL-5 in fathers compared with both pre- and postpartum samples, whereas the 

modest IL-13 relation to gender was evident pre- but not postpartum. Interestingly, Wang et 

al. (27) found that at least in vitro, sex hormones influence the production of IL-5 from 

human PBMCs. Whether such influences might contribute to the IL-5-related differences we 

observed requires further study. Also, recent studies have identified that, in addition to 

common regulatory mechanisms, there are additional transcriptional regulatory mechanisms 

that differ between the genes of IL-4 and IL-5 (28–30), thus providing possible mechanisms 

that could alter IL-5 production without affecting IL-4.

Our results do not address nor preclude the potential for deleterious effects on pregnancy for 

even greater ratios of IFN-γ:IL-4 than those we report and as have been reported in relation 

to spontaneous abortion and preeclampsia (3, 6). Nonetheless, our large population study 

does not support a general Th2 bias as being the mechanism by which the fetal allograft is 

maintained during pregnancy. It is possible that there may be a local Th2 bias in the 

placental tissue per se that might occur during normal pregnancy and might not be reflected 

in systemic cytokine production. However, it should be noted that T cells have been reported 

to be very sparsely represented among placental cells (31) and thus perhaps mechanisms 

related to the exclusion of T cells from placental tissue may be of importance regarding the 

pregnant-state acceptance of the fetal allograft.

One might ask about the suitability of our mitogen choice in assessing whether a Th2 bias 

occurs during pregnancy to aid in preventing fetal rejection. In support of our choice, we 

note the study by Bevan et al. (19) who demonstrated that stimulation with Con A (in 
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contrast to PHA) induced proliferation preferentially in allogeneic-reactive CTLs. Since Con 

A also induced proliferation of noncytotoxic T cells, later shown to be CD4 cells (20), our 

choice of this mitogen appears especially appropriate. In addition, stimulation with the two 

allergens shown in Tables VI and VII similarly demonstrated a lack of a general Th2 bias in 

pregnancy. It was noted, though, that allergen stimulation revealed an increase in IL-4 

responses in mothers prepartum compared with postpartum, but this was limited to skin test-

negative mothers and was without effect on IL-13 responses. It was noted, though, that 

allergen stimulation revealed an increase in IL-4 responses in mothers prepartum compared 

with postpartum, but this was limited to skin test-negative mothers and was without effect on 

IL-13 responses.

No Th2 bias among infants at birth or at 3 mo was evident for IL-4, IFN-γ, or the IFN-

γ:IL-4 ratio. The production of IL-4 and IL-5 at birth was below the level of detectability of 

the assays for a large proportion of the newborns. The median values of IL-4 and IFN-γ 
produced at birth were both ~10-fold lower than for the parents and the mean IFN-γ:IL-4 

ratio at 3 mo was comparable to that of the parents, findings that argue against a general Th2 

bias in the newborn or young infant. In contrast, a differential developmental pattern of 

IL-13 vs IL-4, IL-5, and IFN-γ production was evident for this early period of life. Indeed, 

although IFN-γ production was at least 10-fold lower than that of adults, IL-13 production 

was only approximately one-half that of the adults, yielding an IFN-γ:IL-13 ratio of the 

newborn that supports an early life cytokine production bias but one that is limited to the 

context of IL-13. Allergen stimulations revealed that IL-13 (but not IL4 or IFN-γ) responses 

at birth were more frequent than the responses at 3 mo for both allergens tested and at least 

equivalent to parental levels, further supporting IL-13-specific (but not a Th2 general) 

increased production at birth. Our data do not provide information about specific cell 

sources of cytokines. However, Jung et al. (32) demonstrated that at least among PBMCs in 

adults, the CD45RA+ (naive) T cells are capable of producing a large amount of IL-13 but 

not IL-4. Given that cord blood has been shown to have a much higher proportion of 

CD45RA+ cells compared with adults, (33), this might well account for the differences in 

relative production for IL-4 and IL-13 between infants and adults and is deserving of further 

study. Whether the allergen-induced responses at birth have relations to subsequent allergic 

phenotypes remains to be determined.

The close correlations found for cytokine production included IL-10. Although once 

regarded as a Th2 cytokine, IL-10 is known to be produced by monocytes and T regulatory 

cells and to have the capacity to inhibit cytokine production from other T cells and 

monocytes (34). Because of this inhibitory capacity of IL-10 and the recent report of 

increases in T regulatory cells in pregnant women (35), we had predicted that an inverse 

relation might be evident between IL-10 and the adaptive cytokines. However, our data 

instead demonstrate very strong direct relations between IL-10 and the other adaptive 

immune cytokines. The lack of any apparent inhibitory action may be explained in part by 

the reported temporal delay of IL-10 production compared with the other cytokines 

following stimulation (36). Also, MacNeil et al. (37) demonstrated a T cell antiapoptotic 

activity of IL-10. Whether such activity might contribute to the direct relations among the 

cytokine levels within individuals requires further study.

Halonen et al. Page 11

J Immunol. Author manuscript; available in PMC 2017 November 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Our study provides what we believe to be the first demonstration of both mother-child and 

father-child influences on cytokine production. Although parental influences were not 

evident for cytokine production of the infant at birth, significant direct relations were found 

for the 3-mo samples. The correlations included mother-infant IFN-γ and IL-13 production 

and father-infant IFN-γ production. Thus, our study confirms the report by Larsson et al. 

(16), who identified correlation among the percentage of PBMCs producing IFN-γ, IL-4, 

and IL-10 in response to PHA stimulation between mother and child and extends these 

findings to show father-infant correlation. The intriguing possibility that the parent-child 

correlations have at least in part an environmental basis is raised as a result of the quite 

extensive correlation of cytokine production between mother and father. Our data do not 

point to the pathway(s) responsible but they do suggest that the appropriate controls for 

identifying differences in cytokine production related to a physiologic condition such as 

pregnancy are either the same subjects when not in the physiologic condition (i.e., in our 

study when nonpregnant) or individuals sharing the home environment (i.e., in our study the 

fathers) or both. Given that only 10 of the ~340 fathers were reported as not living in the 

same household, it was not possible to stratify our data on this basis.

In sum, this large population study of mitogen-induced cytokine production from stimulated 

mononuclear cells in parents and infants demonstrates very strong direct correlations among 

the cytokines produced by circulating immune cells that are suggestive of regulatory 

mechanisms maintaining a relative balance among Th1, Th2, and IL-10 cytokines and that 

are evident at different stages of life. Although a general Th2 bias in pregnancy is not 

evident in our study, prepartum vs postpartum samples nevertheless demonstrate a modestly 

reduced IFN-γ:IL-5 ratio to mitogen and increased IL-4 to allergen. In contrast, although 

IL-4 and IL-5 are not produced in detectable amounts in many newborns and IFN-γ 
production is produced in the greatest amounts (although diminished compared with adults), 

the capacity to produce IL-13, the ratios of IFN-γ:IL-13, and substantial IL-13 responses to 

allergen stimulation demonstrate a cytokine bias for the newborn that is restricted to IL-13. 

Intrafamily correlations that include parent-parent as well as parent-child correlations are 

evident at 3 mo after birth and suggest that a shared environment can influence cytokine 

production.
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Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Cytokine production from mitogen-stimulated blood mononuclear cells of parents and 

infants. Although most data sets displayed are continuous and approximate log normal 

distributions, to maintain consistency throughout, data are shown as box plots, with boxes 

indicating 25–75% of values, lines within boxes indicating medians, whiskers 5 and 95% of 

values, and values beyond the whiskers as open symbols. Statistical comparisons shown for 

the two samples from mothers (pre mom and post mom) for all cytokines and the two 

samples from the infants (cord and 3-mo child) for IFN-γ, IL-13, and IL-10 were analyzed 

by random effects (by time). Pre-mom-to-dad and post-mom-to-dad comparisons were 

analyzed by Student’s t test. Wide brackets refer to pre-mom-to-dad comparisons. Value of p 
in E applies to both brackets. Cord-to-3-mo-child IL-4 and IL-5 comparisons were assessed 

(as percent detectable) by χ2. Pre Mom, Maternal prepartum samples; Post Mom, maternal 
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postpartum samples; Dad, paternal samples; Cord, venous umbilical cord sample; 3mo 

Child, infant samples obtained at 3 mo of age.
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Table I

Cytokine ratios of mitogen-induced cytokine production from PBMCs of pregnant mothers, mothers at 3 mo 

postpartum, and fathers

Cytokine Ratios Mothers Pregnant Mothers 3 mo postpartum Fathers

IFN-γ:IL-4

 Log mean     2.7102     2.7105     2.7241

 Log SD     0.3749     0.4270     0.4775

 n 412 424 354

IFN-γ:IL-13

 Log mean     1.3176     1.3246     1.3336

 Log SD     0.3690     0.4170     0.4518

 n 403 436 337

IFN-γ:IL-5

 Log mean     1.7853a,b     1.8976     2.0108

 Log SD 5313     0.6155     0.6263

 n   390 427 341

IFN-γ:IL-10

 Log mean     1.6687b     1.7133c     1.5080

 Log SD     0.5230     0.5970     0.5137

 n 414 422 332

a
p < 0.01 for comparison of pregnant to postpartum mothers.

b
p < 0.001 for comparison of pregnant mothers to fathers.

c
p < 0.001 for comparison of postpartum mothers to fathers.
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Table II

Cytokine ratios from mitogen-induced cytokine production from CBMCs of infants at birth and PBMCs at 3 

mo

Cytokine Ratios Infants at Birth Infants at 3 mo

IFN-γ:IL-4

 Log mean       NCa     2.7812

 Log SD       NC     0.5044

 n 293 322

IFN-γ:IL-13

 Log mean     0.4819b,c     0.7386c

 Log SD     0.4837     0.4601

 n 268 310

IFN-γ:IL-10

 Log mean     1.0401c     0.9444c

 Log SD     0.6460     0.5002

 n 293 322

a
NC, Not computed because of large proportion of undetectable IL-4 values.

b
p < 0.001 comparing infants at birth to infants at 3 mo.

c
p < 0.001 comparing infants to mothers postpartum (from Table I).
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Table III

Correlation of cytokines from mitogen-stimulated PBMCs from pregnant mothers, postpartum mothers, and 

fathers

Samples from

Pearson Correlation Coefficients (n)

IFN-γ IL-4 IL-13 IL-5

Pregnant mothers

 IL-4 0.696a (412)

 IL-13 0.739a (403) 0.789a (402)

 IL-5 0.463a (390) 0.655a (392) 0.692a (384)

 IL-10 0.565a (414) 0.705a (419) 0.661a (402) 0.593a (395)

Mothers postpartum

 IL-4 0.668a (424)

 IL-13 0.738a (436) 0.808a (427)

 IL-5 0.378a (427) 0.677a (416) 0.550a (428)

 IL-10 0.537a (422) 0.667a (413) 0.600a (423) 0.542a (412)

Fathers

 IL-4 0.704a (354)

 IL-13 0.634a (337) 0.841a (343)

 IL-5 0.504a (341) 0.745a (344) 0.775a (332)

 IL-10 0.691a (332) 0.800a (334) 0.693a (322) 0.605a (321)

a
Significant at the 0.001 level (two tailed).
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Table IV

Correlation of cytokines from mitogen-stimulated CBMCs at birth and PBMCs at 3 mo of age

Pearson Correlation Coefficients (n)

Samples from IFN-γ IL-4 IL-13

Infants at birth

 IL-4 NCa

 IL-13 0.589b (268) NC

 IL-10 0.281b (293) NC 0.273b (269)

Infants at 3 mo

 IL-4 0.473b (322)

 IL-13 0.560b (310) 0.574b (310)

 IL-10 0.492b (322) 0.558b (322) 0.440b (310)

a
NC, Not computed because of large proportion of undetectable IL-4 values.

b
Pearson correlation coefficient is significant at the 0.001 level (two tailed).
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Table VI

Allergen-stimulated cytokine production comparing PBMCs of mothers prepartum, mothers postpartum, and 

fathers

Allergen Cytokine Mothers Prepartum Mothers 3 mo Postpartum Fathers

Alternaria IFN-γ

 % detectable   20.0   29.7   29.5

 n 250 269 244

IL-4

 % detectable   32.8   24.2   31.1

 n 250 277 244

IL-13

 % detectable   46.8   52.0   56.8

 n 250 277 243

Bermuda IFN-γ

 % detectable     5.4     7.7     7.0

 n 205 235 201

IL-4

 % detectable   36.9a   22.1b   32.2

 n 206 244 202

IL-13

 % detectable   13.1   21.1   19.3

 n 206 242 202

a
p < 0.01 for comparison of prepartum to postpartum mothers.

b
p < 0.001 for comparison of postpartum mothers to fathers.
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Table VII

Allergen-induced cytokine production comparing CBMCs and 3-mo PBMCs of infants

Allergen Cytokine Child at Birth Child at 3 mo

Alternaria IFN-γ

 % detectable   34.8   36.5

 n 210 104

IL-4

 % detectable     5.2     3.8

 n 211 104

IL-13

 % detectable   52.2a   34.6

 n 209 104

Bermuda IFN-γ

 % detectable   16.4   12.3

 n 195 73

IL-4

 % detectable     2.0    2.7

 n 197 73

Il-13

 % detectable   27.4a    9.6

 n 197 73

a
p < 0.01 for comparison of child at birth vs at 3 mo.
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